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Abstract. The convective lifecycle, from initiation to maturity and dissipation, is driven by a combination of
kinematic, thermodynamic, microphysical, and radiative processes that are stammgbd and variable in timend
space. Radars have been traditionally used to provide the convective clouds characktzistioge analyzed
climatological convective cetadarcharacteristico obtain and seessthediurnal cycleof shallow, modestekp, and
vigorous deep convective cells that formed in the Greater Houstonuaieg the National Weather Service radar
from Houston, Texas and a mudgll identification and tracking algorithniThe examined dataset spans deer
years (20182021) andor the warm season months (June to Septenibee)analysis showed the clear diurnal cycles
in cell initiation (CI), cell evolution parameters (e.g., maximum reflectivitysicechotop height and the height of
maximum reflectivity) consistent with thesea breeze circulation. The cell evolution is well represented by
relationships between 1) theight and value of themaximum radar reflectivitgne-its-height2) theeleueechotop

and the maximum verticalintegratediquid, 3) the maximum reflectivity and columnar average reflectivity, and 4)

cleuckechotop ascent rate and cell lifetim&herelationshipgpresented hereimelp to identify the cell lifecycle stages

such agarlyshallow convection, vigorous vertiaddvelopment anvil developmentand convective core dissipation
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1 Introduction

Convection is one of the most i mpo thiowhits transporttoff i but ors to the Earthos
heat,moisture, and momenturithese processes strongly depend on cloud evolution. While an ordinal convective
cloud model is proposed, the cloud evolution may vary depending on environment, diurnal cy(@ey.&ony et
al. 2015;Fridland etal. 2017;Ladino et al. 2017Colin andSherwood 202]1 These variabilities may cause large
uncertainties in convective parameterizations in numerical climate and cloud rivmti#ting studies have attempted
to answer some of these outstanding questibes ét al. 2008Zhu et al. 2012Varble et al 2014lgel et al. 2015;
Peters et al. 20)9but the general lack dfigh-quality observational data tcompare with these modelling stadi

makes it difficult to assess the validity of the results presented thEreiriousmodeling studiesend to focus only

on_comparisons with observed reflectivityhich can be a rather convoluted to use for microphysical analyses.

However, recent work in simulating polarimetric variables using forward operators (Ryzhkov et al. 2011;

Wolfenberger and Ber2018; Kumijian et al. 2019) may provide better insight into the changes in storm microphysics

through comparisons with observed polarimetry.

The ongoing dbate in the literaturabout warmand coldphase convective wigoration(i.e., Sheffield et [Formaned: Indent: Firstline: 0.5"

al. 2015;Fan et al. 2018Abbott and Cronin 2021gel and van den Heever 202Z3rabowskiand Morrison 202)lis

one such example of the need for higlality observational datasets to compare with modeling stddiesollection

of a robust observational dataset that can be used as observational benchmark for modeling studies is challenging.
Such a datasetequires a sufficient large sample size of convective clouds properties over a wide range of
meteorological ath aerosolconditions and convective cell centric methodologies ratthen domain averaging

approaches that fail to capture the lifecycle of convective clouds.

To address some of the observational shortcosmgl needs diverse, interagency, coordiedieffort took
place inthe greateHouston Texasmetropolitan area and surrounding regimm the summer of 2021 through the
summer of 2022 to collect a comprehensive dataset of isolated convective cells (Jensen et Hhe282forts
include theTracking Aerosol Convection interactions Experiment (TRACERpported by the hited States
Department of EnergfDOE) Atmospheric Radiation Measurement (ARM) facility and Megional Science
Foundation (NSF) Experiment of Sea Breeze Convecti@npsols, Precipitation and Environment (ESCAPE)

campaign.The study regionwas selected becauigds warm and humid in the summer and commonly experiences
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onshore flow and sea breefmeced convectionRecent studies on convective cells that form in tabasgions have
illustrated that these cells are less influenced by the syrssle meteorological conditions than cells that exist in
only maritime or continental environments (e.g. Bergemann and Jakob 2016; Birch et alTB81&hdsea breeze
circulation that develops in these regidrs«<has been showrto have a greater effect on local convection by acting

as a forcing mechanism for convective initiation (CI) through an increase in surface convergence (Haurwitz 1947;
Rotunno 1983)Studyof convective cellthat form under landea breeze circulationred Cl can be used to more
directly attribute convective characteristics to ongoing convective processes rather thgyndhtescale
meteorological conditionpresent. Thislack of dependence on the larger scale meteorodigyvs for more

generalizal# conclusions to be drawn for any convective characteristics presented herein.

Previous studiesf longterm remote sensing data collected in Housteggestsuggesthat variability in
convective cloud microstructure, hydrometeor properties, and electrification is correlated to variability in aerosol
conditions over and downwind of Houston (Hu et al. 201). In these studies, NEXRAD radar observations were
used totrack convective cells during different cloud condensation nuclei (CCN) conditions (sagtldged;
Rosenfeld et al. 2016), and to investigate how variability in cloud, precipitation and lightning characteristics related
to CCN conditions, though nkegted proper control of meteorology. Also, a recent pilot study has identified the need
to collect observations of convective clouds at a temporal and spatial resolution higher than is possible from the
existing operational observations (Fridlind et &18). Those studies show large variabilities of convective cloud
properties associated with cloud lifecycla addition, cloud lifecyclealso vay from oneindividual cloudto another
These substantial variabilitiesake itdifficultprudentto understand-general-characterisiitalyze very large datasets

worth of eloudlifecyecle—{evolution)by—analyzing—thelifeeyeles—ofa—few-convective cloudso obtain _more

representative bulk statistics of these phenoniEhis lack of generalizable data alseders our ability to evaluate

cloud model simulations.

Here, we add and expand on these previous studies using a similar methobakodgcusing on
characteristics oboth shallow and deep convection artifizing an extensive convectiveell centre methodology
for the different types of isolated convection obsememindthe Houston metropolitan and surroundarga. The
climatologes of the observed:haracteristics of shallow and deep convecéicaderivedfrom the National Weather

Service (NWSKHGX Weather Surveillance Raddr988 Doppler (WSR8D; Crum 1993; Radar Operations Center
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2022 andthe Geostationary Operational Environmental Satell@g GOES16). High-Reselution-Rapid-Refresh

model (HRRRSmith et al. 2008; Dowell et al. 2022; James et al. 2022) data are also used to elucidate differences in

the-NSE-between-convective-cell-typBtrict thresholdingf the radar and satellite derived characteristics of tracked

convective cellallows for the analysis of the behaviors of each case fype shallow, modest deep, and vigorous

deep convectiondlistinct from one anotheBensitivity testing is also performeddetermine hownuchthe results
presented herewary withsmall variatios in threbold selectionSection 2 outlines thaatg thresholdvariablesand
analysis methodsised section 3 presents the analysd#sthese convective types, and sectiomidcusses the

observations and results

2 Data and Methods

2.1Domain and Data

TFhearea-used-for-thBur studywas-selected-sueh-thatddmainwas centerednthe KHGX WSR88D near

Houston, Texas and extended +125 km to the north, east, south, and west, creating a 250 km by 250 km domain. This
region was selected becatise coadine with theGulf of Mexico generates regular lagda breeze circulations which
provideaforcing meclanism for Cl.This domain also provides regionsrefativdy fpristined andfipolluted aerosol

regimes to the southwest and northeast respectively. The area to the northeast of Houston is generally downstream of
pollution sources, such as the Houston oplitan area itself and oil refineries near Houston allowing for the
advection of this polluted air over this stdgion. The area to the southwest of Houston is generally upstream and

made up of mostly rural land even further upstream, allowing the@@rtb be far less polluted.

Data from KHGX and GOES16-and-the-HRRRvere collected for the period of June through September
20182021 where convective initiation occurred during local daytime (02000 Central Daylight Time (CDT)).
Initiation during local daytime was choseretasurincrease the likelihoothat sea breze propagation was a primary

forcing mechanism for Gind to enable the analysis of GOES aerosol optical depth (AOD) data.

During the study period, theolume coverage patterfi®¥CP9 available to KHGX changed with the

implementation of VCP 2185 elevdion angles from 0.5 and 19)%&and 11214 elevation angles from 0.5 and 19.5

and the removal of VCPs 11, 211, 21, and R4d@ar Operations Center 2015; Zittel 20¥%ide from these differing
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VCPs, different dynamic scanning techniques can adjust how the radar scans without changing(tlerig@Bn

2009; 2013; 2014; 20167 hese differing VCPs and dynamic scanning technigues have an effect on the time required

to complete a single VCP. Despite these variations in rescan time, the time required to complete any of these VCPs is

on the order of approximately five minut@fiese different VCPs also collect slightly different sets of elevation data,

which can substargily affect the uncertainty in any height or vertically integrated liquid {\3keene and Clark

1972; Amburn and Wolf 199@&nalyses presented herein.

Horizontal radar reflectivity factorZ) from KHGX was griddedtollected during normal weather

surveillance operations amegriddedto a 250 km by 250 km domain with 500 m by 500 m horizontal spéging

eachvelume-coverage-pattern-(VCPaseday consideredyhichwas then used to estimatertically-integratee-iguid
QAL VIL, radarderivedeteucechotop heighf EFHETH), and radaderived profile depth (Ki). GOES16 Channel

13 cloud top brightness temperature data (GOESBT) were analyzed such thatreagte 3mage was linked to the
KHGX scan time nearest to each GOESBT product time. GOEAOD calculation requires clotfcee pixels to
generate AOD datdn many cases, the location of cell initiation already contains some form of cloud cover (be it low
, middle, or uppetlevel clouds) at the time of initiation, which inhibits AOD generation. When AOD values are
generated, they are classified as-lowedum-, or highquality returns. To ensure a large enough sample size, AOD
data denoted as mediur highquality were temporally averaged for the 30 minutes preceding cell initiation at the

location of cell initiation! &i—We calculated

vertically-integrated-iguid\(IL ) from griddedZy data from KHGX usinghezquation(1):
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whereimax is the total number of sweeps for a given VZRs the radar reflectivityf a given sweepi)in units of

mm?® m®, anddhis the vertical spacing between sweé&flt. assumes a Marshaalmer drogsize distribution, which
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introduces uncertainty since this relationship may not be completely valid for convective events in coastal regions.

Other sources of uncertainty in VILdlude beam spreading with increasing distance from the radar and data sparsity

at high elevations within 30 km of KHGX. The uncertainty because of beam spreaitiristancehas been shown

to be relatively smalbut that VIL within 30 km of the radarmtéds to be underestimated foennute WSR88D VCPs

(Oue et al. 2022).
2.2 Cell Tracking

KHGX VIL and GOES16 observations were used as input to a modified version of the-aelllti

identification and tracking (MCIT) algorithniRpsenfeld 1987; Gaget al. 1985Hu et al. 2019a) to track all features

wi t h VLQdBdufing that periodFhelhe specifics of the MCIT algorithm can be found in section 2.3 to 2.4.2

in Hu et al. 2019a and thmodificationsmade to theACIT algorithm are provided in ¢l in Lamer et al. (2023).

The MCIT algorithm ingests time series of volume scans and tracks local maxima of VIL by identifying the two cells

in consecutive radar scans that have common maximum(MiLthe areas of VIL have some overlap from one time

to the next.Jo check for overlap from timestep to the next, the pySTEPS (Pulkkinen et al. 2019a,b) is used to compute

velocity fields to find the shift in images. The current image is then checked with the advected cell from the computed

velocity field and checks for overlap between the actual cell and computed cell loddtistracking continues until

the cell dies, splits, or mergda addition to theA/SR-88BKHGX data, we used GOEBS Channel 13 cloud top

brightness temperature (GOESBT)delateédentify cold topped and warm topped cellfe initial analysis from the

modi fied MCIT algorithm i dent i f-20€RBldurihg tbeGdaly?spdriodf eat ur es wi t h a

2.3Cell Classification

To better characterize evolutionezich cell, we employed the following cloud properties:

1) CTHETH: the height at the middle of the highest gate with detectible signal -10 dBZ)from the

WSR-88BKHGX;

VI L

v al

ue

0

2) Hcen: the depth between the top of the highest gate of the radar detsigtitalefor a cell and the bottom [Formatted: Subscript

of the lowest gate of the radar detectible sigfrait corrected for increasing altitude with increasing

range from the radar)

3) CRatidERatio(Fig. 1): the ratio of th€THETH to Heen; and [Formatted: Subscript
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4) the tracked cell area based\dih (Area)

Using these properties, GOESBT, and Vlle wlassified tracked features into three categorieshdl)ow,
2) modest deep, ar®) vigorous dep convective cellsThresholds for the classification are listed in tabl&Hese
thresholds were emigally derived taavoid false classification of cloud systems suchigis cirrus clouds, mesoscale
convective systems (MCSs), or large regions of stratiform precipit&fieralso usethe initial cluster fraction of the
cell, which is theratiorratio of the area o& given cell to the area afcluster(parent)of the cell at the beginning of

the cell lifetime, equal to Ja(value of 1 meaning the cell is discre®e split/mergd cells are removed in this study

using the process outlined in Lamer et al. (20PRgarea threshold is used only to classify the shallow teksnsure
that these shallow features are not lasggons of stratiform precipitatio hisextensive thresholdinggmoves noisy

features, ikely due to normeteorological echoes (e.ground clutter, insects, etcQells thath ave t hei r

fideat hdnadanaimadge are removedavoid analyzing cases which amgoing before or after entering or

leaving the study domain. Cells which pass within 15 km of KHGX are also removed to nifigéek of data in

the ficone of silence. o

The shallow and deep convective cells selected based on these thresholds veeraythed separately and
compared with one anoth&ensitivity studies weralsoperformed on each case type by vanafighresholdgexcept
initial cluster fractiorand split/merge statyby +5% individually and simultaneously observe any changesthe

distributions of certain variables for each case {g#e Appendix)

2.4 Climatological Analyses and Statistical Analysis

Cell properties introduced in Sems2.1 and 2.Zor all cells classified into the three categoudesingthe
four-year observation period werexaminedto allow for bulk analyss of celltype characteristicsAnalyses used
herein includebservationsduring pe ci f i ¢ t i hiaimes@uch as thegtime of ihitiasoggregates of
all scans from the entire lifef all cells of a given typechanges in variables oveell normalized lifetimesdiurnal
changesn these variablesaind spatial differences initiation location These analysis types enables toinvestigae
how these cellshange asthey gew, maturel, and decagd, as well asallowed for the direct comparison dfow

these case types differ from each other.

ibi

rtho

[0}
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———— To parse out any potentiahvirenmentalcontrol@erosol effecton shallow and deep CI and intensity

180 HRRR-medel-data-an@OES16 AOD data were analyze@the-HRRR-data-were-mined-to-collect-the-convective

temperature —dew point,—and —wind speed-—and direction interpolated to the

f or t ha f or ecast h our D i
t f t+— T ¥ a—S—t Ot P+ ¥

tat i ation ti me. The AOD dat a

aeresoHeoading-may-play-in-affecting-The nonparametric MaAwhitney U test was used to investigate statistical

185 differences between regional cell initiation AOD distributions (Mann and Whitney) 184 7urtherelucidate-any

ype-exceeded

and analyzed

3 Results

190 3.10verall Cell Characteristics

The monthly average number of cells varidgtle from month to month for June, July, August, and
SeptemberAll-convective-cell-types-have-thes highestmonthly-averagén August{Fig—2)--All-three-case-types
shewlittle-variability-oeral, andhasno significant differenceras-found-from-month-to-menth.

between monthsT'he storm motion could be important to understand storm evolutioevaloate the@rimary speed [,:ormatted: Indent: Firstline: 0"

195 and directionof cell motion,figure 3 showdrequencydistributions of the propagation speed and direction as a
function of normalized lifetiméor the three cell typemvestigated The frequencies shown are normalized by the
total number of samples at each normalized lifetime bin (every 0.025). All peB tgnd to have storm motions

rangingprimarily frem-the-seuthetweersoutlerly to easeaserly. Shallow convective cells, overall, move the slowest

out of the three cell types and have less variability in speed than modest and vigorous deep convective cell. Over the

200 lifetime of these cells, shallow convective cell speed varies little and is mowlersivhen compared to deep

convection ells showing

the-mest-apparent-tendencyovertheirnormalized-lifeti@uwerall, for the three categories, the convectiviés ce

mainly tend to have storm motions spanning framthwestouthwestrly to easeaserly. Larger variability in storm

motion is found at the later period of the cell lifetime for modest and vigorous deep cells, where the greatest variability

205 is seen inhe vigorous deep cells. This finding suggests that some of the vigorous deep convective cells may be



supercellular in nature because of the large deviations from the early storm motions near the time of initiation, but
cannot be confirmed without furtharalyses of detailed conditions for supercells outside of the scope of this research.
The direction of motion of sdareeze induced convective cells can depend on thdeleel (i.e., 925 hPa) wind
direction relative to the coastline (Die Wang, 2023, pas@ommunication). The direction of cell motion

210 (particularly early in the lifetimes of these cells) indicates the possibility that the sea breeze along the Gulf Coast plays

a part in storm initiation and propagatiaa theselirectionswould be consistenwith the inland propagation of the

seabreeze, which propagates from southeast to northwest from the coastline

3.2Location and Diurnal Frequency of Initiation

Figure4 shows the diurnal frequency of initiation times as a function of local time. Allypels have their
215 peak in initiation in the late morning/early afternoon hours, which then sharply decreases as the day progresses.
Overall, all types of convection in this region preferentially initiate in the late morning/early afternoon. However,
thereis a slight difference in peak time. Shallow convection and vigorous deep convection show earlier peaks in
initiation timei between 10:00 and 14:00 CDTwhen compared to the peak for modest deep convection, which is

shifted slightly later (between 12:@@&d 15:00; Fig4).

220 Figure 5 shows the initiation location for shallow (Figa.d.6, modest deep (Figb,e,h), and
vigorous deep (Figbc.f,i) convection. The three types all show a preference to initiate over land along the coastline
to thesouthwest and northeast of Houston (within 100 km from the coast) with a local minimum in initiation over

Galveston Bay(the large bayo the east of Houstorguggesting that a larska contrast, hence sea breeze, is a key

factor to initiate convectiomithis area. The inland propagation of the sea breeze can also be observed based on the
225 cell s6 overall speed and direction of travel early in their lifetimes (Fig
in shallow CI to the southwest of Houst(iig. 5ad.€). Another notable feature is that both moderate and vigorous
deep convective cell types show a local maximum over the Houston metropolitan area, which is especially apparent
in vigorous deep convective cases. This initiation maximum couldused by the enhancement from aerosol loading

and/or urban heating, but will need further examination in the future.

230 To further investigatd the sea breeze plagay potential roll ircellinitiation, we divided initiation locations

. There

is anobviousinland shiftin initiation location that is most obvious for vigorous deep convectioom the 09:00



11:59 to 12:0aL4:59CDT period further supporting thefluence of the sea breeze 6hfor all case typesThe
diurnal spatial shift in initiation location shows that the sea breeze is a key factor for Cl along thégqioestt and
235 65 highlightthattheearly afternoomoursarethe most preferable time f@i for all cell types. This is consistent with

the previous studies (e,&ark et al 20Q).

Thedomain maximunin shallowCl to the southwest of Houston is also appaireatl periods except 18:00
20:59 CDT(not shown) but modest and vigoroudeep convectivéypesdo notvisually show the same southwest
initiation preferenceRatherthe twodeep convectiviypes(especiallyigorous deep conveoti) doshowmaximums
240 ininitiation over the Houston metropolitan area in the-toithte afternoonWe furtherspeculate that thimay be the
result ofurban heating allowingarcels to reactheir convective temperatuseluring this time, even on days where
CAPE is high, buCIN elsewhere in the domain is too strong to allow for other convectionitite. However, as
stated previously, further research is necessary to elucidate what mechanism(s) is(are) respotisiblbdal

initiation maximum in deep convection.
245  3.3Diurnal Changes in Cell Characteristics

To assesdiurnal cycle of convective cejlaieanalyzed celhourby-hour basicharacteristics for each scan
‘ for the duration of its life over the course bktday.Figure 76 shows thediurnal trends in the distributiorcf
GOESBT the height of cell maximum radar reflectivilaszmay, andthe cell maximum radar reflectivifgBZmay)
for all scanof all convective case&or shallowcells the GOESBT tends to be constant at around 285 K over time,
’250 and the majority of the calhave Hyszmaxbelew-5-km;-suggesting-warm-precipitation-proceshrontrast, the two
deep convection typesxhibit similarmaximum frequeries of GOESBT before noowith a sibstantialshift of the
maximum frequency t6240 K for modest deep celied~220 K for the vigorous deep cells arounubn then taper
off into the later evening and overnight hodrke frequency peak ofdgkmaxfor the modestand vigorous convecte
types is found below 6 kibefore noonsimilar to shallowcells, which then shiftdo 61 10 km for modst deepcells
255  and9i 13 km for the vigorous deegellsuntil ~18:00 CDT for modest deep cells a2@i00 CDT for vigorous deep
cells The rapid change in GOESBT and HdBZmax shows the quick vertical evolution of these cells resulting in cold
precipitation-processe&FHETH also shows the same change in charactesia§6GOESBT anddgkmax(not shown),

further supporting late morning/early afternoon initiation. There is little dependency of maximum reflectivity on time.

3.4 Analysis of Bulk Cell Type and Normalized Cell Lifetime Characteristics

10
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Even though the peak Cl has been shown to occur in tage morningéarly afternoonand peak in intensity
in the earlyto-mid afternoontheremay bediurnal variability and differences iduration incell lifetime that are
unaccounted foiTo observe how these cells behave over the course of their respective lifatmeeshan the course
of a given daywe have analyzetiese cells bpggregating scans during specific periods of cell lifetiraggregating
all scans ofill cells of eachlypeg and bynormalizingeachby its respective lifetimelThese analysesllow for direct

comparisons ofase types, regardless ofattime the ceflinitiated or how long they lasted.

The growth and decay of these cells can be seen by analyzing the change in the distributiongxof dBZ
Hagzmax maximum VIL, GOESBT, and the average of the maximum radar reflectivity for all columns within a given
cell (dBZ.yg). Shallow convective cell$isw overall low dBZaxat low Hiszmaxover the course of entire cell lifetimes
(Fig. 87). Cell growth and decay is apparent, aszlkxand dBZmax shift to overall higher values during the first half
of cell lifetimes and then decrease back to a distobutiat looks most similar to cell initiation at the end of their
lives. Modest and vigorous deep convection show clear signals of the birtBE(Fig:), mature (Fig8e7ef,h,i), and
dissipation (Fig8k7k,l) phases. Early in their lifetimes, these ¢gfles are dominated by low dBZ values at low
Haezmax Which both increase considerably moving into their mature phases. This trend is especially apparent in
vigorous deep convection, where early in cell lifetimes, there is a clear signal of iniiaticsome cells that have
begun to grow (based on the secondary maximum in highgBZhigh Hezmaxvalues). As these cells continue to

mature, we see thatskkmax remains high, but that dB4x begins to decrease. This is indicative of cells where the

convective core has dissipated IHeweuel, lisgnaxdppearpth berslighiy v i[pormatted: Subscript

skewed by bright banding, as both modest and vigorous deep convection show rather unnatural looking discontinuities

in their distributions arouh6 km above radar levéhRL).. These discontinuity features are especially apparent in

figure 8b,e.

Figure98 supports that the feature seen in fig8rearound 6 kmARLabove radar levdb be caused by the
bright band, since there are no similar discontinuities in these distributions where GOESBT is ivasmiirfigure

8-figure 9However, this is one interpretation and the discontinuities shown in figoray rather be indicative of

some ongoing storm physioss with figure7, figure 8 clearly shows the initiation, growth, and decay of these cell

types. Shallow convective cells remain at relatively warm GOESBT and low maximum VIL throughout their lives,
whereas modest and vigorousgeconvection show clear growth from warm GOESBT, low maximum VIL cells to

cold GOESBT high maximum VIL cellgise-shown-as-infigur8The rapid changes shown in figuiand8 during

11



the early stages of vigorous deep convective shows the quick vertical evolution of thesésoedlsown as in figure

7, is the dissipation phase, where GOESBT remains cold, but VIL drops off considerably. This further supports the
290 idea that thiss the period when the convective cores have dissipated, leaving orphan anvils behind.

As stated previously, dBg is the average of theolumnZy maximuns within a given celland

dBZnaxis the cell maximunZy for a given timeTo investigate potential anvil generation, the distributions of@BZ [Formatted: Subscript

versus dBgax are analyzed (Figt6).9). During the anvil generation phase, we would expect cells to be at their most[ Formatted: Subscript

intense state, meaning they would have a high value ofgBZe would also expect an increasingly larggionof

295 low Zy high aloft in the storm to form. Thisgion of low Zy will skew dBZ.q lower while dBZnax will remain

unaffected until the storm begins to dissip§#hen comparing shallow and deep convectith this information in

mind, the featurgapparent in deep convecti@f,low dBZagand high dBzaxis-indicative-etould be interpreted as [Formatted: Subscript

anvil gereration.As with previous figures in this section, these anvil signatures are especially apparent in vigorot[ Formatted: Subscript

deep convective cells. Early in deep convective lifetimes, cells have not had enough time to grow to a state where
300 anvil generation is possible itv the exception of the most intense cells). The vast majority of cells exist very near
the oneto-one line of dBZygto dBZmaxWith only a small subset of cells moving into the high gd&2nd lower dBZyy
indicative of cells growing and beginning to guze anvils (Fig26c9c). As cells move into the mature portion of
their lives, the low dB&dhigh dBZnaxregion, where strong, anvil generating cells are present, becomes the dominant
regime for these cells (Figofof,i). As cells decay, the distribution maximum shifts back down near thtoare
305 line (Fig.209l), which would be suggestive of orphan dsywgiven the analyses provided in the previous paragraphs.
One feature of note in the vigorous deep convective cells during the dissipation phase is the secondary maximum in
the high dBZughigh dBZnax W
tracking-domain-prior-to-reaching-dissipatibnis featurerepresents the transition from the mature stage having the

large dBZaxin a deeper depth within the clouds to the later stage having lowekdRZing thenormalized lifetime

310 0.75i1 1.0.
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320 KHGX. While there is a secondary maximum in GOESBT at around 260 K for modest deep convection, the same

Shallow convective cellseach their maximun&FHETH during approximately the first 10% of their life

appear to maintain this heiglmtil around 75%, and then gradualkgcrease in height until dissipation (FigalOa).
325  Modest convective cellake substantiallylonger (~3555% of the way through their lifdo reach their maximum

CTHETH and then sharply decrease in height during the last 15%31@ig0b). Vigorous convective cells, on the

contrary, reach their maximu@THETH quite quickly (within the first 15 t@5% of their life), maintain a tall

eleueechotop, and then gradually decrease in height to dissipation {&id0c). The gradual decrease@FHETH

leading to dissipatiofs furtherindicative of convective anvils. In this case, we believe this sifumaher supports
330 that we are observingpnvective ore dissipaon, thusleavingorphananvils behind Both Higzmaxand dBZnax show
similar trends toSTHETH for all case typesShallow convective cells reach their dBZand Hizmax €arly in the
cel |l s& nor nfathintlzedirdt 2d309%) maintaim end then gradually decay to dissipgfom 14€10d,9).
Modest convection shows a gradiratrease in kbkzmax that looks nearly identical tis maximumEFHETH. It
appears that these cells reach thkizmax anywhere from 35 to 65% of the way through their lifetintéswever,
’335 dBZmax is reached much earligwithin the first 20% of their lifehan Higzmax (Fig. 24el0e,h). Vigorous deep
convection reaches itsskkmaxmuch sooner in its normalized lifetinfleetween 10 and 25% of their normalized lives)
‘ like CTHETH (Fig. £4f10f). As with modest deep convection, vigorous deep convection also reaches;its eE/
in its life (within the first 20% of their normalized lif@nd maintainshese valuesntil about halfway through their
lives, whendissipationbegins(Fig. 24i10i). One featue that isseenin dBZmax and Hiszmax for both modest and
340 vigorous deep convectias the appareriimodalityat theendatero f t h e s e ¢ (e10M)svberelitadpeatsi me s

thatsome cells maintain high values of dBZand VIL (not shown}t the higher altitudes (~9 krall the way up to

dissipation(Fig. 14f10f i), We-suspect-that-thidis is not-a-physical-difference-betwagantticularly apparent in the [Formatted: Default Paragraph Font

modestdeepcells. This bimodality suggests thasomeecelisand-others-and-is-rather-caused-by-suintee modest
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345

350

355

360

365

370

deepcellsle

lower ETHswere dominated by warm phasecipitation processesmilar to the shallow cells, &&iszmaxWas found

below 6 km through the lifetimd his reasoning would explain why dB£and VIL remain so high all the way up to [Formatted: Subscript ]

the end of their [|ife, as ¢theagmaia, even tlibegt tnesalcells may stibpergistt ed 6 when | eavin

for some time.

Cell echo baséeight (Hsasg was determined using timeaximumETHETH minus the radaderived echo
profile depthto estimate the precipitation base of these détlsshallow convection, gdascremains relatively flat for
the duratiorof these cellssetwhereas ishowsan increase in heighkuring dissipatiodor modest and vigorous deep
convective cell{Fig. 14;10j,k,l). This signature is especially apparent in the vigorous deep convectiveTbéls.
increase irtHegase in tandem with the minimal decreaseniaximumETFHETH during dissipation oboth types of
deep convectioifespecially vigorous deep convectiprginforces the idethat weare observing the generation of
orphan anvilsThe bimodality here may also partially be caused by some cells leaving the domain during their mature

phase, prior to dissipatiafespite the mitigation techniques we applisgt tis is less certain than for the reasoning

given for dBZnax. [ Formatted: Subscript }

In an attempt to quantify vertical motion withimeseigorous deep convectiveells, we approximated this

quantity three different ways. We used the maxin€HETH, and Hgzmax during each scarand GOESBT at the [Formatted: Subscript J
time closest to radar scan time with the time between samples to calculate maxira&mH and Hiszmax @ S ¢ € n (Formatted: Subscript ]
rates, 0 as well as GOESBT i c l16la, ther¢ avepearmaximsmeCTHEaHards . 0 As shown in figure

Haszmaxascent signatures early and descent signatures late in the lives of these cells for all case types. GOESBT s( Formatted: Subscript J

cooling during the same period where ascent is seen and warming during the same period where descent is seen in

maximumETHETH and Hiezmax The near identical timing and structure of these derived ascent rates suggest th{ Formatted: Subscript ]

these values may be good proxies for updraft intensity during the early parts of these cell. However, the later portions
of these cell sd | i ves huappeeportonsof theaetfeatdresiias shown figjdi@)msd or hi g

most likely do not represent downdraft intensity during dissipation. We suspect that, in vigorous deep convective

o

cases, we may be seeing orphan anvils falling out as virga since the descgnh at ur e occur s quite | ate in these cells

normalized lifetimes after their ggaseincreases considerably. MaximuBiFHETH and Hiszmax descent rates and [Formaﬁed; Subscript

L

GOESBT warming rates match well | ate in thlaesoleservzimglIi':o"“attwSUbSC”F’t
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anvil fall-out. Further analysis is necessary to validate these results. There is a hint of this signature as well for modest
deep convective cells, but it is not as obvious. To further assess the quality of these approximations, as&lgses out

the scope of this study will be need€die caveat to consider with theseent rateesults is théncreasingincertainty

in ETH and Higzmax With increasing range from KHGXThis uncertaintynay account forthe large spreadalways

375 shownsince we have large sample sizesdlibicasetypes. The large uncertainty for cells in the farthest portions of

our domainmuddle these results consideraltypwever, since the same signal is seen when looking at the GOESBT

cloud top lapse ratesore cedence is led to éhabove analyses
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affecting

shallow CI.

3.5 Aerosol EffectAnalysis

One potential ingredient that may influence CI and has been a key point of debate in recent literature is
aerosol loadingWeAerosol particles in this region range from natural particles, such as sea spray, to industrial

pollutants from oil refineries and hain sources. However, no such dataset exists which is tracks individual aerosol

species on the spatiotemporal scale needed for direct comparison with MCIT output. As suséd wemporal

averages of GOE$6 AOD at the locations of cell initiation for t86 minutes prior to MCIT detected initiatiove

analyzed these data forgions tothe southwest and northeastsdomains-shown-in-Fig—18a:bbut-performed the

paragraphslouston.The analyses of AOD for shallow and modest deep {Figl2a,b) cellsat the locations of their

initiation show essentially identical distributions from southwest to northeast; the primary difference being that both
shallow and modest deep cells exhibit a longer tail toward higher AOD values to the southwest. Median@iean) A

for shallow convective cell initiation locations were392338 (0.400) to the southwest and 0.335 (0.366) to the
northeast, and 0.366 {8453) to the southwest and 2LB46 (0.3790884) to the northeast for modest deep
convection. Considering the subsial difference in initiation location for shallow convection and nearly identical
initiation AOD distributions, this result can be interpreted that bulk AOD does not play an important role in controlling
cell initiation. However, this does not mean thatosol particles play no role as a control on cell initiation. Rather, it
may be specific species of aerosol particles that are more or less important to these processes. Vigorous deep
convective cells, however, do show differing distributions from soeshwo northeast (Fig. 19c). As with shallow

and modest deep convection, vigorous deep convection also exhibits a longer tail extending to higher values of AOD
to the southwest. The initiation locations for vigorous deep convective cells tend to haveallyaniggher AOD

values to the southwest. The median (mean) of the AOD distributions for vigorous deep convective cell initiation
locations was @33428(0.513) to the southwest ané86373(0.383396) to the northeast. However, these differences

in distributions are not statistically significant. From the previous-acemalized cell initiation, we speculate that the
marginally higher values of AOD and rates of cell initiation to the southwest in vigorous deep convection suggest that

aerosol loading mayndeed factor into vigorous deep ClI, but that more marginal convective cells are either more
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460
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470

475

dependent on specific species of aerosol particles rather than overall aerosol loading or are not as affected by aerosol

loading overall.

4 Summary and Discussion

The climatological characteristics of convective cell evolution and their diurnal cycles were analyzed using
theNational\Weather ServieblWS) Weather Surveillance- Radat 988 Doppler KHGX WSR-88D) from Houston,
Texas(KHGX)-for the warm season montfine to September) from 2018 and 2021 and a modified version of the
multi-cell-identification-and-trackingMCIT) algorithm.In total, this studyanalyzeds2,21648 800 convective cells
(38,46535,995 shallow cells for 151,99842,923 volume scans8;5147,935 modest deepells for 161,8492,798

volume scansand5;2374,869 vigorous deegells for 105,66®5,219 volume scans Analysis of these case types

togetherallowed for the direct comparison of cell characteristitdthe environments in which they forhe key

findings from this study are:

1. ClIfor all cell types occurs most frequently in the late morning/early afterme@mand, consistent witthe
inland incursion of theea breez&ont.

2. There is a spatial varidhy in ClI for shallow, modest, and vigorous deep convective cells, suggesting some
effects of aerosol loading and/or urban heating. This is particularly clear for shallovéegtse-conditions

ibit

slighthy-higher AOB-valuddigher AOD valuesend to be preset the southwest of Houston, which is most

easily observed when looking at the vigorous deep ClI AOD distributions. While these results are
statistically significant, they suggest that aerosol loading may have some effect on deep CI. The initiation
biases do not appear to be related to overall aerosol loading based on@héA@® analysis with the

exception of vigorous deep cells. Fhet analysis using high spatiotemporal aerosol and urban heat data will

be needed.

southwest of Houston, based on the HRRR reanalysis data. Tiheateection categories do not appear to

he surface




4.3. The modest and vigorous deep convectivésqarticularly deepen in the afterndewening(12:00-21:00
CDT) as the frequency peak of their heights of maximum reflectivity increase to 11 km and that of the
brightness temperature decrease to 220 K. The shallowdoatist haveclear diurnal variality in those
480 parameters.
54.The cell evolutionis well represented by relationshigetweerthe following cell properties:

1) Theheight and value of thmaximum radar reflectivitpne-its-heightThe developing stage (cell lifetime
normalized by celtluration <0.75)is well represented by an exponential cuivéhaHqszmaxgradually
increases from around 2 to 4 km wihmaximum reflectivityof ~50 dBZ, which then dramatically

485 increases t@ height of12 km fordBZmax values 0f50-60 dBZ. These coinitlentincreass in dBZnax
and Higzmaxoccur in the early stage of cell lifetime (normalized lifetin@.5). The dissipation stage is
represented by a wide distribution of the maximum reflectivity at a high altitude (~10 km) suggesting
anvil developnent an convective core dissipation

2) The brightness temperature (hentmicechotop heighf and the maximum VIL: The developing stage

490 (normalized lifetime< 0.75) is well represented by an exponential curve as the brightness temperature
graduallydecreases from 290 to 260 K from the maximum VIL until 10 dB then dramatically decreases
to 210 K for VIL> 10 dB.

3) The maximum reflectivity and columnar average reflectivity:the cells begin to develop for all case
types, these variables remain near tlneto-one line. However, as deep convective cells (especially

495 vigorous deep convective cells) reach thiedle phases of their lifecycles (0.25 < normalized lifetime
O 0, ah ®hvious extension of high dB&/low dBZ.g becomes apparent. The extensiinthe
distribution during this period further supports the development of anvils. In the remaining 25% of
vigorous deep convective cell lifetimes, the distribution of @RABZ.yq shifts to low values for both,
suggesting convective core dissipatiorvieg only orphan anvils behind.

500 6.5. The€THETH ascent rate is slightly more positive (0.3 km/min) in the early stage (normalized lifebidhe <

and negative for the later stageo(malized lifetme 0 . 8) f or deep convective cell s. Early in these

lives, the cell tops grow vertically as they intensify and the rates at which they ascent should be close to the

actual updraft i nt e nd®znirgmainshightaleft as inapgedrethagRetemangd | i ves, H
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530

in the anvil portion of the storfter it reaches maturity. These descent rates are likely to be representative

of orphan anvils falling out as virga.

Based on the findings in this study, tealysis techniques presentethidentify individual features within
convective cellsFurther parsing of these datey allow for the tracking of individual features within ceflach as
tracking cores and anvils separately and being aldedtyze their behaviors over their liv®larimetre variables

can also be addeds in Hu et al. (2019a.pr automatedracking of features such as differential reflecticiglumns

and arcsThe convective cells considered in this study ardpstitute abou8% of the features tracked during the
climatology periodand were selected based on the empirically derived thresholds in.tSoimé of the featurege

excluded by using these thresholl® nommeteorological in nature, but othersclude high clouds and large
precipitation shields. Different empirically derived thresholds can be developed to isolatarttiestberfeatures

from the full datasetind used to create large climatologies of these features of infEnesanalysis tdmiques
presented in this study can also be applied to the cloud resolving model simulations using radar simulator and cell

tracking techniques (e.g. Oue et al. 2022)jsAnalyses of this typwill aid inbetterevaluatethevaluaing simulation

results ® understand isolated convective cell formation and evolution mechanisms including effects of environmental

factors such as aerosoBome such formation mechanisms have been discussed here, such as aerosol loading and

urban heating, but have not been exetl indepth, but may be of considerable importance in determining what

processes are most important to convective growth, maintenance, and decay.

Appendix

To assess the sensitivity of the results in this study, the thresholds were varied individually and
simultaneously by +5% from the values presented in table 1. The number of cells selected in each sensitivity test were
recorded and plots were qualitativelpalyzed to investigate substantial visual differences as these variables were
adjusted. TableAl shows the number of cells selected for each variable adjusted. Rigushows the visual

differences of the distributions based on changes in the mosiveettgiesholds.

The number of shallow convective cases varied more for lifetime minimum GOESBT than any other variable.
The number of cases increased by46%% for a five percent reduction in the GOESBT threshold (from 268.0 K to
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254.6 K) and decreaség 489997% for a five percent increase in the same threshold (from 268.0 K to 281.4 K). The

visual differences in the distributions of cases are shown in fi§liseb,c. As shown, the visual differences in the

distributions are caused by the additiomeamoval of colder topped shallow convection (Rigc). The overall shape

of the distribution does not change otherwise. I ncreasing GOESBT only

535 convective cells that have colder GOESBT values during their lifetimes.

Like the shallow convective cases, the number of modest deep convection cases varied most with changes in
lifetime minimum GOESBT. There was a 2723% reduction in cases with a five percent decrease in GOESBT
(250.0 K to 237.5 K). This removes the slightly mar GOESBT cloud tops, leaving an upper bound of more intense
modest deep convective cases (Rite). There was alsoZ8.9424.40% increase in cases with a five percent increase
540 in lifetime minimum GOESBT (250.0 K to 262.5 K). This clearly shows the iadddf warmer, lower intensity
convective cells (FigAlf). The modest convective cells also varied by more than 10% for the upper bound of the
lifetime maximum CTHETH, but there were no visible changes in distributions of these variable, only a

reductionincrease in the number of cases (FAg,h,i).

Vigorous convection varied most by lifetime maxim@iHETH. The number of cases increased by
545  283694% for a five percent decrease in maxim@mHETH (12 km to 11.4 km) and decreased by7285% for a
five per@nt increase in maximu@THETH (12 km to 12.6 km). The variability in maximuBiFHETH is shown in
figure Alj,k,| and appears to behave similarly to how the sensitivity in maxiBidETH affects modest deep
convection. Adjusting this threshold, only appearseduce or increase the number of cases and not change the shape

of the distribution.

550
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755

Tables

Shallow Convection

Modest Deep Conv.

Vigorous Deep Conv.

Initial Cluster Fraction 1 1 1

Lifetime Min. GOESBT 0268 K O 250 K O 250 K
Lifetime Max. VIL 0-10dB O 0 dB O 0 dB
Lifetime Max. CFHETH < 8km 8 OCTHETH < 12 km O km
Lifetime Max. CRaticERatio O 0.60 O 0.75 O 0.75
Lifetime Max.Area O 3¢ km N/A N/A
Splits/Merges Removed Yes Yes Yes

# of cells 384655996 85147935 52374869

# of radarscans 151995142923 1018492798 1056685219

31

Table 1 A table of the thresholds used to isolate shallow, modest deep, and vigorousrtesgionfrom all
tracked features from the modified version of the MCIT algorithm.
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760

Figurel: A visual illustration ofcRaticERatio, Heer, and Hsase This image is meant to provide a visual context for

these threevariables. Theactualvaluesof CRatiaed, yellow, and green shaded areas represent arbitrary high, medium,
and low reflectivity contours respectivezRatio and Hegasearecalculated using the maximu8FHETH and Hey,
which are radaderived quantities and willlways be less than the actual height of the storm top and physical depth

765  of a given cell.
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Figure2: Bar graphs showing the monthly average cell count for shallow (green), modest deep (yellow), and
vigorous deep (red) convection. The vertical blackdiat the top of each bar denote + one standard deviation.
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