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Abstract.

Information about the raindrop size distribution (RSD) is vital to comprehend the

precipitation microphysics, improve the rainfall estimation algorithemsl appaise the rainfall
erosivity. Previousresearch hasevealedthat the RSD exhibis diversity with geographical

location and weather type, which perpetraesassess the region and weatbpecific RSE3.

Based on longerm (2004 to 20l16yisdrometer measurements in north Taiwan, this study

pursued to demonstrate the RSD aspects of summer sdasonserebifurcated intotwo
weathersystemgconditions namely typhoon (TY) and nelyphoon (NTY)rainfall. The results
showa higher concentrain of small dropsanda lower concentration dig-sizedrops in TY
compared taNTY rainfall, and this behaviopersisted even after characterizing the R8io
different rainfall rate classeRSDs expressed gamma parameters shdigher massveighted
mean diameterD,) and lower normalized intercept parametdy)(values in NTYthan TY
rainfall. Forbye, srting of these two weatheystemsconditions(TY and NTY rainfall) into
stratiform and convective regimes did revadhrgeDy, in NTY than the TY rainfallThe RSD
empirical relationsusedin the valuation ofrainfall rate(Z TR, D R, andN,i R) and rainfall
kinetic energy(KEI R, and KEi D) were enumeratedfor TY and NTY rainfall, andthey
exhibitedprofounddiversity betweerthesetwo weathesystemsconditions Attributions of RSD
variability between the TY and NTY rainfall to the thershynamical and microphysical

procesesareelucidatedvith the aid ofreanalysis, remotsensing, and grourddkased datasets.

Keywords: typhoors, nonttyphoors, disdrometerrainfall kinetic energynorth Taiwan
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1. Introduction
Taiwan, an island inthe northwest Pacifichas complex topographyith an outspread

from south to northwith an averagelevationof about2 km and peaks of ~ 4 knthe East

China Sea bounds Taiwan in the north, the Philippine Sea in the east, Luzon Strait in the south,

and the South China Sea in the southw&hkts island isaffectedby two monsoon regimes

southwesterly monsoafMay to August) and northeasterly monso¢8eptember to April)and

these two monsoon regimes wéuether categorized into winter (December to February), spring

(March to April), meiyu (mid-May to mid-June), summer (midune to August), typhoon (May
to October), and autumn (September to NovembeasongChen and Chen, 20p3Amongthe
abovementioned seasonthe summer seasanexclusively associated witthunderstorm and
typhoons, have intense precipitation than other seasdbsspite reports on the rainfall
individualitiesof different seasons and weather systems in Ta{@aen et al., 199€hen et al.,
2007Chen et al.,, 201Chen and Chen, 20liang et al., 201;Tu and Chou, 2013 few

attempts were made &xplicaterain microphysical aspectsxclusivelythe RSD characteristics.

The RS aid in diverse fields like rateorology, hydrology andemotesensing and
afford an insight into the precipitation microphysiggkosenfeld and Ulbrich, b3).
Characteriation of RSDs offers the opportunityto designradarrainfall estimationalgorithms
(Ryzhkov an d),inbroveithé cloudintb@bngarameterizatiofMcFarquhar et al.,
2015, assesshe rainfall erosivity relationgJanapati et al., 20)9validatethe remote sensing
instrumentg(Liao et al., 201MNakamura and Iguchi, 20p7and appraise theain attenuatios
(Chen et al., 2001 Owing to the aforementionednplications of RSDsample literature exist

on RSDs forspatial, seasongl’hompson et al., 2013ayalakshmi and Reddy, 20%4ela et al.,
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2017Seela et al., 201Rrishna et al., 201&eela et al., 20)&ariations storm to storm, within
the storm(Kumari et al., 201Maki et al., 200Dung et al., 201Bao et al., 2020anapati et al.,

2017, anddifferentprecipitatiors (Tokay and Short, 199&rishna et al., 2016

Investigations on RSDs have been escalatingluminate the hydrological(Lin and
Chen, 2012u et al, 2008anapati et al., 20i®hang et al., 20)7and microphysical
characteristic§Chu and Su, 20Q8ung et al., 201,3eela et al., 2013eela et al., 201Bee et al.,
2019Janapati et al., 202@f diverseprecipitating cloudsn Taiwan For instanceChu and Su

(2008) reconnoiteredthe slopeshape relations foseven precipitation events relatéa four

| Field Code Changed

[ Field Code Changed

( Field Code Changed

{ Field Code Changed

[ Field Code Changed

different weather systemin north Taiwan and they showed that tlierivedeis r el at i on was

independent of the gamma RSD momerder. Measurements of a squall line in south Taiwan
with groundbased radar and disdrometer revealed thatDhealues in the squall line's
convective precipitation were higher than the maritime clugensg etal., 20L2). Chang et al.
(2009) analyzedthe RSDs of landfall typhoonis north Taiwan andthey opinioned thathe
interaction of t ggmplex demrainresuliedirh the TR& Dsimtarmédisite to
maritime and continentatlusters.The comparison studyg f summer seasons
Taiwan and Palau Islantly Seela et al. (201 fevealednore lage dropdn TaiwanthanPalay
and theycontendedthat deeply extended convective clouds with maerosolsin Taiwan
resultedin the differences between these two Islandfith the aid of longterm disdrometer
measurements faummer and winter seasons in north Taiwdegla et al. (2018)oticed a
profound disparities in RSDs between these two seaaodsthey establishdtie attribution of
RSDs differences to thanicrophysich processes concomitant witteep convective clouds in

summer and warm cloudis winter. Furthermore, investigations on microphysical features of six
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seasongwinter, spring, meiyu, summer, typhoon, and autunmin)north Taiwandivulged the

highest mea, valuesin the summer and highest concentrationddg) in the winter(Lee et [Fiem Code Changed
al., 2019. A recent study on Indian and Pacific Ocean tropical cyclones mauifeisther D,
values in Pacifi©Oceantropical cyclones thathe Indian Ocean tropical cyclon¢danapati et al., [Fiem Code Changed
2020.

Efforts have been performed revealthe RSDs characteristics ofropical cyclons and
nontropical cyclones inindia, Australia,China,and JaparfRadhakrishna and Narayana Rao, [Fiem Code Changed
201QKumar and Reddy, 201Beo and Walsh, 2016hen et al., 201Zhen et al., 2017
Analysis of tropical cyclones and ntmopical cyclonesRSDsin Gadanki(Radhakrishna and [Fiem Code Changed

Narayana Rao, 20)0and KadapgKumar and Reddy, 20}3inveiled a fgher concentration of [Fiem Code Changed

small drops in tropical cyclones than thentiropical cyclonesin Australia, Deo and Walsh [Field Code Changed

(2016)illustrated thetropical cyclones and netmopical cyclones RSDs and demonstrated higher

Dy values in nortropical cyclones than tropical cyclones rainfabrom the BVD

measurements in East chir@hen et al. (2017appraised the polarimetric radar variables for [Fiem Code Changed

typhoors, Mei-yu, and squall line precipitations, and they revealed discreteatitns among

these weather system®ver south China, distinct differences in rain integral parameters of

typhoons and squall lines weperceivedby Zhang et al. (2019)and theyconcluded that it is [Field Code Changed

essentiato adopt precipitation specific rainfaééstimatorsExamination oftyphoons and meju

seasorRSDsin Japaraffirmed maritime behavior in typhoons and continental behavior in mei

yu rainfall(Chen et al., 2019 [Field Code Changed
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In contempt of investigations on the typhoon and notiyphoon weather

c 0 n d iwelastrhseér—rainfalbchaganterigticgChen and Chen, 20Mu and Chou, 2093 [Fiem Code Changed

the microphysical features,especially thesummer seasofs R Jexglicitly segregaté to

typhoon and nottyphoon weather conditionseathersystemare yetto be documentetbr the

Taiwan region On this accountthis study sought to address tf@lowing objectives 1. To
investigate alike or unalike individualities of RSDs between the typhoon andypiooon
rainfall, 2. To identify comparableinrelatedfeatures of typhoon and ndyphoon rainfall to the
previous studigs3. quantification of rainfall rate and rainfall kinetic energglations 4. To
discern conceivable rationale for peculiaritiassthe RSDsbetween typhoon and ndyphoon
rainfall everts. In this contextto address the aforementionebjectives for te typhooms and
nontyphoors rainfall longterm disdrometerradar, remoteensing,and re-analysis data sets

were used.

2. Data sets used

Taiwangeographic mawith National CentraUniversity (NCU) (2458 6 N1 04 2 E)

site (indicated witha filled green circle), wheréhe JossWaldvogel disdrometer (JWD)Joss [Fiem Code Changed

and Waldvogel, 1969measurements wer@mrducted[for the summer seasdii6 June to-31
August) rainy days dhe years 2004 to 2016% shown in Fig.1The disdrometer measurements
in summerseasonsverefurtherclassified intoatyphoon (TY) and nottyphoon (NTY)regimes

In identifying the rainfall amounts of typhoons ovie&iwan, previous studies adopted different

criteria(Tu and Chou, 201€hu et al., 200Chen et al., 200)0For instanceif a typhooncenter Field Code Changed

wasinvadel the rectangular grid box a21°-26° N and 118-125’ E (Chu et al., 200)7or 19.5™ Field Code Changed

27.5 and 117.8124.5 E (Chen et al., 203)0or 18>-29.5° N and 118-126’ E (Tu and Chou, Field Code Changed

[
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2013, the corresponding rain in Taiwan wsslectedas typhoon induced raifon the other

hand in the current studyprecipitationat theNCU disdrometer site wasonsideredastyphoon

induced rairwhenthetyphooncenter was 500 km from the disdrometédanapati et al., 2019 [Fiem Code Changed

and therest of the rainy days summer seasongerecaiegorized adNTY rainy days With this
condition, a total numbenf 59 TY rainy days(hereafter TY daysand 131NTY rainy days
(hereafter NTY days)yvere receded by theNCU JWD from 2004 to 2016 (excluding 2008 and

2009 years)

The JWD has itsadvantage and disadvantages over the other disteosifLee and " Field Code Changed

Zawadzki, 200MMcFarquhar and List, 199Bauvageot and Laga, 1995Sheppard,
199QSheppard and Joe, 199dkay et al., 200Tokay et al., 2013 For instance, JWDc a n 6 t
measure fall velocityhence, toevaluaé the RSD parameters from the JWD, we assiithat
raindropsreachthe ground with terminal velocityFurther,in heavy rainfall events, the JWD
measures the spurious values for the raindrops of diametemm andit was named as the

deadtime of the instrumentTo deal with the deatime of the JWD, the manufacturer provided

an error carection multiplication matrix based ancorrection schemigom Sheppard and Joe (Field Code Changed

(19949)However, as the JWD candt recordindheyy dr ops for
rainfall eventsthe multiplicative matrix algorithm does not increase the counts when the channel

has no drops (Tokay & Short, 1996)kay et al., 2003 )hencejn this studywe di dwtlleet appl
deadtime corretionto the JWD dataOntop of hat,1-min RSD samplewith raindrops count

10 and rainfall rate< 0.1 mm K were discardeqTokay & Short, 1996)The daily rainfall

accumulations from the JWD arelated to the collocated rain gauge for both TY and NTY rain

regimes and are illustrated with scatter plots in Fi§t@&ng-cerrelationbetweenIWDb-and-rain

t

h e



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

furtheranalysisThe rainy days (TY: 04 days and NTY: 0 days) wWétgerdiscrepancy between Formatted: Font: (Default) Times New
Roman, 12 pt

JWD and rain gauge measurements were discarded in this Btuther, we compared the JWD

measurements (for both TY and NTY rainy days) with the rain gauge for different wind speed

conditions (daily maximum wind speed:80 814, 1418, > 18 m ), and the results are

provided in Table 1. For the considered NTYhyadays, the daily maximum wind speeds were

less than 14 m'§ however, there were TY rainy days with wind speed > 18 m/s. A good

agreement between JWD and rain gauge measurements for both TY and NTY days (Fig.2 and

Table 1) provided the trustworthinesisthe JWD data for further analysis.

The raifRSD parameters likeaindrop concentratioN(D) (mm'* m'3), radar reflectivity
factor Z (mm® m'®), liquid water content (g m'®), rainfall rateR (mm H?), total number
concentratior\; (m'3), normalized intercept parametét,, (m'®> mm'?Y), shape parameter (-),

slope parametes (mm'?Y), and massveighted mean diamet&;, (mm) are estimated from the

JWD measurements. THiermulationsfor these rain/RSD parameters aedailed inSeela et al. [Fiem Code Changed

(2017)Seela et al. (2018)okay et al. (2002Bringi et al. (2003)Tokay and Short (1996)n
addition to rain parameters, thainfall kinetic energyKE), which can beexpressedn KE flux

(KEiime, in J M? h'Y) andKE content KEnm J m? mm'Y) were computed for TY and NTY

rainfall usingthe procedures dfornis et al. (2005palles et al. (2003)an Dijk et al. (2002) [Fiem Code Changed

In addition to disdrometer data, rematnsing (TRMM and MODIS) and reanalysis
(ERA-interim) data sets are used to elucidate the thermodynarammdl microphysical

characteristics that are accountable for the possible disparities in RSDs between TY and NTY
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rainfall. Bright band and storm heights from TRMMaedtite (2A23 data produgt(lguchi et al.,

2000Kummerow et al., 2001cloud effective radii (CERg$loud-effectiveradiof liquid and ice

particles fom MODIS satellite(MODO08_D3 data produgt(Platnick et al., 20LRemer et al.,
2005Nakajima and King, 1989 water vapor, convective available potential eng{@pPE),

relative humidity and temperature profiles from ER®erim (Dee et al., 2011 areconsidered
for TY and NTYrainfall. Both remotesening and reanalysis data sets améerpolated td®.125°
x 0.125°0ver the disdrometer site. Aibf description of these data sets can be fourkigla et

al. (2018)Janapati et al. (2020)

Besides remotsensing and ranalysis data sets, the radar reflectiviyofiles from
radars mosaic arased to reveal TY and NTY rainfall characteristidhe Z profiles were
obtained from the sigroundbasedadarsand the locations of these radare depicted with red
triangles in Fig. 10ver the JWD site, the reflectivityrgfiles available forthe period of 2005
2014areused andfurther details on Taiwan radesflectivity mosaiccan be found irfChang et

AT I

al. (2020)

3. Observational Results
The quality controlledd WD datashowed 23074 and 20368 minuigisRSD samples
respectively, fo TY and NTY rairfall, and the mean raindregoncentratioa of thesetwo

weathersystemsconditionsare depicted in Fig2. In this work,raindrops of diametegreater

than 3 mml 1 3 , amdiess than 1 mmarenamed, respectively, d&rge, mid, angmalldrops
(Tokay et al., 200%eela et al., 2038As illustrated in k. 3a,perceivable segregation between

‘ TY and NTY rainfall RSDs can be seen witiore largedropsin NTY than theTY rainfall.
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Despite of weak distinction between TY and NTY mean rain spectra for raindrops of diameter <

2 mm, it can be seen that the spectra variability within TY and NTY classes is smaller than the

differences between averaged TY and NTY spedBaen the dependency of raindrop

concentration on rainfall ratd, is formidabledifficult to interpret alteratios betweenTY and

NTY rainfall RSD from Fig. 3a Consequentlywe implemenrgd the normalizatiorprocedure

(Testud et al., 20Q1which is independent of the shape of the observed raindrop sptctreg [Field Code Changed

TY and NTY RSDs. For TY and NTY rainfall, he drop diameterQl, mm) andraindrop
concentrationsN(D), mmi * m'®] arenormalized respectivelyby massweighted mean diameter
(D, mm) and normalized intercept parametey, (mm * m'®), andthese normalized RSDwe
illustrated in Fig. 3bA remarkable departure in the normalized RSDs spectra between NTY and

TY rainfall (for D/Dy, > 2) insinuates thadivergentmicrophysical processes were involvied

these twowveather conditionseathersystems

For TY and NTY raifall, the probabilitydensity functios (PDFs) are evaluated forD,
(massweighted mean diameter in mm), {g§. (N is normalized intercept parameter in
mm * m'3), logioR (Riis rainfall rate in mm H), and logoW (Wis the liquid water content in
g m® andare depicted irFig. 4.Fig. 4a demonstrasghe PDF ofDy, in NTY rainfall has
higher distrbutionthan TY raidall for Dy, >1.7 mm The log;oNy (logioR) PDF distribution
shows peakvalues aroun@.7 (0.3) and 3.4(0), respectively, fomlY andNTY rainfall (Fig.

4b). The PDF oflog;oW shows a higher percentage at lower Jg¢/ values (logoW <1 1) in

NTY rainfall, and a higher percentage at highenddgvalues (logoW >11) in TY rainfall

10



208 sighificancedevelsFur t her |, a s t-@dt jused to deterdimineSwhethebretwmotdétes  t
209 sets are significantly different from each other or not), is executed between TY and NTY
210 rainfall Dy values. The test results rejected the null hypothesis at 0.05 and 0.0 aigpfi

211 levels, which confirm that thB., values in TY rainfall are different from that of the NTY

212 rainfall. Si mi-fest petfoymed for lother tBréewdrameters @®g ldg;0R,

213 and loggW) also showed that these parameters in TY rainfelldifferent from that of the

214 NTY rainfall.

215

216

217  3.1Contribution of raindrop diameters to N;and R

218 The contributions ofaindrop diametec | asses (di ameter < 49 mm, 1712 mm,
219 mm, and 41 5mm)to N, (m'3) andR (mm H*) for TY and NTY rairfall areshown in Fig. 5As

220 can be seen inig.5a & b, for both TY andNTY rainfall, with the incease of drop diameter

221 classescontribution tototal number concentration decregsehile that ofrainfall rate increase

222 and thenlessens and such peculiarities were noticed by previous researchens tropcal

223 cyclones(Chen et b, 2019 and summer seasorinfall (Wu et al., 201 For both TY and [Fiem Code Changed

[ Field Code Changed

224  NTY rainfall, small sizedrops (< 1 mmprantto largenumber concentratior»(70%) andabout
225 10% to rainfall rate For both TY and NTY rainfalb,ai ndr ops wi t h affdrda met er 172 mm
226 around 20% to number concentratioonethelesst hes e r ai n dyie@aeund 60% 2 mm)

227 (55%)to rainfall ratefor TY (NTY) rainfall. The contribution ofaind r ops wi t h3 di ameters 21
228 mm to number concentration egligible and the rainfall rate iabove 20% foboth TY and

229 NTY rainfall. Fig. 5a&b emphasie the predominant contribution afmnall (< 1mm) and mid

230 si ze dr op do tdtal nuBberncangentration and rainfall rdt@n large dropsThe
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252

occurrence percentageshf(m'®) ([ (N)ry or (N)ntv/( (N)Ty +(Nonty )]x100) andR (mm H?Y)

( [(Rry or Rnty/( (R)1y +( Rnty )]*x100) at different diameter classesare illustrated

respectivelyin Fig.5cand Fig.5d For the first three drogd i amet er ¢l asses (< 1 mm,
21 3 rthe); (m'®) percentages amredominant in TY than NTY rainfalnd h contrast, for

large drops (38 mm), theN, (m' ®) percentage arehigherin NTY than TY rairfall. Similarto the

N; (m'3), the rainfall ratepercentagearehigher in TY than NTY raifall for small and miesize

drops, and an opposite feataan be seefor large drops (> 3 mm).

3.2Segregation of RSB based onrainfall rate s

To further explore the discrepancies between TY and NTY raiRfalls, we segregate
the TY and NTY RSDs ino seven rainfall rate classéss given infable-1Table 9 usingthe
belowmentioned groupingriteria. The data pimts in each rainfall rate categoshould be
sufficiently large in TY and NTY rainfall, anfér each categorghe mean values afainfall rates

should be nearly equdletweenthese two weathesystens conditions(TY and NTY rainfal)

(Jayalakshmi and Reddy, 20D&o and Walsh, 20]8eela et al., 20)7 Statistical values of \:Fiem Code Changed

thesesevenrainfall rate @tegories are specified irble-1Table 2for TY and NTY raifall. As

depicted in the tablethe mean valuesf rainfall ratesare nearly equal between these two
weathersystemgonditions(TY andNTY). Excludingfourth and fifth rainfall rate class (C4 and
C5), he skewnessaluesare excessive in NTY than TY rainfall. Correspondinglthese two
weathersystemsconditions(TY andNTY) show positive skewness designatintbatthe rairfall
rates arefocusedon the left to the meanThe RSDs peculiarities between TY and NTY rainfall

are evaluatedin percentaggarametei(Ratio of N(D) in TY or NTY rainfall for the raindrop

12
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diameterD and rainfall rate clasR to the raindrop concentration accumulations in TY and NTY

rainfall) context asexplicated inSeela et al. (2018) [Field Code Changed
The percentage parameterfD)f or di f ferent raBf@ rate class, U(D, R)-=
is given as
1 SR P TLI  ——---eee 1
1 $i2 1 S— 2
Where . $ or. $ represents the meanM) of TY or NTY rainfall for the rain

rate class ACKkO, witkRRKEQ2 I<R<2 83:2<R<5,64:5<6, 7 (Cl1l: 0.1

R< 10, C5: 10< R< 30, C6: 30< R< 50, and C7R >50, whereR is in mm h'; please refer to

table2).

Theraindrg concentration percentages appraised for both TY and NTY rainfall and
are illustrated in Fig. 6.The percentage contribution &(D) for TY and NTY raifall
corroboratedhat small and miesize drops(< 3 mm)display superiorpercentage in TY than
NTY rainfall. Neverthelesslarge drops (> 3 mm) unved higher percentage di(D) in NTY

than TY rairiall.

Distributions of D, (mm) and loggN,, (m'3 mm'?) for seven rainfall rate classes are
depicted with box plots in Fig. 7. As can be sesnfFig. 7a, with the increase inainfall rate

class Dp, valuesincreasefor both TY and NTY raifall, which isdue toa raisein large size

drops concentratiorand a reductionin small dropsconcentration(Rosenfeld and Ulbrich, [Fiem Code Changed

2003Krishna et al., 2026 and similar finding were noticed by previous researchers for both

13



276  tropical cyclones and netnopical cyclones rainfall(Bao et al., 202@eo and Walsh, | Field Code Changed

277 2016Jayalakshmi and Reddy, 2QR&dhakrishna and Narayana Rao, 200h the other hand,
278 Dpvalues argyreaterin NTY than TY rairfall in all rainfall rate classes due to theedominant
279 concentration ofmid-size andsmall sizeraindrops in TY than NTYdays(Fig.6). Comparedo

280 Dy, for all seven rainfall rate classes, theildly values arehigher in TY than NTY raifall

281 (Fig.7b)
282
283 Scatter plots foD, [D, = (3.67+¢ ) J/asd logoNy values in different rainfall rate classes

284 (< 5, 5110, 10130, 30150, and > 50 mm h11l) are depicted i
285 TY and NTY rainfall. Likewise the mean values oD, and logoNy, in different rainfall rate

286 classedor TY and NTY rainfall aralepicted respectivelyjn Fig. 8c and Fig.8. The stratiform

287 and convective classification lines @hompson et al. (2015)and Bringi et al. (2009)are ' Field Code Changed

\\ Field Code Changed

288 designatedrespectively, witthorizortal black dottedline andslart solid line in Fig.8 With the
289 enhancemerih therainfall rateclass D, and logoN,, distributionsarenarrowedfor both TY and

290 NTY rainfall. For rainfall rates > 10 mm hand < 10 mm H, the D, and logoN,, data points are

291 distributed respectivelyjn the convective andtratiform regionof Bringi et al. (2009)Fig. 8a (Field Code Changed

292  &b). With therisein therainfall rate classthe mearD, valuesincreag for both TY and NTY

293 rainfall. Besidesfor R> 10 mm h', meanD, and logJN,, valuesare scatteredh the convective

294  region ofBringi et al.(2009)(Fig. & & d). As depicted in Fig. 8c &dor rainfall rates > 10 mm [Fiem Code Changed

295 h'Y TY (NTY) rainfall mean logoN, values arescattered over (belovihe rainfall classification

296 line of Thompson et al. (2015Fig. 8c& d), and thisexhibitsthatto segregatéhe TY and NTY | Field Code Changed

297 rainfall to stratiform and convective tyg8ringi et al. (2009xlassification methots superiortto [Field Code Changed

298 Thompson et al. (2015) ' Field Code Changed
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3.3RSDsin precipitation types
Ample literature showed distinctiveness in the RSDs with precipitation tgpd,

numerous methods were documented tegregatethe precipitation intostratiform and

convective typgMa et al., 201Qayalakshmi and Reddy, 2QWbrich and Atlas, 2007 For [Field Code Changed

instance Tokay and Short (1996pated variations in convective precipitations to that of the [Field Code Changed

stratiform regimes.Some studieemphaied the importance tadopt precipitation specific

rainfall estimation relationgUlbrich and Atlas, 2007 In separating the TY and NTY rainfall [Fiem Code Changed

into_stratiform and convective type, we adopted the modified formBoihgi et al. (2003) [Fiem Code Changed

classification method as mentionedNfa et al. (2019)Hr-this-work-TY-and-NTY-+ainfallare [Fiem Code Changed

in-Ma-et-ak-{2019)Distributions ofmeanN(D) (m'* mm' %) with raindrop diameters fof Y and [Field Code Changed

NTY rainfall are depicted inFig. 9a. Except for the first drop size hinhigher drop
concentrations araoticed for convective rainfall than the stratiform rainf@lbncave shapke

N(D) with broaderdistributionin convective than stratiform @ue to the breakup of large drops

by collisions(Hu and Srivastava, 1995The RSD characteristics demonstrated by the stratiform[pormaned; Checkspelling and grammar }

[ Field Code Changed

1

and convective precipitatiorshow similar featuresto that of theearlier studiesfor continental

(Jayalakshmi and Reddy, 201ahd oceanic regior{&rishna et al., 2026 On the other hand, in Field Code Changed

Formatted: Checkspelling and grammar

Field Code Changed

than TY rairfall. Variations in Dy, and log;oNy for both precipitationsof TY and NTY are

Formatted: Checkspelling and grammar

stratiform and convective regimethie mid-size and large dropsoncentratioris higher in NTY %

depicted in Fig9b. The maritime and continental convective clusterBiafigi et al. (2003are Field Code Changed

_J o A

depicted withgrayrectandes.For both TY and NTY raifall, largermeanD,, and logoNy, values
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321 arenoticedfor convective precipitatiann cantrastto that,in stratiform ancconvective regimes,
322 the NTY rairfall exhibit smallerlog:oNw and largeDy, values than TY raifall.

323

324 3.4 Rainfall estimation relations

325 Uncertainties irthe estimation of rainfafrom weather radars can be minimized through
326 region, weather system, and precipitation spedaifidar reflectivity and rainfall rateZ{ R)

327 relations.In Z = A Rrelation size of theraindropsc an be i nferred from the coefficient

328 | theexponent 0bd r epr es ¢Alas et aimlooSBtaingrieyad,i2@QAtlas p r| Formatted: Checkspelling and grammar

329 | and Williams, 2008 The TY and NTY rainfall Zi R relations are derived from the ihear

Formatted: Checkspelling and grammar

[
[Formatted: Checkspelling and grammar
[
[

o

330 regressiompplied t010*logl10R, andZ, and are provided in Fig.01 The coefficient values of Field Code Changed

331 Zi Rrelations are larger in NTY than the TY for stratifoamd convectiverecipitationsas well

332 | as for totalrainfall. This variatiordue to the presende-due-thepresenad significant number

333 of large size drops in NTY to that of the TY rainfalhe current TY rainfalZl R relations show

334 | disparity with the other locations tropical cyclones rainfalations(Bao etal., 202QWen et al., Field Code Changed

. . .. . . , . [Formatted: Checkspelling and grammar
335 | 2018Janapati et al., 2020The possible reasons for the variations in other locations trop|cal[

336 cyclonesZi Rrelations to that of the present TY rainfall could be due to geographical variation| Formatted: Checkspelling and grammar

)
)
Formatted: Checkspelling and grammar J
J
)
1

337 | or the RSD measurements froriffetent types of disdrometdpsdirosi et al., 2018- Moreover, [Fiem Code Changed
[ Field Code Changed

338 the obtainedl'Y and NTY daysZi R relations ardound todiffer from the default (Z=300 R?
339 and tropicalZi R relatiorships (Z=250R"?), which suggestto adoptweather and regiespecific
340 Zi Rrelations.

341
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3.5 The rainfall rate relationships with Dy,and Ny,
The nomalized intercept parameter and ma&sghted mean diameteralues can

provide the RSD featureand these parameters were found to shoiguenessvith the rainfall

rate(Chen et al., 203@anapati et al., 2020Distribution of D, andlogigNw With rainfall rates [Formaned; Checkspelling and grammar

[Formatted: Checkspelling and grammar

for both weatheconditionsystemsare portrayedn Fig. 11 As can be seen from the figure, the [F_ 4 Code Chanaed
e ode ange

distributions of D, gets narrowed with the increase in rainfall rates for batather

conditionsveathersystemand such behaviors were reported for tropical cyclone and summer

season rainfal(Kumar and Reddy, 20]\8/en et al., 201&hang et al., 200%anapati et al., Field Code Changed

Formatted: Checkspelling and grammar

202QChen et al., 2018Vu etal., 2019. No futher fluctuations in théD, values at higher

Formatted: Checkspelling and grammar

rainfall rates (> 25 mm'f) are due to the equilibrium condition in the RSDs ( attained through| Formatted: Checkspelling and grammar

Formatted: Checkspelling and grammar

Formatted: Checkspelling and grammar

rainfall rates is due tathe increase imumber concentrationnder RSDs equilibrium condition [ Formatted: Checkspelling and grammar

Field Code Changed

(Bringi and Chandrasekar, 2001The poweidlaw equations forD,i R and loggNui R are

Formatted: Checkspelling and grammar

computed using a nelimear least squares method and are exemplifi¢dedgnll The evaluated Field Code Changed

raindrop breakup and coalescence procegbspnd Srivastava, 198%nd furtherincrease in %
(
[Formatted: Checkspelling and grammar

(Y. U | U | W | W | W | U | U | W | W

Dni R (logigNwi R) relations exhibit a larger (smaller) coefficient in NTY rainfall than TY
rainfall, which confirm that for given rainfall rates, the NTY rainfall had a higheand

lower Ny values than the TY rainfall.

3.6KEi R andKEi D, relations
The raindropsreactling the ground witha certain amount of kinetic energKE) can

erode the soil from the grodrnsurface. Hence, the raindsolE or rainfall KE is one of the

critical physical quantitiesin soil erosion studiegWischmeier, 195innell, 1981. As the [Formaned: Checkspelling and grammar

[Formatted: Checkspelling and grammar

rainfall KE is related to the ranfrop diameter anits fall velocity, it can be evaluated through the [F_ 4 Code Chanmed
e oae ange
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RSD information(Kinnell, 198]). The empirical relations between the raintét and rainfall

intensity are incorporatedn assessinghe rainfall erosivity factor (Ractor) one of the key

parametersn soil erosion modelingtudies(Renard et al., 1997anapati et al., 20)9To this

end,we investigatedhe empirical relations between the rainflE (KEgnein J M2 h'Y; KEnmin
J m?mm'?Y) and rainfall rate (mm'f) using nonlinear leasisquares regression methfod TY
and NTY rairfall. Thedistributionplots of KEpmandKE;me With R for TY and NTY rairfall are
portrayedin Fig. 12.The KE;imd R empirical relations are deriveay fitting the data paits with
power and liner method&or both Y and NTY days, the powelaw line fitted well by passing
through the middle of the data pointsath lower andhigher rainfall ratethanthelinear fit line
(Fig. 12a & b). TheKEmandR data points are fitted with power, logarithmémd exponential
law. Amongthree forms of relations, the powlerv fitted well with the data @ints for both TY
and NTY days (Fig.12c &d). Moreover,empirical relaibns betweerDy, (mm), theKE,are
evaluated for both TY and NTY rdall and are given in Fig. 1&omparison of preseitEr D,
relationswith the East Chinaeasonal rainfalkET D, (KE =T 2.3, +21.0D,,, T 7.79 relation
showsthat both TY and NTY relations in Taiwan are different from that of East Giifem et
al., 2019. The derivedKEI Dy, relations can be used to estimate Kiievalues from the remote
sensing radar (BM DPR) measurement The KE;nd R, KEni R, andKET Dy relations and their
statistical valuesire given inFable2Table 3 For both KE;imd R, KEnid R relations,the power
law exhibitshigher CCand lowerRMSE and NRMSEvalues, which suggetd adopt the power

form equation to estimate thainfall KE.
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4. Discussion

To apprehend mpitiousmechanisraresponsible for thdiscrepanciegn RSDsbetween
TY and NTY rairall, re-analysis, remote sensing, and groimaded radadata setsre used.
The water vapor and CAPEalues for TY and NTYdaysdepicted witha box plot inFig. 14
signify thatNTY days had tsongconvective activity with vigorouspdrafts and downdrafts than
TY days.Nonethelessif we look at the storm and bright band heights (BBHY. 15, TY days
hadrelatively higher BH than NTY daysand there is no appareaiterationsin storm heights
between TY and NTYdays. Relatively higher BBHsupport the greater CER values foe
particlesin TY than NTY daysFig. 1&). Neverthelessthere is no much difference in the liquid
particles CER medianvaluesbetween TY and NTYays Fig.163). The dee stratiform clouds
in TY days offer sufficient time for the growth of ice crystals to large @iEeaggregation and
vapor depositionand melt to big size drops once they cross the melting IRgdatively higher
BBH in TY days allowed the RSDs to redr equilibrium throughvarious microphysical

processescollision, coalescence, and brepkthan NTY rainfall(Hu and Srivastava, 1999n

contrast, intense convection (with resilient updrafts and daaftsdirin NTY days enhances
raindrops growth(through collisiorcoalescence and drop sorting processeisootssmaller
drops at higher altitudes, and allows large drops to reach the sdrfeceertical profiles of air
temperature and relative humidityrfTY and NTYdays evideny} illustratethat NTY days were
drier compared to that of the TY rainy dd¥sg. 17),and hence, theateof evaporation of small
drops(that wereproduced througthe collision breakup process in NTY days wasigher than

TY daysresultingin more large drops in NTdays
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412 Theradar reflectivity CFAD ¢ontoured frequenelpy-altitude diagramjsfor (a) typhoon
413 (TY) and (b) nortyphoon (NTY)days are portrayeth Fig. 18. The vertical sky blue (dark
414 magenta) star line in Fig. 18a (Fig.18b}he mean radar refleeity profile of TY (NTY) days.
415 The whitestar dottecprofile in Fig.18a & b isthe mean of both TY and NTH a yrefléctivity
416 profiles The mean reflectivity profil®ef TY (NTY) days isless highel) than the mean of TY
417 and NTYd a yrafléctivity profile. A higher occurrence percentage of lo&eralues Z < 10
418 dBZ)in TY than NTYdays can be seet higher altitude In contrast to that, below the melting
419 layer, the occurrence percentagehigher reflectivity value$Z > 40 dBZ)is higher in NTY than
420 TY days.The mean vertical profiles of radar reflectivity TY and NTYdays are plotted in Fig.
421  19. It can be seefrom the figurethatthe mean reflectivity valueare higher in NTY than TY
422 days. As the radar reflectivity directly related to thsixth power ofraindrop diameterhigher
423 reflectivity profiles in NTY than TY daymfer the predominance of large drops in NTY than TY
424 rainy days.The abovementionedmicrophysical andthermodynamical process resulted in
425 more bg size drops and feamalldrops in NTY than TYdays, resultingn higherD, and lower
426 Ny values in NTY than T\days.

427

428

429

430 5. Summary and conclusions

431 Raindrop size distributions (RSDs) of typhoon (TY) and-tyghoon (NTY)rainy days
432 have been analyzaging longterm (20042016) disdrometer measuremerfitem north Taiwan.

433 | Besides disdrometer data, other auxiliary data sets (resgofng, renalysis, and ground

434 | based radar) have been used to discuss the dispanti&SDs between TY and NTY
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457

distinctions-inRSBsconcerningFY-and-NTY-rainfall The NTY dayshave more bigizedrops

andless small size drops tharY days resulting in largeD,, and smallelN,, values in NTY

days.

B/B.~>2-The mean normalized RSD of NTY precipitation has a higher occurrence of larger

drops (atD/Dy, > 2) than TY precipitation, which indicates the possibility for diverse

microphysical processes between these two weather condifibelassification of RSB to

varying ranfall rates and precipitation (stratiform and convectisgimesclearly showsmaller
Dn, andlargerN,, values inTY thanNTY days.The percentage contributiai large émall and
mid-size drops toN; andR is lower (ighel) in TY than NTY rainfall.For both TY and NTY
rainy days, stratiform precipitation®,, and N, values are smaller than the maritirmed
continentalclusters,while, convective precipitation®y, valuesare approximately within the
range ofmaritime clustersThe rainfall kinetic energy and intensitiKE;md R and KEnid R)
relations evaluated for botfY and NTY rainy days reveal greater performance of power
relation han other types, and confirnbe use power form oKEI R relations in assessing the
rainfall erosivity factor for TY and NTY rainfall event$he enumeratedi R, Dl R, NuT R,
KEimd R, KEmnd R, and KEmnd Dy relationsshowed profound diversity betwedry and NTY
rainfdl and substantiate theignificance of adopting precipitation specific empirical relations i
evaluating the rainfalkrate and kinetic energy value©verall, present studgonfirms that
relatively higher convective activity with dri@onditions in NTY than TY daysignificantly

wedged tk disparities in RSDs with dissimilar microphysical process€ke current
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observational outcomesould benefitin appraisinghe radar precipdttion estimation algorithms,

cloud modelingand rainfall erosivityn north Taiwan for TY and NTY rainfallvents
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729 | Table 1. The JWD and rain gauge comparison results (n: number of rainy dayspf€lation

730 coefficient, RMSE: root mean square error) for different wind speed conditions (daily
731 maximum wind speed:-8, 814, 1418, > 18 m 5). Note: there were no NTY rainy days
732 with daily maximum wind speed > 14 fts
" Wind speed TY NTY

(ms) n CC |RMSE (mm)| n CC | RMSE (mm)

8-14 27 0.99 5.153 18 | 0.942 3.482

14-18 8 0.953 18.112 - - -

>18 3 0.996 7.448 - - -

734
735
736
737
738
739
740
741
742
743
744
745
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746

747 | Fabled Table 2. Rainy minutes (N), mean, standard deviation (5t&kewness and Kurtosis

748 seven rainfall rate classes for typhoon (TY) and-typmoon (NTY) rainy days of
749 summer seasons.
Rain Rain rate Typhoon (TY) nontyphoon (NTY)
t threshold
crIZses S No. | Mean | Stand| Ske | Ku | No. | Mean | Stand| Ske | Kurt
of ard | wnes| rto | of ard | wne| osis
i sam (mm deviat| s | sis| sam (mm deviat| ss
(mm HY hYy |- hYy |-
ples ion ples ion
(mm (mm
h'l'l) h'l' l)
C1 0.1<R<1 1066 0.7
9317| 0.43| 0.26| 0.55| 2.1 1 0.4 0.25 1| 2.34
C2 1<R<2 1.8 0.2
3274 144 0.29| 0.24| 4| 3193| 1.43| 0.29 9] 1.88
C3 |2<R<5 1.9 0.4
4747 3.29| 0.85| 0.31| 2| 3404, 3.17| 0.83 6| 21
C4 5<R<10 2.0 04
2799 7 14| 043| 4| 1404| 6.98| 1.42 3| 2.01
C5 10<R< 30 2.5
2313| 16.44| 5.24| 0.77| 9| 1234| 17.46 56| 05| 2.08
C6 30<R<50 1.9 0.4
393| 38.31| 5.73| 0.37| 2| 320| 37.88| 5.67 5] 2.01
c7 R>50 3.9 15
231| 67.15| 14.91| 1.16| 7| 152| 65.86| 14.94 1| 5.18
total 2307 31.| 2036
4 4.88| 9.38| 4.59| 51 8| 3.59| 8.38| 52| 38.9
750
751
752
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o _J )

754
755
756
757
758 | Fable2 Table 3. Statistical parameters [correlation coefficienf, Root mean square error
759 (RMSE), normalized RMSE] for typhoon (TY) and ntyphoon (NTY) rainydays.
760 Note: Units for RMSE are J'mh'* for KE;imeR relations and J fAmm'* for KE.cR and
761 KEmnDm relations.
762
Weather Statistica KEtimeTAR KEmn{AR KEmn:i.ADm [Formatted; Font: 12 pt
conditionMeathe I [Formaﬁed. Font: 12 pt
rsystem Linear | Power | Power |Ex Lo Second ' '
para:mete P g order [Formatted: Font: 12 pt
polynomia [Formatted: Font: 12 pt
|
J’Y Rz 0.986 0.994 0.694 0.68 0.68 0.992 [Formatted: Font: 12 pt

RMSE 37.488 | 24.785 |3.973 10.227 | 4.047 12.396

NRMSE | 0.306 0.202 0.032 0.083 0.033 2.514

NTY R? 0984 [0.99 |0.646 |0.639 |0.639 |0.988 [ Formatted: Font: 12 pt

RMSE 38.012 | 30.745 |4.599 11.017 | 4.636 12.93

NRMSE | 0.322 0.26 0.039 0.093 0.039 2.803
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839 mean values oDy and logoN,, for (c) typhoon (TY) and (d) netyphoon (NTY) rainfall

840 in different rainfall rate rangeStratiform and convectivprecipitationseparation line of

841 Thompson et al. (2015): TH15 and Bringi et al. (2009): BR09 are represented
842 respectivelywith horizontd dotted line and inclined solid line.
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Figure 9. (a) Distribution of N(D) (m'®> mm'") with raindrop diameter in tsatiform and
convective precipitationfor typhoon (TY) and notyphoon (NTY) rainfall. (b)
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Figure 14: Variations in(a) convective available potential energy (CAPE, J'Xgnd (b)
vertical integral of water vapor (kg 'f for typhoon (TY) and notyphoon (NTY)
rainfall. The center line of the box indicaté® median, and the bottom and top lines of
the box indicate the 35and 7% percentiles, respectively. The bottom and top of the

dashed vertical lines indicate th8 &nd 9%' percentiles, respectively
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