S FACULTY
& oFsciEnces

MASTER OF SCIENCERNSEIBGRNMES

THE EFFECIFURBAENVIRONMEANDBAIR
POLLUTION RRECIPITATMDBHMI Y SIGEN
EXPLORKRYSTUDY USINISDROMETERS II
BELGM

Word couf2425

Armani Passtoors
Student numi@105536

PromoteProf. dkwinten Van Wevebepatment GeograpHyGent
Ceproma: Prof. dr.Ricardo ReinBsmdindkepartmeinf Civil Engineeyitig Leuven
Assishit Kiara Haegentapartment@ogpdy UGent

K _ g r c psubqitted todGhemtdJniversity in fulfilment of the requirements for the degree of Mas

Science in Geography and Geomatics

Acadeapyear2®@5- 226

GHENT
UNIVERSITY



PREFACE

Someone once made the comparison betwveeqr cp-q r f cqggq sttolg K
motivation apérsistence to reach the finMigtimeeathd@starte@5 years ago, whesencountered
theinteresting field of hydrometeorolpggcgrithtion microphysics for nayf tbesisnipaattuer
complex processes surroundirgasatipl@Eenomenon as rain intriguedname amel want to explore
these concepisgreater detdie following yedisis curiosity ultimately broughinvestigatde

impacts of environmental dmveagfall microphysics, keleiguzzlingesearches this daiow,

being at the end of thisivemeld like &xpress my gratitudease whose support and encouragement

have helpeae cross the finish line.

First and foremost, | wouldsilkegieethank my promdeeof dr. Kwinten Van Wevedhag guided
me throughout the entire pétiodsightful feedbackiconstructive discusd@ysndontinuously
offering his expertiseeihdless enthusiasmaravalering confideasemotivatethe teelevatéhis

thesis to a higher Eawelconstarglye it my all. | woulteibe researcher | am today without his support.

| would also like to thank-prgrootor, ProfirdRicardo Reiriedgndindlle halselped tremendously
with the validation of the disdraanet@revided guiddngag the regular discussions.

Furthermoteyant to thakkara Haegenian Van SchaeybMaaken Reynsrd Nicolas Ghilain for

answering questions and pnomthogdologiealvicthat have helped to shape my thesis.

Finally, | agrateful tmyparentssiblingsalawspartneand friendsr always lending me a sympathetic

eartheir constant encouragemeagvjragde the enavdgeep on running.



ABSTRACT

Urbanisation and air pollution are increesgmglg asmportant factors influencing precipitation
microphysics, yet their combined impact on raindrop siZP8i3s¢maiosscertain. This thesis
investigates how urban land cover and patrticulate air pollution affect rairndedipenitesphgsic
multiyear disdrometer observations at theggerbdes nBaussels, Ghent and M@&ggirements

from three disdrometerscombined wHERAS wind data, landrdoveratioand gridded air quality
dataetsThe analysis focuses on temporal variability in rainfall characteristics, urban influences on ¢
precipitatipand relationships between particulate mgtter FNMand rainfall microphysics. After
quality control amstrumemtvaluatiopSiparametensee derived and raiefahtaereclassifiedion

stratiform and convective rdgibees effects were quantified by relativgatioalependent urban

fraction to rainfall characterstigmllutionfluences are assessey amrelations with particulate
matter concentratiditee results shihat the OTT Parsdisttrometeatelivers the masbust
measurements, while the Thies LPM systianeasioaiftes small drops and the-Ba@axXViidiits

unresolved internal calibration issues. The baseline analysis reveals a geogaidlic contrast
microphysiééthough summer rastfal’s morentense and convettiaeactet all siteBigher drop
concentrationSimenhayndicatastrongenarinenfluengevherediselower concentratioBsussels

and Liégeiggest more continentaractetrban influences on rainfall characteristics are generally wea
and inconsistent between sites. Althougtcrerefate tends to increase downwind of urban areas, rainfa
intensity and mean drop size generally decrease near Brussels and LiedenielerGlightighows
positive intensity impAotpollution impactregimaeependerft thedaily scale, particulate matter
cacentratiose associated Vaiter rainfall intensity and smaller dropesieas,convective events

under polluted conditions tend tdaggbibiirops and increased kinetic energy. These relationships per
after accountingti@confounding effects of pressure and wihdispggsstgeneralippression of

warrrain processparticulafigrPMs along with possible aerosol invigoration during convective event
especially for P@Iverall, thssudyhighlightshat precipitation microphysics in Bedgprimarily
controlled by lasgale meteorological variability, while anbaollatideffectact as subsecondary

modifiensithstrongite and regindependebehaviour



SAMENVATTING

Verstedelijking en luchtvervuiling worden steeds vaker erkend als belangrijke factoren die neerslag
beinvioeden, maar hun gecombineerde impact op regendruppelgrootteverdelingen (DSD's) blijft
Deze thesis onderzoekt hoe stedigdifirddnen luchtvervuiling een effect hebben op de microfysisct
eigenschappen van regen, op basis van disdrometerwaarnemingen aprdde steetimetips

Brussel, Gent en Luik. Metingen van de drie disdrometers werden gecowibihdetal met ERA
landgebruiksinformatie en geinterpoleerde datasets van luchtkwaliteit. De analyse richt zich op
variabiliteit van neerslagkarakteristieken, stedelijke invioeden op benedenwindse neerslag en rela
fijnstofconcentraties:o(BM Php) en neerslagmicrofysica. Na kwaliteitscontrole en evaluatie van
instrumenten werderp@&imeters afgeleid en neerslagevents geclassificeerd in stratiforme en conve
regimes. Stedelijke effecten werden gekwantdeveiadtidbbsgfhankelijkerstedelijkingsgraad te
koppelen aan neerslagkenmerken. Luchtvervuilingseffecten werden geanalyseerd via correl
fijnstofconcentraties. De resultaten tonen aan dat de OTT Parsivel? disdrometer de meest betrouwbz
oplevert, terwijl de§hPM systematisch kleine druppels overschat et3de Biad&B$te interne
kalibratieproblemen vertoont. De basisanalyse onthult een geografisch contrast in microfysica va
Hoewel zomerse neerslag op alle locatiesseerenntonvectief karakter heeft, wijzen hogere
druppelconcentraties in Gent wellicht op een sterkere maritieme invioed, terwijl de lagere conce
Brussel en Luik duiden op een meer continentaal karakter. De stedelijke invibed alpe@eestag is ove
zwak en inconsistent tussen de locaties. Hoewel de kans op neerslag meestal toeneemt benede
steden, nemen de neerslagintensiteit en gemiddelde druppelgrootte doorgaans af nabij Brussel en
Gent beperkte of licht ea@sigffecten dp intensiteit vertoont. De invloed van luchtvervuiling is
regimeafhankelijk. Op dagelijkse tijdschaal zijn fijnstofconcentraties geassocieerd met lagere rege
en kleinere druppelgroottes, terwijl convectieve events onder vervuildeaorestandjghechen s
grotere druppels en verhoogde kinetische energie. Deze relaties houden stand na correctie voor
factoren zoals windsnelheid en lUsivwdisko@lgemenenderdrukking van warme regenprocessen,
vooral doBMs; en mogeligkerosolgeinduceerdasivering tijdens convectieve events, vogral door PM
Samengevat toont deze studie dat neerslagmicrofysica in Belgié stenidgecomjrotesctialige
meteorologische variabiliteit, terwijl stedelijke invloeden en luchtvervuiling subtiele, secundaire fac

met een sterk loeatieregimeafhankelijk karakter.
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1.INTRODUCTION

1.1Context of the topic

Rainfall mne of the most important pheroméaan Earth, sustaiaitugagcosysterand human
agriculturelowever, precipitation is not solely based on the anreanhimigwhtesurfacesidée
concentration and fall velocity of raindrops strongigvinfaiefatkeinteracts witatthesphere and

how it affecsils, vegetation and urban areas upon reachifightérefonaihdr than viewmigfall

asa volume of wateran benalysed gsapulationdistinct, individdiadpsl his is known as the raindrop

size distributi@SDJescribing the number of raindrops as a fundtiay eftgEeally measuogd
disdrometers, which record the diameter and velocity of fafiDg peotradesnsitgthe processes
leadingp to the raintadid are widely used in meteanohyglyologyhey play an important floledn
predictions, agricultamebstimating rainfatiensity from radgmnalas well aainfall attenuation of
microwavadiocommunicagioser, 2010; leaa/.2020; Van Wevedserf2026)-urthermore, DSDs

are commonly used in humerical weathebpitatgisedict extreme rainfall @ehizelides a/.
2009)However, uncertainties in DSD ,retnev@lt the large variability in space and time of the
distributions, often lead to erveesitimer models when inte@iatédin, 2012; Q. &famy2019)
Consequenitlys crucial to thoroughdierstandetifiactors that influence raindrppizsdrometer

data are scadoe to the high cost of the eqyiiseen201@)recent decades, increasing attention has
been giventte influence of cities and air pollution on precipitation processes. Previthag studies suge
both factors can alter rainfall characteristics and DSDassittiat@otiesses are compdestit

poorly understfloalonder a/.2023; Tana/.2012; Q. Yaag 2022; Y. Zhetrgy.2017)hiknowledge

gap causes uncertainties in observations, simplathcoasidrainfal(Q. Yangt a/ 2022)

highlightintpe importancdutheresearch on these subjects.

1.Societaklevance

Variationsrainfall characteristicengly influence natural and human systems, affecting flood risks, eros
water management and weather predictions. DSDs are widely used in weathtr eeafesiemite model
precipitation processes and improve rainfall Astowsalksoftom air pollution, for example, can strongly
alter DSDs through aetosdlinteracti¢A€IT hese interactions remaiof the largest uncertainties

in the assessment of future climate change, as aencsoipEss @thenhance rainfall depending on



environmentainditior{&lexandet a/.2023Mdditionally, the influence of urban influence on precipitation
has beconmereasingly imporsatiieglobal urban population has growovegidlypast decades. In

2025, around 58% of the world population lived incorparacas only 20% imi@i®ojected

torise to By 2050United Nations, 20Bgnwhjltheextent of the buwifi area has increased twice as

fast as the increase in popAkatibamreatypically enhance rainfall, morevikbglexposed to flood

risks. At the same tapa& urban development increases peddiagts) further changes to rainfall
pattern®8eyondtmospheric modellindl@rdlisksDSDs are also useful for environmental applications.
Derived variables such as kinetic energy are essent@i faintzdesteinception of vegetailion,
infiltration, soil erosaoil damage to infrastructure wireth asbiné3affrain, 2012; dilg/. 2020)

The intensity of splash erosion, for example, is strongly related(Tdgedrl@p2€iFeslly, this

research is particularly relevant in the Belgian contexstdlletitintbé annew disdrometer and the

limitecexistingesearamtheother disdrometers in the country.

1.3Structure and research objectives

This thesis aimgprovide alear and structured assessment of two largéfctdebatepacting
precipitation, being urbanisation and Berasals research questidango urban areas and air
pollutionnfluencerecipitatiomicrophysiasd drop size distribuiioBe/giu@Po answer thise

followingulmyuestions will be addressed:

1 What are the characteaistittop size distributions and rainfall microphysical properties observ
in Belgium?

How dDSD characteristicbetavgen precipitation regimasrassltemporal scales?

What is the influericebanisation on dowpnangbitatianicrophysics

How dparticulate matter concentrations ipfiea@piation microphysics?

= =2 =A =

To what extent do meteorological conditions confound observed urban and aerosol relations

Following the introduthieniterature revavides the theoretical background necessary for this study.
firstintroducdandamentaimospheric processes responsible for rainfahtb D@D oariatbier

which the statistical represemtatianeasuremearit® SEediscussethen, the chapter examines
different precipitation regaisiesell abe influenceasrosols and urbanisation on rainfall mjcrophysics

and addresdles main research gaps in the litlgratarethodglagction descrthesstudy ardee



instrumental overviewttang@rocessing and validapicetipitation measurenibetectiofurther

discussdbe derivation of [P&@ameters, ttlassification of rainfall regimeesarious supportive
environmental dataaetthestatistical methods .UReel results segbia@sents the evaluation of the
disdrometer performandéhe observedriabilityn DSDs, includeamporal patterns and statistical
distributions. Heetiothen investigates the relationships between urbanisation, air pollution and rai
microphysid$e discussioterprettheresultsn relation to the existing liteeatdréhe underlying
physicahechanisiigie uncertainties and confounding factors are discusseoinasendhiasns for

further research. Fittalgoncluseummarises the main findings and answers the research questions



2.LITERARBEVIEW

2.1 Moist atmospheric processexcgithfpon microphysics

2.1.1 Fundamentals of atmospheric moisture

Precipitation microphgmsiads themakscal@rocessesthn cloudbatiead to precipitataswell as

the properties of precipitation paopcatienincluding thesize, veloas and concentrations
(McFarquhar, 2@822prprecipitation can oseaiemusbepresentVatean be found in the atmosphere
in gaseous, liquid and solidafmncan transform from one phase to ttireugthezvaporation,
condensation, freezing, melting, sybmoha@position. These transitioing absorbing or releasing
latent energyhich playiadamental role in atmospheric therm@8ynditervsrth, 2042hg with

a wide rangegates, such as nitgage) oxygegas (fPand arggAr)the atmosphere also contains a
variable amount of water vapdu(Mékene & Dam, 2Qd)ke the other gases, water vapour

concentrations gamynlyin space and titgpically ranging between 0.and 5%

The particles contained in thesdl gaseispressarethe aithus contributing to the total atmospheric
pressure. The contribution of water vapour is referred to as the vapgwinzessune de)ount of
water vapour that air can contain depends on theaegiperayriéhe ClaGtapeyron equafitms
equatiostaesthat saturation vapour pregaliacreases exponentially with temparateasing
moisture capacity with rougbbyp@C warmiiBohren & AlbrecB8)dhis means that warm air can

contain substantially more watethapootd air before reaching saturation.

Relative humidity (RH) expresses how close air is to saturation and is defined as the ratio betweel

vapour pressure and the saturation vapo(¥ iesstig m){Shuttleworth, 20/2kn the air is said

to besaturated with respect to water Wegsaimyatedapour press(egisreachednd the relative

humiditis 100%dding mosater vapowill lead toondensatiorited excess vamatar liquid watAr

related quantity is the vapour pressure deficit (VPD), which represents thetaifiatmagetetween
vapour pressure and the actual vapoycie€siee Q) (Shuttleworth, 20TBe VPD describes the
atmospheric demand for moisture, where high VPD values indicate dry air with a strong capacit

additional water vaploarebincreasing evaporatbile low values indicate moist air close to saturation.



Saturation can be reached by either increasing the amount of wateowvagdowiritige the, air
temperaturéhus decreasy(@huttleworth, 20hahe atmosphtre,second process commonly occurs
through adiabatic co@limgxternal energy exchamgercels can rise frieetpnvective uplifen

they arevarmeand thus less dehae the envineent ortheycan be forced upwagdhanically by
topography or frontal syg&mstleworth, 2002)en an air parcel tieesurrounding atmospheric
pressure decreasesitluer aeach an equilibrium with the environment, thexparngiivaieby
decreasing internal enerdgpveagrihg temperatitether cooling then leadsntiensation and the

formation of clouds.

2.1.2 Precipitatidarmation processes

Precipitation originates from a sequence of npcogplgssdhat begin with cloud formation and lead
to the growth of hydrometeors large enough to fall toNhersuntaiseair coal the saturation

vapar pressure is reactaier vapour condenses onto cloud condensation nuclei (CCN), forming micre
clouddropletsalthough homages nucleation can occur withoat r@@Nbccasi@lagfrain, 2012)

These droplets then gcoarding to thecalbed Kohler cumwhich describes the balance between
curvaturend solute effedtspcurvature increases the equilibrium vapour pressure and thus inhibits gro
of very small dropletsereas dissolved solutethéowagrour pressure and promotéAgmosvitlix 1)

As a resultjydroplets that exceed a critical size can grow spontaneously under supefisaturated cond
relativéumidity excewd100%yhile smaller droplets tend to eyEpbiate1936)

In warm cloydsntaining only the liquid phededr growth mainly occurs throughcoallesoance,

whereby larger droplets capture smaller ones and rapidly irft@as® insmaSBids process

consists tfio stages: autoconvergi@reloud droplets5& pmgollide and merge wiitlercloud

droplet® form small raindropsinitiating rainfalhdaccretion, whigrese small raindogpginue to
grovbycollectingdditionaloud droplgtseterminirige intensityrainfal{Wwet a/.2018n cold clouds,

on the other haihe, WegehBerger6Rrindeisen process domiwaieldpwer saturation vapour
pressure over ice causes water dgpogittonto ice par{iSeselvmo & Tan,.Zb0ibH)eads te i

particle gromat the expense of supercooled water droplets. This growth eventually makes the particl
enough to overcome air redisianopdraft within the ¢Radbet a/. 2025)They then fall from the

cloud as precipitation, such as rain, snow, or halil.



The combined resclraiensationllisiditoalescenaad icphase processetermisaot only the

formation of precipitation, but also the resulting digtithict®izesDuring their descent, additional
processes further alter thiedo8arger drops have higher terminal fall velocities, they reach the surfa
more efficiently than smaller drops, leading to a sedimentation setats@ tampandesment of large

drops near the surface compared to the distribb@amongMilldrandt & Yau, 280f)e same time,
collisions between drops occur due téedliffeledities, leading to coalescence (increasing the drop size
or breakup (producing multiple smaller(dlojzs), 1983) addition, large drops may become
aerodynamically unstable and undergo spontanedhsskemeaiophysiqgalocesses continuously
modifghe number and size of falling drops, thus shaping the observed drop size distributions (DS
surfac@.estuds af20013uggest that the equilibrium betweemloaésnence brehkuleadto

a stable D$@rming the basanafytical DSD models

Theermindhll velocity ofliquidaindrops as a function of di@wetefirst determined experimentally
by Gunn and Ki@i819RAIthough bigger drops have a higher fall velocity, anSa2yniptetched

for drops with a diameter larger thaatnonops preserve their sghapealintil a diameter of 1 mm
is attained, after whickribjes become flattefiggboid€Tilger a/. 2020 he additional gravitational
force caused by the greater mass of biggesrdfopisntieracted byitlseeased air resistance due
to a bigger surface Atleg1973ater approximated the obserohtemngsinal fall velatigoretically

using the following formula
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The theoretical fall velocity represents the terminal velocity corabtistdl. In natural conditions,
however, deviations can occur due to wind ar{@itgebale2@20Pbservational studies have shown
that increased wind speeds lead to a broader distribution cbfapjarelddidiealm conditions, caused
by asymmetric drop shapes and enhan¢btbhtedXapghez & GaAJaria, 2016; Thera/.2019)
Furthermore, Equationappingoraindrops falling near the sAtfaigher altitudesier air pressure,

and therefore less air resistance, must be a@stasted. k973)



2.2Drop size distributions (D&D¥nts, bulk variables and statistical models
2.2.1 DSihomesanadbulkvariales

Raindrop size distributions, or DSDs, are represented by the number concentrations N(D) of rai
function of diameter. This can be expre§sed as— ,where dN is the number of drops within the

diameter interval dD, considered over a given volume dV. All macroscopic properties of precipite

calculated as moments of N(D)

0 & aa 6 O0t0 tQ0 G

The varioomentglong with their statistical and phygeréieare listed in Table 1. In this context, R*
represents a quantity that is closely linked to precipitationsidéfim&ty andoss & Gori By978).
integrating the drop size distrdwatidhe full spectrum of diameters, a wide range of integral bulk variab
can be deriedhaer a/. 2020)These variables sumtharisacroscqpigperties of tiogalraindrop

population, despite its underlying microscopic variabilitydrialloplsiagya

Among these are drop size metridhswdiuasgeightethean diameter ((Vildgs a/. 2020)the
areaveightedhean diameter (AMD; also known as the effect@uia68)dthe standard

deviation of the mass sp&&tf{Bmittes a/. 2019k should be notied the equivalent term mass
weighted mean diameter is also common in the literature &sdehatec\@Vid mass are proportional

for liquid drofihe symbali®also widely used i®gulantity, however, the terminology adopted here
followdilger ak2020VMD representsiidmmeter that characterises the mass of the drop distribution ant
isfrequently used elsaaacteristioop diametesindies on rainfall micropffismisas a/.2022; Peind

et al.2024; Tég a/.2020ConverseAN s often used in radiation remote sensing spidiasand
infrarethstruments am@ssensitive to the sudiaee of the parti¢Rlanchaet a/.2017; Gugbg/.

2015E.gives andicatioof thevariation of raindrop.sizes

In addition to these characteristic diameters, several physically relevant bulk variables can be direct
moments of the DSD. The total number cdhcemntagonds to the zeroth moment (Uladrieas)

the liquid water content (LWC) is proportional to the ¢hildPyreffesting the total mass of water
(Testudet a/. 2001Rainfall rate, Rhich incorporates the dialetedent fall velocity, scales



approximately with thé"86menassuming scales with-Equation (BEiser, 2010he kinetic
energy (KE) of rainfall scales with drépanddbé3quare of the fall (Bl&ZWD D). Sincents
kinetienergy flux is strongly correlatedinfit ratempiricdER power fits can be employed to
accurately calculate kinetic energy from rginéstiuedes 2001; Taga/.2020)

Radar reflectivityaZfundamental variable in radar metwdatodirectly measured by weather radars.
Uhder the assumption of Rayleigh dsatigerigg of diameters much smaller than the radar wavelength
and spherical part{tlglenhoet a/.2003)it is proportional to the sixth mfor@@mhékngit highly

sensitiv® larger dro(famith, 2003; Z. ¥aag2019pecause Z is not a direct measurk i@teainfa
empirica Rrelationshige ©t'Y ) are required to convert reflectivity into quantitative precipitation
estimatgJaffrain, 20I2)erefactabreflects trehape of the normalised O&Mdard decreaken

VMD increasescandentration decrealigsnhoet a/.2003)The expon@uietermines how the DSD
changes with rain, ratth higher exponents indicating istcoeagas in reflectibhpugh thestRz

relations vary strongly between climatenckgiofadl regim@sohet a/.2020acommostandarid

the Marsh&lblme1948)lationship Z = 200R

Tablé

Moments of DSDs and their interpretation

Moment Statistical property Physical quantity
0 ¢ Total drop concentratidiny)
1 Mean (04]
2 Variance Total surface area
3 Skewness Total volume (LWC)
4 Kurtosis R*
5 Hyperskewness (04]
6 Hypertailedness Reflectivity factor (Z)

Nae? b _ nr RKRéindrdpSiz& Distributions: Exponentiat Bri@angmar f ¢ B oyP.dc pc | ac
Smith 2003), J  Appl. Meteorol. Climak8(4), #8896 (https://doi.org/10.11%5/1520
0450(2003)042%3C1031:RSDEOG%3E2.0.CO;2

The shape of the DSDstsitiiobus continuously modified by microptogssaksach affecting
different parts of the specasishown on FigpllisiGeoalescence redilngesumbef small drops,

while increasing the number of larger drops, thus shifting the distribution towards larger diameters. ,



the total number concentratieardases, while the VMD increaseast, breakup processes fragment
large drops into smaller ones, leadingréase in small drop concentration and a reduction in large dro
This results in an increasanoh &decrease in VMD. When botlagirerestaseously, they tend to
narrovthe distribution, with coalescence damhisataijdiameters and breakup at large diameters.
Accretiomeaning the growth of existing drops through the swoiiictoopttisicreases threp

sizes (higher VMiIHput substantialiyanging thencentration i@&mnains unchanged), as these cloud
droplets are not reflected in teed@ifoitatiand updrafiseferentialgmove smaller drops, resulting in

a relative increase in larger drops (higher \aWB) divchde downdrafts tend to have the opposite
effectFinally, size sorting during fall redistributes drops according to their fall velocity, often leadi

narrower distribuaon reduceg While thenpact on the VMD is less certain.
Figur&

Schematiepresentationstfa# effects of microphysical cloud processes on resulting DSDs. The de
processes gapcoalescengl)breakuc)combination of coalescence and (bexrauptione)
evaporatiqf)updraf{g)downdraéindh)size sorting
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Rosenfeld, D. and Ulbrigt,(2003),Meteorol. Mono@0(52), 23ntygs://doi.org/10.1175/0065
9401(2003)030%3C0237:CMPPAR%3E2.0.CO;2)



2.2.2 Statistical distributions of DSDs

The raindrop size distribution, or DSD, is a central concept in this study. Representing DSDs w
distributions is relevant for several reasons. First, measurement instruments such as disdrometers :
to noisy drop counts, palyiculdre largest diameter classes due to the small $@egiliag atea
2001)Random fluctuations in sparse counts may therefore distort integral parameters, especially th
on higher moments such as Z, which are more sensifie lto ladge cheteorology, such models are
essential to convert indirect observations, such as reflectivity and phase shift, into precipitation
(lllingworth & Mark Blackman, 2002 Es2001)in climate modeisl weather predichalk
microphysics schemes refinesphaise transitions between different hydrometebrdstpemine

rainfall distributions in the models. To remain computationally efficient, these schemes rely on
particle size distributions to dégdibmetepopulation®lilbrandt & Yau, 20053ddition, these
distributions provide a standardized framework to compare different rain types using a limited n
characteristic paraméf@stu@’ a/. 2000) The main distributions proposed to date are the negative

exponential, gamma, and lognormal distributions.

Marshall and Palip@48jlefined a relationship in which drop concentration decreases exponentially

increasing diameter. This can be written as

00 0 tQ't o

wher® O (n#mn9 is the number of drops with diametei®and@en] ‘GO (mm) is the drop
diameted, (n®mn9 is a concentration parameter determining the amount of veryGmatidrops, and

is a slope parameter that depends on rainfall intensity. Due to its mathematical simplicity, the
exponential distribution is easy to apply, but it is inadequate in represen{ivigisinalll &aFalrops
1948)Observations generally indicate fewer drops with diameters smaller than 1.5 mm than predic
distribution. This discrepancy is partly caused by wind effects and evaporation of small drops belo

bas€Smith, 2003he more flexible gamma distribution is expressed as

00 U toAiQ t 1
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and introduces a shape pawatodter exponential distrib@rith, 2008quatigralso shows that
the exponential distribution is a special case of the gamma distribution when the shape parameter ¢
Figur@ illustrates the gamma distribution with varying parameter values Ashéte thdigbak
toward larger diameters and avxhlghds to a steeper falloff, resulting in a sharper decline in the

concentration of large drops.

Figuré
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Although more complex, the gamma distribution is more flexible and better represents smaller drog
limitation is that the intercept paramlateks physical meaning, since its dimension strongly depends ¢
the shape param&(@estudt a/.2001FoA= 0)) is expressed ) mhereas for 2, it is expressed

in n® (Testuet a/. 2000)Because andQ are not independent physical quantities but are related to
variables such as liquid water content (LWC, exfessearimiagmater (VMD), and distribution shape,
their interpretation is not straightfddarandlization of the gamma distribution addresses this issue b
ensuring that a given property remains cofstaaingbenOne approach replaces the empirical intercept
parametér witha function thfe total drop concentratignf®), corresponding to the zeroth moment,

expressed as

11



3A p

0 0 0OQO0 U = v
¥
(Clark, 1974; lllingworth & Mark Blacknidue, @8@#)ution is then written as
¥A .
b O 0 ——0OMQ !
0 0 3A b [0)

where the gamma fungtnpcnpcqclrq rfc d_armpg_|j dsl arg
advantage of this formulation is that drop concentrations do not decrease drastiéally with incre
Alternatively, the intercept can be normalized with respect to the liquid watgragatiehy. Testud
proposed a normalised intercept parame)edefined solely by LWC and VMD:

cuip wo
Tt O X
The normalized gamma distribution then becomes
v 3t 1 A O, Af
0 —
PE3 T A WL ng v

(INingworth & Mark Blackman, 2002z 3000, 200The constant is chosen siiclctreésponds

to the intercept paramedesf(&l distribution that would follow an exponential distribution if it had the sat
liquid water content (LWC) andwaghter mean diameter (VMD) as the measured distribution. T
normalized intercept parameter is therefore a way to destyilmé thepdeoscentration on a
standardised scale, regardless of the shape of the drop §izsulidtrdl@001)rhis facilitates

physical interpretation of the results. Under this normalization, precipitation intensityt&temains near
when u changes, which is not the case with drop concentratioruatim@liZdi®m{fles that the
parameters , VMD, aAdndependently control the absolute drop concentration, the mean volume
diameter, and the shape of the distribution, respectively. An important drawback of ndrmalization is
R relationship ( &t"Y )cannot be used to infer information about the shape parameter p, since b rer

constant after normaliz@tiogworth & Mark Blackman, 2002)
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2.2.3 Parameter determination

One of the most widely used methods to fit distribution parameters to observed drop size distribut
method of moments (Biijh, 2003; Testual.2001; Ulbrich & Atlas, 6p8hding on the chosen
distribution, two, three, or four moments are required to determine the parameters. This methoc
sensitive to the extremes of the drop spedrder.riighents suchagepehd on the presence of only

a few very large drops, which can easily be missed or overestimated due to the small samplir
measurement instrungergsr, 2010; Smith,. 2D0BYersely -dosker moments such, asdvivare

often unreliable because of measurement errors affetitiigpperynspractice Mviand Mare

commonly used to estimate the parameters. The method is widely applied because of its cormr

simplicity.

Another method, generally considered statistically superior, is maximum likelih(ddreakmation (MLI
et al. 2012)This approach determines the parameters that maximize the probability of represent
observed data. MLE yields lower systematic errors and lower variability in parameter estimates tha
is computationally more complex and requirspabiéqatoon of a strict distr{i@utidles a/.2019)

Of the two methods, MM is more sensitive to bin size, dspaatallypp/bendentratipis small.

However, the bias decreases markidalyoghda 10% and, foNaoge even be lower than that of MLE
(Marzuler a/.2012Y he bias of MLE is less sensitive to sample size, but it tends to underestimate pat

when bin widths are large.

2.2.4 Characteristics and limitations of parametric fits

Despite its strong simplification, the negative exponential distribution has proven to be a good repr
for light to moderate raififaitues a/. 2001)This is largely because the shape of the DSD is strongl
controlled by coalescence and breakup(prvessaes, 19&i)Jow rainfall intensity, coalescence
dominates and the distribution tends toward an exponential form. At higher intensities, the gamma c
performs better, as it captures the contributidinopf baegé&up more effecBuaip2003)note,

however, that for estimating bulk quantities such as liquid water content (LWC), rainfall intensi
reflectivity factor (Z), the additional complexity of the gamma distribution provides only limited impt
over the negative expordidtibution. The normalized gamma distribution, by contrast, offers a cles

physical interpretation and independent parameters. In addition to these two distributions, the logn
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Rayleigh distributions are also reported in th@iiteraai@D22; Testrda/.2001)ut they often

show weaker performance in applications such as rainfall inté@gigs sif20R2&pn

Rfc n_p_kcrcpg T _ 149 ocj prcgnlngrf gal bpcecndg Ichbacrlqr
parameters and allows the gamma DSD model to be simplified by explicitly linking two of the three |
(Zhangt a/. 2003)Similarly, the ratio between-weligmed mean diameter (VMD)-asighted

mean diameter (AMD) provides a general measure of the DSD shape. This ratio equals 4/3 fo

exponential distribution and decreases when incre%se@rl’miﬂl@ﬁ)m@.

2.3 Precipitation regimes and measurements
2.3.1 Precipitation regimes

Precipitatiaa typicalllassifiethto either stratiforar convectipeecipitatiofZ. Yangr a/. 2019)
Convective regimestamacterised by strong wertidaspeeds, low areal coverage and high rainfall
intensitied_oher a/. 2020; Z. Yang/. 2019Conversedyratifornnegimes haweak upward motions
extensivareal coverage with pronounced horizontal homogeneity and low ralfallgintensities
stratiform and convective precipitation are the most common types, some studies distinguish other
as frontgbreipitationhaving similaonditions as stratiform re@dafdsin, 201@) transitional
precipitation, having more mixed char@laératc2012; Uijlestie#2003Pwing to tkddfering
characteristigbstratiform and convectivethaimegimes hdigtinctypical”’R relationshipsgith
convectivaingenerally having higtefactoendlifferenticrophysical procdRagdall regimes can

be distinguistfeoin the behaviour of the VMD and the doomalsedntration gpeabmeter, N

(Pein@t a/.2024)n VMIpg{N,) space, convective events are typically asdaoigiedrofitigh

VMD) and higher concentiaigbnh),(while stratiform rain tends to exhibit smaller drops and lower
concentratiqifsg3). Moreovegrdinant procedsading to precipitation during a convective or stratiform
event can be deducethizdmo variabM&rm cloud processes, such &z calésieraradveak or

shallow convectigenerally produce smaller drops with higher concentrations. In contrast, cold
processes/olving M@msed mechanisms, such as théBéegai&indeisen pro@ssaggregation

and riming of ice crystals, tend to result in larger drops with loweFudhesintictioascan be
differentiated withie tonvective regime, bakedadgin of rainfafinges a{2003have identified a

maritime aagontinental cluster within the convectivd tliegividBg(N,) spacdHere, the maritime
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clusters characterised by hitshpconcentrations and smaller drogssamatedithwarm cloud
processés contrast, the continental cluster shows lower concentrationsizes! dasigsstropted

with coldlougbrocesses.

Figuré

Scatter plof raindrop s@distributions in tidlog(N,) space, oveédlaith rainfall regimes and

microphysic@minant processes regions.
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2.3.2 Measurement of DShsaaeiitnitations

WhegsDSDwere formengeasuraasing manual techniquitsdrometés nowadays the standard
instrumerior observatid@thiravekr a/. 2016pisdrometers automatmmelgure the diameter and
velocity of falling parteidsgh temporal resolution. Several disdrometer types exist, including acot
displacemermipticalandtwedimensional video disdrometers, each based on different measurem
principleAmong these, lagdical disdrometersféeausediue to their ability to accurately differentiate

between liquid and solid hydror(eteospheric water particles such as raindrops and snowflakes
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(Jaffrain, 2012; Kathira/a/iP016)he measurement principle of an optical disdrometer is illustrated |
Figurd, wherparticlsizes and fall velocity are derived from the attenuation of a laser beam signal as

pass through the samplirgndreaatter the light.

Figuré:

Schematit a laseptical disdrometer and its measurement technique.

Hydrometeors

Laser beam

NoteAdaptdtbmd _gcp Npcagngr _ r ghylhieskKChm02)Naqgif FhieSGnopH p s a r
& Co. Ki@tps://www.thiesclima.com/db/dnl/5.4110.xx.x00_Laser_Precipitation_Monitor_eng.pdf)

Observatiomaéasuremefmsm disdrometars subjectdeverarrorand limitations.fundamental

limitation is tlsenall sampling area of the disdrypiesdhatound 50 gnwvhich means that only a
fraction of the rainfall is captured at a giVhis tiéaels to sampling variabifiisgndrop counts
causinglightly different measurements even at collocated (lafframe®042; Textad 2001)

Additional uncertainties arise from the measurement prindiglrahersalWwhen multiple drops
pass through the laser beam simultaneously, they may be recorded as a single drop with an unr
velocityFrassagt a/.2011Jhiphenomem@&nown as coincidence, becomes particularly important at higt
rainfall intensiti@Suyoet a/. 2015urthermorgpatial inhomogeneityeofatber beam, with higher
intensity near the centre, can lead to systemdtiobssestimattyops passing through the centre

may be slightly overestimated in size, while those near the edges mayJeffrande @€xfitjiated
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effect is magnifigdrops that only partially cross the laaetheeadyirthereducing the measured

size.

Environmental factors also influence measurements. Wind aatteéuole ticgecdoriesafadt

the detection of small diolges a/. 2020)In addition, splashing efidwsdrops fragment into
artificially small drops after impact on themsgnsausee counting of Aoatural raindrops.
Disdrometers may also registgdrameteoric particles such as insects, spiders or dust, further contribu
to measurement r(@eskfrain, 20E2Mally, instrumspecific differesioroducesaurce of uncertainty

when comparing datdsetexample, the Thiesgasardisdrometer has been shown to be more sensitive
to small drops (D < 0.6 mm), whereas the @XfibRarkigbler sensitivity to larger drops, leading to
systematic differences in obseryedi{a®bs.2019)

To mitigate these issues, various correction and filtering procedapetesiEftypica gampling
areas amaljusted depending on dr@dargieefor bigger drapsagrcount for the reduced probability of
fully crossing the samplingrareaorrecting edge(dafesn & Berne, . Z0&Imostlevant correction
used to eliminate incorrect measurements caused by splashing, d¢gidodeste®ric particles
involves filtering out drops whose del@atiegignificantlyofn the theoretical fall ve(dattyain,

2012)

2.4Irfluence afr pollution and aerosols on precipitation

2.4.1 Aerosols and particulate matter

Air pollution consists of aenodatace gases, swdoaitrogen dioxide sufdr dioxid€. Het a/.

2024; Pene#ia/.2001mospherierasal, defined as liquid or solid particles suspended in the atmosphel
are commonly quantified using particulate matter fBs&dnamericdynamic dian{8teihab, 2024)

Aerosols may be classified as primary, when directly emittedrfsmooaday,cehen formed in the
atmosphere through chemical rédetiosses a/. 1997PMsrefers to fine particulate matter with
diameters smaller than 2.5 pm, winiduB&4s particles smaller thanFigarticle argrimarily

associated wahhropogenic combustion prooededs)g transport, industry and agrandture

commonly consist of elemental carbon and secondary particles suchhatesamoh@numo isiuim
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nitratgHarrisoer a/. 199 oarse particles gernmmatya natural origiicas mineral dust, sea salt and

biogenic particles.

SurfadeM concentrations@masionally uasadproxy for atmospheric aerosol, fratimganyithin
the planetarpoundary lay@&BLjvhere interacidretween thearth'surface and atmospéuere
strongst(Lief a/.2017; Plocoste, . 2@2@3s Western EurojpeceMrations have ggneeatieddue

to stricemissioregulationfer transport and industry, as well as the introdibetiativé energy
sourcesvitireported decreageo 7.8%6 (Alikhani Faradordsedl 2021; Cela/.2016)

Aerosol loadings can adstirbateda remote sensirgasuremeimsludinthe aerosol optical depth
(AOD), which measuvesat extent aerosols absorb or reflect light aloagreospleeathat a

given wavelen@iikan & Yildiz, 2828llitebservations proeixtensive spatial coveddgaygh

active sensors sutitlaagre necessargaparat@erosol reflectance from surface antédknatice

(Arikan & Yildiz, 2023efS2/12017; Winker/. 2009kince mopassive senssirsiggle with this
decouplingdditional uncertagfor AOD val@esefor strongly absorbaegosol types amdler

conditions with opticallydlogii§Arikan & Yildiz, 2023; Rean2001) he relationship between AOD

and surface PM concentrations is not always stréifhliéosasieldies repsttongorrelatiorgki

et al.2017ptherBndweaker relationshigsichhowevéend to strengthen when accounting for relative
humiditfFuet a/.2022)Thisccurisecause aerosglect and absorb more radiation under humid conditions

due to hygroscopic growth.

2.4.2 Influencefaerosolsicloud amdinfall microphysics

Air pollutiomnderggscomplex interactions waiithedynamics, with aerosols exerting a particularly
significant impact on atmospheric pi©cétska/. 2024 Aerosols influenleid angrecipitation

formation through both dadiettive effearsd indirecioud microphysical efféetslirect effects arise

from their interaction with ragdesiaarosols can sith#er or absorb incomingd@tiodepending

ontheir composit{®enner’ a/.2001)Vhereasanyerosol typesich asfates nitrates and sea salt,

tend to scatter solar radmt@nexhibit strong absorption properties, most notably black carbon, whict
produced during incomplete combustion of Tossifagistude odteiativeffects is also size
dependemtith particles the accumulation if@a@dedynamic diameter betweend Quhpexeadthe

strong&tinfluencenshortwavadiatioMatugt a/.2019pverall, tetembinatirectadiativeffecof
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aerosoltends to cool the climate s{Rézmees a/. 2001yvhich can supptassdevelopment of
convective cloudetycintpeamount eherggvailable tte surfa¢Pe Salega/.2019)

Indireceffects, in contraster to aerosotluced changes to cloud prdpetigh microphysical
pathway®ennezt a/.2001Aerosotan act as cloud condemsediein C@X)which cloud droplets can
form(Quinet a/.2008prless commouly,ice nucleating particlesal(liNRig the direct formation of

ice crystalKanjet a/.201onsequently, an increase in aerosol concentration leads to a larger numt
smaller cloud droplets. This enhances cloud reflectivity (albedo), as smaller droplets scatter incomi
more efficien{lywomey, 19Tf¢ resulting radiative effestgppa@ss convective a@®ayling air

below and warming air above tistatitisathe atmosphéFaret a/.2013jygroscopic aerosol types

such as sulfates are Isighiyle and therefore act as effigiestito8@N enhancing cloud albedo. In
contrast, black carbon is comparatively kasd stiutdgy absorbs incoming solarFradtagionore,

the reduction in droplet size decreases the etiistticpaiscenteereby slowing droplet growth
(Rosenfeld, 19818ikize reductsuppressibe formationvedirncloud precipitatma delays the onset

of precipitatichus increasing cloud lifetime, horizontal dixfeidivater conte(ilbrecht, 1989;
Heikenfelet a/.2019)he delayed formation of raindrops also enables continued vertical development
cloudAn increased number of CCN leads to more numerous, smaller dioglietsowvicieladatiger

surface area for conden&iginined condensatibansdatent heatleasand can strengthen
convectivgdraft¢Cotton & Walko, .2821he same timeller droplets are more tassgported

upwardue to their lower fall velqtioftas & Cotton, 28lliclying a larger fraction of cloud water to
reach supercooled |&ms. in the supercooled region, droplets freeze and release a substantial amc
additiondhtent heathis additional energy can strongly enhance convective updrafts, and cloud g
increasing the likelihood of cloud tops overshooting into th& lsisatospheaton effactead to

deep convective cl@@&yith more intense precipitation at a latErgsseg®Andreagt a/. 2004;

Rosenfelel a/.2008Y0n the other hand, smaller grolisténa clouaise more prone w@pevatign
thereblimiting the transport of cloud water to supercooled levels and preventing invigoration of prec
(Rosenfe#t a/.2008)
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Figur&

Schematitconvective development of clouds in a pristine (top) and polluted (bottom) atmosphere.
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2.4.3 Aerosol impactsammall and DSDs

The combined impact of aerosols on precgilagonbiguoasmdvariesdeperidg on aerosol
compositi@ndconcentratioas well as meteorological co(@itibies a/. 2024 Aerosol processes
impacting warm clavelgienerally well understomhdnd inhilotinfal(Fares a/.2016) he effect on
mixegphase clouds such as DCCs is lesSoamelsisigges found that aerosols cgreripaaten
intensities due to microphysical invigoration of conve(ftmeetiptPaRe; Lat a/.2021; 8ua/.
2020)especially for clouds with a warm clgiaikrage2022)On the other hatidistudieseport
that aerosasppress conveetnohprecipitation intensity themligtive effe(fs Ler a/.2016; L. &in
al, 2018; Qiana/.2009; Rosenfeld & WoodleypzZidretese conflicting results -marotonic
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relationshipetween aerosol concentration and precipitai®obseavedy some studieshere
microphysical invigoredioses anitial increaseprecipitation umntib@timal concentration, after which
radiative suppression leatbt decrease in precipitation when aerosol caredantnaased further
(Guet a/.2019; Koe#a/.2014; lanal.2019; Zaatg/.2023However, thesationship is noiversally
observed. Teller and2@d8joundhat precipitation réttes convective clouds deditbasereasing
aerosol concentrations Halmge a{2022loundypedependent relatiomsine aerosakdibit a non
monotonic relationship with natdaflust aerostémd to a general increasenakd particles to a
general decredase role of aerosol types on rainfall microphisicsveffectess well understood, as
another study found a general incaasatésrblack carbon and a decrease for dugXpsmeicles

al, 2025)

By altering microphysical processes within clouds, aerosols also infludrezssoomezed 3Dd.
Several studies report an increase in mean raindrop singsevithohtoadsieheet a/. 2024,
Michibata & Suzuki, 202@&r2¢2@26; Xiava/.2025; Yarigal.2022Y angt ak2022)for example,
report 20% larger drop sizes and #P8p looveentratiomdehigh aerosol loadifigseeffects are
robust for batbnvective and stratifaimalthough thaye stronger in summemthamter. Mehetr
al(2024) report similar finthngsenonsoonal rainvatl) increased mean drop sizes and decreased drop
concentrations obsenvedtitonvective and stratifornThaise findings may appeaterintuitive
given that the indirect effects of aeroshefammomtionlafge numbers of small clou@Adibopsht,
1989Howevehdinverseelationshigetween size and concerfvatitoud ditefsand raindrogen

be explained as foll@vweer cloud droplets efficiently coalesce into maisyzetbdarateo|ys
contrast, higloud droplebncentratiosisppress waram coalesce(@aret a/. 2008)As a result,
precipitation forms predominantly itequrgbesga®ducing fewer but larger raiAdropesser a/.
2004)When warm cloud rainfall doeaiadcops tend tein@ller and in higher concen{Gitiems

al, 2021; Nguipenh Hoarmg a/ 2025; Qiana/ 2009)An important excepsigrant CCN (> 1 mm
diameter), mostly from salt and dust partictesisevhériger cloud dropleenlaaice warm rain
formatiorRpsenfeklt a/.2008)

Aerosotaralter the occurrence and dominance of microphysical processes. In highly polluted condit
sorting imore pronoundeelsmaller droplets evaporate prefetbotaducinte occurrence of small
raindrop@-indeisest a/. 2015At the same tibmeakuprocesseselesspronounced than in pristine

conditionSeelat a/.2026)indicating a shift towarder drogsurthermore, accrégcomeasore
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dominant due to the high count of small cloud dropletsltireaereatd@lingaindrogdichibata &
Suzuki, 2028milarly, the removal of aerosol particles causeinolydipdjraptvecavengintso

plays an important: rglelepristine environments are mostigrgettiating, by the constant wet
scavengifkgeping the aerosol leve{Fdos a/ 2016)polluted environmeartsbuild up due to the
delayednsedf rainfglfollowed byensifiegrecipitatiaghat removiessgeamounts of aerofds et

al, 2023\ hieffecis furtheenhanced by the increased occurrence of intecsitainaigedle
dropsyhictare more efficiersdavengingrosgarticlefEberet a/.1998)

2.5 Effectofurbanisathon precipitation

2.5.1 Urban heat island (UHI) effect

Cities camgnificalytinfluence theral climat@ne of the most-wsdwn urban climate phenisrttena

urban heat island (UHI) effect, whereby uskperiamisgher temperatures than surrounding rural
areas, typicahpund 1 to 8@ & Niyogi, 20)UHI effasgeneralijnost pronounagahight and

caused bycreased energy absorption, anthropogenic wedutdedgegathtiocovein citie§Suiet

al, 2025puring the dagtemals contained in urban surfaces such as buildings and pandments absor
retainarge amountssbbrtwave and longwadiation duetter low albedand higbpecifibeat
capacitgdohnsoat a/. 20211t night, this heat is sleldgsetb the atmospheéheissuppressing
nocturnaloolingespecialty winkkss ancloudreecondition€onsequerdly temperature differences
between urban and rural argascatirigheduring the nightthough surface tempeyatirastsan

reach extreme vatiwrBxgsummedayg (Voogt & Oke, 2GaB)hermoiig, den$e builcities, street

canyons (narrow streets with large buildihg®dpaiftyrradiation to escape, effectively trapping the
heat near the sur{bleeer a/.2014yhdJHEeffect is further intensifi@éacbgased sensible heas flux

due to the@eneral lack of vegetation, wbidtd otherwise prowddeooling effettitrough
evapotranspirat{@irunger a/. 2024ps well anthropogenic emission of heat, such as transport and
residential heatjHgrer a/.2014)

Thentensitpf the UHI effect depsrmtsglpncitysizeand geographssiting_arger cities expese
stronger UHI effects, caused by greater anthropogenic heat release in cities with larger populz
increased heat retention in citlasgeitBurface a@aser a/.2013peographic location also plays an

important rol€oastal citigenerallgxhibitmilder UHiffects thacontinentalitiesbecause of the
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moderating sea effécs.exampée Belgian studyndhatinland citiesich as Hasseltl Liege
experiengeeateheat strefisarcities of a similar Isicatedloser tihe coast, such as Brdé&shent
respectivél/outeet a/.2011h temperate climatéténdso be more intense during the day in summer
due to pronounced solar radiation as well as vegetational coolinghilethieesnbaniishal intensity

is higher during wjrdesing to the increased anthropogeniZhwatiat?014)

2.5.2 Urbamodification of rainfall

Urban areas are known to influgntatiprepatterns and interediesigtihe magmitieof this effect
depends stronglyudrarstructurandgeographiccationrSome citiesceive more precipitateon th
upwind areas, referred to as urban rain islands (URRrevtiiemothan upwind lemeasas urban
dry islands (UDVjeralinostities and areas dowmsviddoeceiviigheprecipitation intensiws

a metanalysis indicating average incoase$&#u & Niyogi, 20h@)intensification of urban rainfall
isprimarilgttributed tocreasetlermatonvectiosm strong UHI effect can irthecanabwpressure
areadrawing moisture from surroamdasy and transpoitingrticallyWherelative humidity is
sufficiently highese convective updraysincreasenfal(Haret a/.2014; Laba/.2022; Torelld
Sentellest a/.2025%iven the limited availability of vegetation for evapotranspicatcad caivdiall
increases rely heavily on dissipatiticiadfwatBomdomestarctivities such as waahagookirags
well asnoisturadvectddom surrounding rural dreest a/.2022)t the same tinmereased aue
roughness in citils® alters atmospheric flow. Buildings and other urluecskeuateresnds and
enhangeechanidalbulendeading tmnvergence of air and moisture acdifamatp@014)his
mechanism is inféoidhe Ukliduced effect fainfall over cit{etarer a/ 2014put ismportant for
downwind intensification of rainfall, especially under high backgrdDnggfiad2)#gds

While thermally and mechanically induced convection are important for the agtiasiols pfaainfall
an important role irfunther development ofagamation, as discussed in Sebti@e@im, aerosol
particleare strongly associated with urban areas, with particalatentnatiens being significantly
correlated with large urban areas and populati@ffietensities2016]he combined effect of the
urbarnnducedynamical charayes aerosifectsignificantdjtersaindrop size distributtorsanced
convection in urban environments is often associawpvalzéa geigher VMD) and lower normalized
intercept parametersimdicating a shift tosvandre intense rairffdler a/ 2019)n addition,

microphysical processes are alteirgéngiftad waphase invigoratibaret a/.2020and riming
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although their net effect depends on meteorological conditions such as convective available poter
(CAPE), relative humiditynanshe@tarer a/.2014)

Despita general predominance of URIs, UDIs can also occur. UDIs are most commak]y associate
but still positigHI, combined with strong background wWihatelpBedtellex a/.2025The weak

UHI leads higher vapour pressure deficits and shallow PBL heights, thus limiting turbulence and
motionThecombinationliofited updrafts ¢k ofmoistureauses general suppression of maiafall

urban are&uch conditionsnawst common in continental citiefarpagicnightiue to the limited
moisturadvectetbwards the c{§uiet a/ 2025)Coastal cities, on the other hand, often experience
substantial precipitation increases due to interactions vigitlermaiditgeze circulations.
FurthermotéDIs also ogowgomplex terrains (such as mountainowghesgities)Jocated in valleys

receive less rainfall than surrounding (8l&bpER025)

The magnitude and spatial structure wbdneskeiced rainfeffects depend strongly on urban
characteristics. Larger cities gextebdgtlgtronger increases in rainfall intensity than Groedi&h ones
Sentellest a/. 2024 ompact, densely built cities tend to proclweeenicated and intense rainfall,
whereas more open built ciiesariated with spatially dispersed precipitation patterns with multiple sm
hotspotgYan@t a/.2024Lity shape can also playasraleukand elongated cities lemdttonger
precipitati@nhancemdmartriangulashapedtiegYang? a/.2024; Zhasrg/.2022%lobally, around

63% of cities experience rainfall increases (URjisnhahdiffgrences are proremshckately related

tothe humidity of the clinfateical citie$ suisaharan Afigemerallgxperiensabstantiallygher

rainfall accumulatmomapared to their surrouniti§s% of cities showing URIs, compared to only 15%
showing UBsier a/.2024)ntemperate regisnsh d@urop#e distribution is 64% URIs and 36% UDISs,
with overadffectthataregenerally weaker and more dependerdtarctutg@nes a/.2024nsome

dry continental regions, UDIs even make up Alsfonajeaispraaiationhe URI is most pronounced

in the summer in meggbnéSuer a/.2025although the effect is seewyedr temperate maritime
climates such as the Dutdtbemésisr a/.2018n summer, thermally induced convection dominates,

while the mechanically induced convection dominates in winter.
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2.6 Literatureummary

In summamgainfall intensatyd drop size distributioregatated tye interaction of chaimlophysical
processesncluding colliScmralescence, breakup, evaporatioa prumtesseBrevious studies
demonstrate that DSD characteristics vary strongly between precipitation regimes and can be repre:
statistical distributions such as the gamma or negative exponential distribution. However, obst
uncertaintieslated to disdrometer measurements and parametemesiinsagioficant limitations.
Theliterature further indicates that both urbanisation acdnasutstémtially alter precipitation
processes. Urban environmeritisemaiianag suppress rainfall thichagigestimermal convection

surface roughnessisture convergence and planetary boundary lajeoudghah@amain drivers are
largely known, tiverall effeatsmain poorly understood thedaickof empirical quantification and
challengesganeralisation owing toa f unigug geagfaphical caxtéxtopogenic aerosolgifrom

pollution influence cloud microphysics by altering droplet formation, collisimvedtive gegvatin

of clouds. Similar to the urban effects, aerosol effects on precipitation remain uncertain, with both s
and enhancement of rainfall reported depending on aerosol type, concentration and background me
conditionsloreovestudies simultaneously considering precipitation regimes, urbanisation and air pol
impats on DSDs are sdéisestudy aims to addressebesegaps by analysamgcipitation

microphysics and DSDs in Belgium using disdrometer observations
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3.METHODQLOG

3.1Stug areandnstruments

The analyses in this thesis are based on observations from three disdrometers located in Belg
continuously record rainfall intensity and raindrop size distributions (DSDs). The instruments are sit
or southeast of three major urtsarGhea, Brussels, and LiegeTl(eidir€)instrument is an OTT
Hydromdétarsivel? optical disdrometer, operated by the Department of Geography at Ghent Unive
located at the ILVO site in MévellbeKEhis instrument has been ogeregidvial 2G2¢ records

drops using 32 diameter bins and 32 velocity wmsutt Gemeantize second instrument is a Biral
VPH30 present weather sensor, operated by the Royal Meteorological Institute (RMI) and locate
(Brussels), operational since Mage2d@frument operatefivaminute frequenaging 21 diameter

bins and 16 velocity bins to charactefise togsnstrument is a Thies Clima Laser Precipitation Monit
(LPM)operated by the Universityechndelpcated in-Biértan, operational since Januafhi2006.
disdrometer operates atraionte frequency and records drops with 20 diameter dmsEOrvelocity

conveniendbese instruments are hereafter referred to as OTT, Biral, and Thies, respectively.

The disdrometers comprise three different models and two typ&20 Ehe BinabxPscatter, meter
whichmeasures the light scattering of small particles suspended within the sampling volume and
particles passing throgBhat, 2022 contrast, the OTT Parsivel? and Thies LPM are optical disdrom:
that measure the attenuation of a laser beam caused by (f@llimg 2@k #clEsies Clim&e2Qide

these instruments rely on different measurement prinogsés tddéfexieved drop size distributions

(DSDs) may partly reflect instrumental effects rather than purely atmospheric variability.

All three sites are located south of their respectivélatilarBacease influenced by local topography.
The cities of Ghent, Brussels and Liege are situatedScheldt,\&degs,(and Mopsetiveind

lie at lower elevations thaolespondaigdrometer sites. The disdrometers in UeCikramdaBart
located on elevated terrain south of their respective cities, whereas topogragieia sesiatidn in the
Ghent and Merelb&ddées relatively limited. Thesatieh differences may influence local airflow patterns

and orographic effects, which are relevant for precipitation formation and drop size distributions.
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In addition to the disdrometers, three nearby rain gauges are used for validation of the prec
measurements. Furthermore, data fenrtrothageather statianfsthe RMI synaptietworkare

used to provide additional meteorological variables for the air polbhéseceoysisather
parameters sucliasemperature, relative humidity, wind speed and ppeessargeatrequency

(Rosilloat a/.2024)

Figuré:

Map of disdrometer distribution in. BégpuBREambert 72 (EPSG. 31370) and grid CRS is WGS.
(EPSG.4326). Altitude is expresseBaramaduls. Mapbox Voyager.
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Table&

Overview of the disdrometers

Distance to city

# Location Coordinates* HOqII b AdtdcqR21
1 Biral VPF-730Forward scatter disdrometerUccle 50°47'48"N 4°21'30"E 5.57 175.92° (S)

2 OTT Parsivel?Laser-optical disdrometer Merelbeke-Melle 50°59'07"N 3°46'17"E 8.48 155.84° (SSE)

3 Thies LPM Laser-optical disdrometer Sart-Tilman 50°35'13"N 5°33'49"E 6.22 186.88° (S)

*Cordinateare expressedVGS84 (EPSG: 4326)
:'*Relative to the nearest major city, namely Brussels, Ghent and Liége for disdnuectteriysing tred@rand Place,

the Korenmarkt an®thee Saltambert as reference points for theecity cent

3.2Disdrometsata

3.2.1 Extraashandiata qualibheck

The processingsists of three main Elgpdraction of raw spdehgyality control and filtering, and

(3) derivation and calibration of DSD \&iriebléke three disdrometers are produced by different
manufacturers, each uses a slightly different data format and extfactiorapatediles, the raw

drop size spectra, defined as matrices of drop counts as a function of diameter and fall velocity, as
reported precipitation intensity, were extracted for eaci timepetdraakere subsequently subjected

to thorough filtering and quality @agiydBecausiisdrometers measure all particles and hydrometeors

passing through the sampling area, aisoegetiod temoveonrrain particlé®m the data

First, all spectra were filisiregl binary mask to retain only diaehetédy bins corresponding to liquid
precipitatiohwo sets of maskee tested and comfdrdirst set ahaskeiaglerived from the Biral
manugdBiral, 2022)d from a scientific stuthe@FT and Thissumen(ddiros a/.2023as their

manuals do not provide expliciThrasksnd, more uniform sebmsisuctéy selecting dianieter

velocity bins for which the mean fall velocity deviates by at most 33% from the theoretical fall v
raindrops (Equafjpwith a maximum absolute deviatios®TAeSarthresholds determinea

calibrating tHidtered mean faéllocies againgteoreticablesAs shown in Fig. 8, this second set

(calculated masks) sdldavger tolerance for small dropsposiihg istricter constraints on larger drops.
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Figur&

Overview of the quality checks for the disdrometer data.
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Othefilters includiee omission of periods with low rainfall intensity (R,<dditotah drop counts

(nr< 100), and unrealistically high VMD values (VMiBeritenanaccount for the majoeityafed

samples. The selected thresholds were chosen to retmepbysitaiéy rainfall while excluding
periods dominated by very few large drops, which can lead.ttngpstalda BfSbe filtered samples
showed substantial overlap between these criteria, indicating that many removed periods simul
exhibiteldw drop counts, low rainfall intensity and largeAddDio@difgering OMETAR codes was
applied to remove periods associatediguitth hpdrometgdppendix .2Although solid precipitation
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is theoretically already excluded through the drop spectra filtering, the METAR filter acts as a
consistency cheftkr filtering, the drop size distributjoff N(B)was derived from the drop spectra
using the following formula:

¢ O

VO T O0fs0t0t0 0 w

wheré ‘Oh) is the number of drops in a dieetetéy b, O the effective sampling area (m2),
3‘Othe diameter bin wisltthe sampling time (s)) &ddthe fall velocity of drops in thesBiT (@
sampling time is five minutes for Biral and one minute forT@& EfiactiVeisampling area corrects
the nominal sampling area for the reduced probability that larger drops fully pass through the sensin
is defined as follows:
0 O o0p 9
0

wher® is the nominal sampling are@ igtidg diameter (m), @nsthe laser width (@higgef a/.
2026)Rainfall rate fRmh can then be calculaiedthe DSIBing the following formula:

Y ¢‘tpm 0 O tubO tO t30 PP

wher® O is expressedh®mni0 ‘O in m%andOin mn{Ghiggit a/.2026)

For the laseptical disdrometers, OTT and Tluias,be calculated directly using Equation 10. For Biral,
however, the parametensh are not provided and were therefore estimated by minimizing the differer
between the reported precipitation intensity and the precipitation intensity derived dsiectly from the [
Equation Iicaomast to this physically based correction, the internal Biral processing applies an en
calibration factor derived from comparisons between measured and reference precipitation acct
(Biral, 202Zhis factor represeimiear bulk scaling of the precipitation totals and is not explicitly linked
the sampling geometry or the underlying drop size distribution. As a result, it does not address
inconsistencies in the shape of thiwédSiDat this stelilys on higleeder moments of the DSD (e.g.

reflectivity Z armlumeveighted mean diameter VMDIlinsaclt@rection does not provide additional
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value for the validation of théViD&ioser, since aliBx8[2d variables are computed directly from N(D),

a correction applied only to the aggregated rainfall rate cannot be translated back into a correction of

Therefore, a unifothodology is adopted for all instwithethis, effective sampling area calculated
using Equation 10 for OTT aardl Bsated for the Biral sensor as descfseedfqimmredix 3 for
estimation of sampling. 8vlde this approach also introduces an empirical iscapptiedrdt the
calculation of the DSDs and is thus mda relewsinfurther analysis. Neverthbledsrmasilation

is primarily developed for optical disdrometers, its applicatiestattex foswrardsoth as Biral
introduces additionekttainty in the derived DSD parganatatarly because the empirically estimated

0 may not fully capture instrapecific detection characteristics.

3.2.2 Dataalidatin

After preprocessing, thevdegzalidated boéixternallgndinternallyExternal validation consists of
comparison with independent rain gauge measurements, while internal validation assesses c
between disdromdusived variabkes. external validation, three rain gaugashecatzdity of each
disdrometer were (iEall8). The rain gauge in bpkzated by the Department of Geography at UGent)
iscdlocatewiththe disdrometer srabrdsumulative rainédlbneninute resolutibheaingauges in

Uccle and SEhnafparbof the &vice Public de Wallonien€8RMK Delobber a/.2006arelocated

further away amkratat a fiveninute resolutidi rainfall data were aggregated to a common temporal
resolution of five minutes prior to corRa@mig@uge intensities were compared with both the reportec
disdrometer precipitation and the precipitation derived from the DSD (Equatioh®Ihteexakessed in
validation was performed by comparing reportbetigad pr@Dipitation intensities to detect potential
calibration or measurement inconsistencies. Since several key variables are derived from the DSL
between thesetestimates is essential to ensure reliadRenfesaltmce during rainy periods was
guantified using the coefficient of determination (R?), root mean squaardneaor dBdBiE,and

relative bias. These metrics were computed for time intervals with rainfall OnimnsityReaiceeding
detection skill was evaluated using the probability of detection (POD), false alarm rate (FAR), and cr
index (CSI), defined as

~
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where a represents hits (rain detected by both instruments), b false alarms (rain detected onl
disdrometer), and ¢ missed events (rain detected only by(khehtawrbai @) Bain occurrence

was definedaasinfall intensgyeater th&imm f

Tablé&:

Overview of the rain gauges used for validation

Temporal Location Distance to
resolution disdrometer* (m)
1 OTT Pluvd Weighing precipitation gauge5 min Uccle 115
2 OTT WAD 200 / 314 Weighing precipitation gaugel min Merelbeke-Melle 1
3 OTT Pluvfd Weighing precipitation gauge5 min Sart-Tilman 410

*Relative to the nearest disdrbeirtgisdrometBiral, OTT and fdniesin gauge 1, 2 and 3 respectively (see Table 2)

3.2.3 Calculationla® parameteasicomplementagriales

From the calculated N(D) conceatsgiaisnicrophysical variables were derivetanaciiedisiic

drop diameters (VMD, AMisaistributia(g,), concentration metricl)(rand physical quemtiti

such danetic energy (KE, KE(D), KER), liquid water content (LWC), normalized.négrdept paramet
reflectivity (disted in Tabléhk volumesighted mean dianwH#pmm)s calculatbdsed dringi

et af(2003)

BUO O tO t30
BO O O t30

O i
0 po

where Mienotehie kh moment of the drop size distribution (Equatioam@ighitedarezan diameter
AMDmMm)s calculated based on(3008)

ouOD—h P T

and the standard deviation of the mas&spectjgcalculated based on 8haiff2019)
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O td0 O
0

Theotal drop concentratios ¢dlculated using Equation Statad thep counisncalculated as a

simple sum:

where and j denademeter and velocity bins respectiveiyng the equatiohitger af{2020KEJ
) iscalculatagsing this equation:

L0 —— ——h P X

wher® (m)is the effective aaed (kg ) is thelensity of wat€E(DYn2 mn¥)is calculated
using
S ¢ tO t0

v 00 pg 0 O f&'Oh Py

and KERnt2 i) isobtained by scaling KE to an hourly rate:

o QI
—0

voY 5 P W

whereo (s)is the disdrometer samplind\tin®) is calculatessing EquatibandLWQg nf3) is
calculated basetiagen ¥itern2003)
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The reflectivity fag{dBZ¥ calculated as

© prl T C 8 cp

However, thia Rayleigh approximation, as it only considers Rayleigh scatt@uhuicth raasBdps
When drops bedargerMie scattering plays a sigrofesaautd frequency needs to be considered. In this
case, the equivabeddr reflectivifysdise estudr a/.2001Jince reflectivity is primarily used for regime

classificatiothe Rayleigh approximation is considered sufficient.

In addition to these microphysical variables, two temporal rainfall metrics were defined to character
maasppcl ac _ | b n¢ipdeingdas thefraction Bftiroe wih regdrdedirginfad witgimr

a given period:

%0

wheree are the numbetimie stepwith a rain rate exceeding 04 This imetric regpents the
proportion of time during weiméall occurs. Furthermore, the rain frpigudsfoye( e fraction of

aggregated periods classified as rainy:

Where a period is considerédataiegst omainy observation is recorded within thefhpkegod.
quantifieemporal persistence of rainfall at the native temporal resolution (ond; defggbmmutes),

the probability of rainfall at an aggregated timdadsladgrggation).
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Tabld:

Overview of the different microphysical varéata@belisedrresponding equations.

Rainfall microphysics variables

Name Symbol  Unit Type  Equation
Rainfall rate R mm H? Scalar 11
99" percentile of rainfall rate R99 mm H? Scalar -
Rainfall frequency fe - Scalar 23
Rainfall fraction ot - Scalar 22
Number concentration N(D) mE mm*© Array

Total concentration Nr m® Scalar

Total drop number nr - Scalar 16
Volumeweightedmean diameter VMD mm Scalar 13
Areaweightedmean diameter AMD mm Scalar 14
Standard deviation of the mass spectru, n mm Scalar 15
Liquid water content LwcC g nf® Scalar 20
Rainfall kinetic energy per area KE J nf? Scalar 17
Rainfall kinetic energy per diameter KE(D) J nPmm® Array 18
Rainfall kinetic energy rate KER J nPh® Scalar 19
Normalized intercept parameter N m® Scalar 7
Reflectivityfactor Y4 dBZ Scalar 21
3.2.4 Statistalmodeihg

Statistical modeli;gised to characterise the shape of Tnanaybehe shapg)and slopgd
parametertfie DSDwere fitted to a negative expodistrilalitio(Egatior8)and a concentration
normalized gamma distributiati@y using batie method of mom&mahdnmaximum likelihood
estimationWB. These parameters are useful alongsiddrihendatiarophysical variablesy as
represent ttatalbehavioof the DSPE) | kmn¥) were calculatesing the VMD andassibning
a gamma distribution form of thedd®Bpondinlyiiddandvi (see Appendifar full derivation):

otwd O 1to 0 O
000 w0 O

__P__
®00d800
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3.2.5 Precipitation regime classification

Precipitation events were detetrtémedirsute intervals (ten consemaiaaute intervals) for OTT

and Thies, aggDminute intervals (six conséwetiviaute intervals) for.Biraevent was only retained

if rainfall intensity exceeded B*tumimg at least 50% of the ifteevdifferencéeimgth reflects the

different native sampling intervals of the inStheéb@¥itisteshold representsad®ff between

capturing shéived convective eyeitich may adgur during part of the insardsisuring sufficient

data points to compute robust variability metribestaokaas deviatibmo rainfall regimes were
distinguished, namely convective and stratiform, following the classificatidiamgzthf2@Rigy of

This classificationisbasedan apgr cpg 8 _ 4 1.5rhtandjajainfallinpemsity” g j ¢
threshold of R = SifhiMereizis defined as the standard deviation of rainfall intensity within the evel
windo2e p _gl d_jj ctclr g Bynigng B & 5idyiand agstradiforint ¢ a r

when both conditions are not met.

Instead of applying a fixed rain rate threshold, the intensity criterion is expressed in terms of reflect
instrumerdpecific’R relationshipisapproadls motivated by the fact that Z scal®sndid
thereformore sensitive to the presence of large drops than rain rate, witi¢hises| @ WighaD

result, rainfall events with similar intenstiiesespymitheto large concentrations of small drops or
smabtrconcentrations of large Hsquessing the sitgreriteriarsingeflectivigeduces the likelihood

of classifyilggh intensity rainfall dominated by relatively small drops\&$iteteedctdiectivity
thresholds in the range’40 2BZ are commonly used in the literature to identify convective precipita
(Leeet af.2021; Uijlenheres/ 20033heyimplicitly assume a univéRsaklationship. To account for
instrumerdpecific differenc&SD characterjgtiesreflectivity threshold is instead ejaratetjor

each instrument as the Z value correspondingtsiRweSetmse the reflectivity threshold is derived
from a fixed rainfall intensity, it remains an intensity criteriopuethich@hgsical critefiba.

VMBog10(Nw) space is therefore used as an independent microphysical validation.
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3.3 Supportieavironmentidlta

3.3.1 ERA#ata

To gain information on wind direction dulidpdeieanalysigiddedata0.25° spatial resolution)

of windgpeed iongitudinal direction (u)asitutinal directionw@s usd€opernicus Climate Change
Service (CZBR5ERAS is a reanalysis pbthecEuropean Centre for fRadyemVeather Forecasts
(ECMWIRat combines observations with numerical models to produce a consistent reference
(Hersbadi# a/.2020Y he analysis s@sducted the 850 hPa pressuréalppedximatdlyb km above

sea levelwhich eommonly used to represerscialigivopospheric circulation wimimizing the
influence siirface friction and local belayégrpcesséslaier, 2009)e wind directi@xcalculated

using the formula f&ul(2016)

| oo b pyhd CoQ

where represents the meteorological wind dieedti@iréction from which the wind originates),

expressedciockwisiegredsom north.

3.3.2 CAatandirbanisation factors

Land cover information was obtained from the Ecoclimap Second Generation (SG) dataset, wi
resolution of 0.0028° (approximately(Bé6samd@d a/.2024)Thidataseinclude23 natural land

cover classeswell @ urban classes from local climate zone classifications, originally distinguish
Stewart & @R@12ror convenient physical interpretatiber analysbgs 33 cover types were grouped

into teisuperclasdessed aregetation characterfstitBe naturdbsses abdsed on building density

and urban fraction for the urbanstessatie

Tabl&

Ecoclimap SG land cover claBs&ssomidto ten superclasses
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Land cover classes

#  Cover type Urban fraction Superclass
1 Sea and oceans 0.0
2 Lakes 0.0
3 Rivers 0.0 Water & bare
4  Bare land 0.0 soil
5 Bare rock 0.0
6 Permanent snow 0.0
7 Boreal broadleaf deciduous 0.0
8 Temperature broadleaf deciduous 0.0
9 Tropical broadleaf decidiuous 0.0
10 Temperature broadleaf evergreen 0.0 Forest
11  Tropical broadleaf evergreen 0.0
12  Boreal needleleaf evergreen 0.0
13  Temperate needleleaf evergreen 0.0
14  Boreal needleleaf deciduous 0.0
15  Shrubs 0.0
16  Boreal grassland 0.0 Grassland
17  Temperate grassland 0.0
18  Tropical grassland 0.0
19  Winter C3 crops 0.0
20  Summer C3 crops 0.0 Crops
21  CA4crops 0.0
22  Flooded trees 0.0
Marsh

23  Flooded grassland 0.0
24 LCZ1: compact high-rise 0.9
25  LCZ2: compact midrise 0.9 Compact built
26  LCZ3: compact low-rise 0.9
27  LCZ4: open high-rise 0.7
28  LCZ5: open midrise 0.7 Open built
29 LCZ6: open low-rise 0.6
30 LCZ7: lightweight low-rise 0.9 .

) Large low-rise
31 LCZ8: large low-rise 0.9
32  LCZ9: sparsely built 0.3 Sparsely built
33 LCZ10: heavy industry 0.6 Heavy industry

3.3.3Air quality dgeM2.5, PM10)

Air pollutiatatgorPMvand PM particulate matter with disgsetaller than 10 and 2.5 pum, respectively
expressed inni were obtained fritva Belgian Interregional Environment Age2El| NRCIAL
anduse@sa poxy for aerosol loading in the lower atfosphea consist of daily mean concentrations
from a networl8@froundonitoringtations, interpolated to 4 #m grid covering Belgium using the
Residual Interpolagmimised f@one (RI@Bjerenst a/.2016Y his interpolation techatqaents for

spatial variability in pollution levels, particularly near emiSsinsssetiafeX)08P My dataare
availablef the period 192024, while Riata are availdioie20® ° 20241t should be noted that

surfacBM concentrations may not fully represeondérossltoud levellonethelefisey provide
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a usefdpproximation of aerosol loadargragdlarlyseds a proxy atmospheric stu@@esdero,
2025)

3.4Analyses

3.4.1 Software overview

Data preparatigrocessing amalysisvarelargely executedPythorusinga Jupyter Notebooks
environmenrthese Notebooks were run on2kighirarformance Computingirffi&sducture of
Ghent Univerfitinams Supercanpanter (VSC), 2iR&inghighspeedomputations on the server.

On the other ha@S@ervedhesmain tool for spatial aralgsmsap visualisation

3.4.2 Statistical tests

In addition to distribution fitting of DSDs, statistical tests were used to evaluate differences between
relationships between variables. The normality of the data is assesseWilkingrthaliBhtgsto
(Salkind, 200&¥ rainfall variables are frequendynmadly distributed, nonparametric tests were used:
the Krusk#allis test for mgtbup comparisons and th&Wiiamey U test for pairwise comparisons, as
alternatives to the analysis of variance @\N@ViAdegendetest respectivéBkoye & Hosseini,

2024) Amppcj _rgmlg wucpc ct_js_rcb sqggle Qnc_p
normality assumptions are n@ame20Q5Jtatistical significance is indicated in figures using asterisks
where * stands for p < 0.05, ** for p < 0.01 and *** for p < 0.001. Regression relationships were esti
ordinary least squares (OLS), and error bars represent eitleerothef stendaedn (SEM) or the

standard deviation, as spadifiec¢orresponding figure captions.

3.4.3 Temporal analysis

The first analysis focused on identifying temporal variations in rainfall characteristics derived
disdrometethie data were stratified into diurnal and seasonal periods. Four diurnal periods were defi
lasting six hours: night (@B@DL), morning (081AM0), afternoon (1BAWD), and evening {18:00
24:00). In addition, four meteorologicalseasonsidered: winter (Dé€etmhery), spring (March
May), summer (Jungust), and autumn (Sepiéoveenberfpllowing metaelogical seasons in the
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Northern HemispliErenberth, 19B8jerences in rainfall characteristics (e.g. R, VMD, KE) between pe

were assessed using pairwidé/Mizay U tests.

3.4.4 Urban wd direction analysis

To evaluate the influence of urban areas on downwind rainfall, a wind direction analysis was condu
circular buffer with a radius of 10 km centred on eaclSidiselinorbateeffects on precipitation are
known to decay rapidly with distameeea/.2024 saturating beyond Z@lkamgr a/.2025}his radius

was chosen as it is large enough to contain the city centre in all three cases, but small enough to ret
footprint. The buffer was subdivided into 32 windl.2&8ct@sol(ition) to provide a detailed
characterisation of upwind cortbtieash sector, the fractional cover of each land use class was calcul
These fiseale sectors allow a more precise separation of urban influences from other directional cor

factors, suchli@sographysma effects

Urban and suburbgents of the examined cities were delineated followingititow ovatgod of
Zhouwet al(2014ysing 8 3 pixel (0.9 0.9 kmheighbourhooaan urban fraction. Based on the
thresholds used by Wentaf2017grid cells with a mean urban fraction exceeding 0.5 were classified

urban, while values between 0.25 and 0.5 were classified as suburban.

To match the temporal resolution of ERA5 wind data, disdrometer observations were aggregate:
valuedor rainfall events (convective or stratiform), which span shorter 80ratiotes)1the

nearest hourly ERA5 wind record waE@ssagtedite, the nearest ERAS grid cell was selected, and e:
rainfall observation was assigned to an upwind sector based on wind direction. This allowed linka
rainfall characteristics and upwind lddbaoviefluence was then assasg&pearman correlations
between land cover fractions (including urban fraction) and rainfall or micrbpdgsieslsianedses.
further stratified by season (summer and winter) and byewerd| giadoks suggesiger urban

rainfall intensificatomer urban areasler weak background wind carditionsr downwind areas

under strong background wind c¢8deiom/2025; Toreléntelle a/.2025T herefore, wapked
stratification was used based on the location of eachithsehgpeettde urban arehereirban

favourable conditareslefineds loweharaverage wind speeds for stations within urban areas and
highetharaverage wind speeds for stations locatedholitsededtieally, urban effects should be most

pronounced under ttaasditions.
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3.4.5Air pollution analysis

To characterisddbal PM environment surrounding the disdraloetemgitkesmean concentrations

of particulate matter,{&\ PN over Belgiunerecalculateth addition to visual inspection of the
interpolatadean concentratiartsdpot analysisperformesiqgl e r f ¢ J mahang Kmp _
et al.2008)o assedscalspatial autocorrelatiomagan particulate matter concentratanethod
identifiestatistically significahisters and spatial outliers, referred to as Local Indicators of Spat
Association (LISA), and classifies them into félighpetidiayis of high valuégw@alusters of

low values), Kiglv (high values surrounded by low valm&s$lighngbiv values surrounded by high
valuesYhe analysis is primarily used to determine the spatial context of tlaiahstirceeter loc
whether thastruments are situated within regionaldnoes@ottrong spatial gradidrsspatial

weights matrix is defined using a-degaddfreshold. To deténedppropriate spatial scale, the
analysis is repeated for a range of distances in inknenagrthe oppmal distance is selected based

on the maximum standardizeref spatiatocorrelatiohshould be noted that the PM consentration

are based on-Rt@polated data derived from 82bgisrthdtations. Consequently, part of the observed
spatial aotorrelation reflects the interpolation itself, rather than the underlying concentrations. Howe
disdrometer locations are situated relatively close to monitoring stations (0.03 km for Biral, 6.68 km 1

2.97 km for Thiesiting the uncertainty from interpolation.

Disdrometer rainfall desieeaggregated to daily datainfalleventgconvective or stratifem)

combined with daily rpeditulate matt@ncentrations. Each daylabétied as low, intermediate or

high PM concentration, baseceeimdecdds were computed for th2qQixFi@024or PMand2008

° 2024for PM A commaoeriod for all instruments is used to ensure cdrepaeainifitys with

matching labefsdifferent disdrome8n&®M concentrations have dropped steadily in the past decade
in Eurogélikhani Faradomseii 202 ihstruments with a shorter temporal ecag@aggrdskewed

toward days with low or intermedetel$2id high B¥entecculess oftan recent yedist the see

reason, Rperiod starts in 2006 (thus omittih@aA@8)aligning with the beginninglafalmverage

for ThieBifferences in rainfall characteristics between PM categories were evaluated using median ©
and the Kruskdhllis tesio account for confounding faSp@arnagrartial correlation analysis is
executedrhich quantifiesdlsociation between two variables after statistically controlling for the effe

of one or more covariatesstadifigean sea level pressure (M@irie) sprelabre usedcovariates
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High PM concentraifters occur under stable atmospheric essditiatex] with high pressure and low
wind speeds, which limit ventilation and thus cause accumulatiGhexpallDGits C.dia/.

2024; Q. Yadg/. 2022Meanwhjklese conditi@me conduciveverall dry conditions with localised
intense rainfalhdarger meainopsizesAs a result, theBectgonfound the pure aerosol iamghcts

need to be accounted for when isolating aefidSilR#ectsvind sidld surfacere obtained from

three nearby grebasedveather stations, located 0.03, 3.18, and 9.84 km from the Biral, OTT, anc
instruments, respectivelgstimatieeuncertainty of thetiphcorrelations, confidence intervals were

calculated using bootstrap resampling with 1000 iterations.
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4. RESUSBT

4.1 Assessmentistirometperformae

4.1.1 Interna/alidation

Beforeonducting further analyses, the disdrometeeddtmigdreo assess their internal consistency
and reliabilifyhis was first done by comparing measureeéldeimesdationships with theoretical fall
velocities of raindrope raw drop specapresenting the collection of all recorded particles, show
substantial deviations from theoretical values (FigL8ydep pavtidies> 0.5 mtahd to exhibit

lower fall velocitikartheoreticahindropsvhile small partid®s 0.5 mm) ofteaw slightly higher
velocitie$hese discrepancies are most pronounced for the Birdiiatksplayentonsiderable noise

in the fon of small, fast partgiddarge, slow partidies.applying the filternogepure to retain only
diametévelocity bins corresponding to liquid precipitation (drizzle and rainfall), the agreement
theoretical fall velocities improves markedly. The filtered spectra closely follow’thiararpercted velocity
relationshipdicating that the quality control effectively reraoveanictes. Differences between the
literaturdoased and calculated masks are minor, although the calculated masks yield slightly better a

with the theoretical curve (Fig. 9).

Figuré:

Heatmaps @jraw drop spedctrairop spectra after filtering for liquid preovitiatiafb) Gurm
Kinzeandc)literature mask&e theoretical fall velocity from Gunn and Kinzer (1949 hisciown

line and timean veloaitith alashetihe
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(a) Diameter vs velocity: raw tbp spectrum | 202401-01 to 202508-31
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Internal accuraagurther evaluateatbmparing reported rainfall intensities with those derived from the
DSDs (Egiori1Prior to quality consobstantial deviations are present, particularly for Biral and Thie
(Fig.10). After applying the full quality control procedure, agreement improves considerably. F
instruments, the root mean square error (RMSE) decreases 8y%pbilextoatelgtion with

reported values increases substantially. In contrast, the OTT disdrometer already shows strong agre
quality contralith improvements of around 45% in RMSE after filtering. Overall, these results high
importancé quality control, particulaBydband Thies, where raw measurements are strongly affected

noise.
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Figura0O

Scatter plotsreported and f2&Dulated rain ratasative temporal resoluttb(a)and withous)(
quality contizg listed in Fidiltéringhe drop spedtaliquid precipitatipmasvevepplied in both
scenaridBanel titles stagveement metat&adwo rain rav@ariable$he bottopanelgc)depict the
combined scatter plots of the three instruments without dledl)taredmidl (rig@g. denotes quality

control.
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4.1.2 External validation with rain gauges

To enable consistent comparison, all measnemggtsgateda common {imute temporal
resolution and expressed as rainfal(inteffsifhe performaridche disdrometers was then evaluated
against nearby rain galigesg the three instruments, OTT shows the best overall agreement witt
reference rain gauge measurements, charauighisedrblatianccritical success indexdbiy

RMSEig. @1h Although the relative bias is elevated at very low rain rates, it decreases rapidly bey
mm fand remains stable at higher in{Eigitiel#) contrast, Biral exhibits a systematic underestimation
of rainfall, which besomere pronounced at higher intensities. This underestimation is evident in
reported and BISFvedain ratesalthough it is stronger for the latter. The negative bias increases shal
beyond approximately 34(fiig h114)though the probability of detectios tfOM)hest of all three
instruments (95%, compared to 61% for OTT and only 32&efatarmeaajetfiE&$quitehigh

with 57%ig. 11a,Tihies shows weak agreement with the corresponding rain gemgelatith a low

(R2 = 0.277) and a substantial negdiive38@s This is also reflected in its low FRNRabe$yifle

this, the overall raimfigliributiors comparable to that of the rain gauge, particularly for intermediat
intensitie@=ig. 11 p, apd the total accumulated rainfall over the study period differs by only 0.33%
suggests that discrepancies are mainly related to timing and varisduilfgl ratheutits(Fig. 11).

Figurai

Comparison of rain rates measured by the disdrometer Rt airegaangeexpressediamaim
computed fradmeminute aggregateshsurememisriods with missing data from either instrument were
omittedDrop spectra were filtered using the calculédelmeasiss shown where both instruments
recorded rainféll. account for temporal deviation, the correlation is shovdentfievetibestag,

which was found through testing lags up to 24-hontgarste@e first colupariels a, d, g, /, m

and p) shows scatter plots and histogreepercédrain rataaedr the disdrometers, while the second
column (panels b, e, h, k, n andtgg sleomzrison of the calculated r@greaatEgey bars on the
histograms stand for rain gaugevalitiesi/performance meareshown in the top left corner of

the scatter pldiée third column (panels c, 1, I, lllestrateias histograms and mean relative bias by

rain rate.
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After aggregatingréiey periods to hourly data by sumimemithgeain accumulations within the

houy temporal mismatches between instruments are reduced, resulting in improved correlation
disdrometers (FigN&R2Ertheless, the agreement between Thies and the rain gauge remains compa
weak, indicating persistent incons(gigndigs,|f)should be noted Bigt 11 and Fig. 12 depict the
comparisosin@530minuteéime lag correctighicltorrespontisthenighestorrelation. Tlhgvas

found bgystematically testing lags-mifiveintervalsup to 24 ho{sse Appendix Hirfue series)

Figura2

Scatter plots of hourlyrateaneasured by the disdrometer and rqrematepperow; DSD

calculatetdwerow(filtered with Gfinzer maksBerformance metrics are shown ifetheoioer

of the graphs.
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The influence of the drop spectrum filterinGunéthraabyersus literatdrased masks) is relatively

minor. Across all instruments, differences in performance metrics are small. Slight improvements |
observeddr Biral and Thies when using the calculated masks, while the impact on OTT is negligibl
diagram summarising the overall performance confirms these difiganre)distently

shows the strongest agreement with the rain gauges, combimnimg loigyhRdEBiElz normalised
standard deviation close to (squhreshowacomparable variavitte the reference rain ghuge

very low correlatiodicating poor temporal agreement despite similar rainfall (carcddsitpviBiral
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moderate corrigldbut a strongly reduced standard deviation, reflecting the tendency to underestimate

rainfall intensities.

Figura3

Taylor diagramsadf rategnm per 5 mifrgm disdrometeesnpared tloe nearest rain gauge, using
calculatqliterature) masksafap spectrum filtering on the leftiRagiigll time series from the three
bggbpmkcrcpg _ I b rfpcc p_gl!/ e_secqg uvucpc qr _1
gqos_pc cppmpqg &PKQC' " w  Blecsymbalsdefepte reparted rain rgtés e
and green symbols to calculated rain rates. Circles, triangles, and squares refer to Biral, OT1]

respectively.
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4.2 DSBtructure and variability

4.2.1 Average DSD and rainfall variables

To assess inherent differences between the instruments, the overall structure of the DSDs was firs
Despite differences in measurement principles, the three digpnoenaligrsistian mean(BigDs

14) However, clear differences ansalfdrop sizes. Biral and OTT exhibit DSDs that resemble a gar
distribution, with concentrations increasing up to diameters of appréximnatedfdde>decreasing.

In contrast, Thies follows a more exponential shape, charfogtricedcentvatipns of small drops

and a steady decline with increasing diameter. This results in a substantially higher proportion of sir
< 1 mm) for Thies (96%) compared to Biral (86%). &ud (DIEFN@BHa)e drop sizeg.Mrdin
concentrations are comparable between all three instruments, whjBifal $fy@es éropsre rapid

decrease than OTT and Thies.

Figuré4

Mean raindrop size distributions per digdioimeter of 0.1 FnErrobars indicate 8E\Mhe blue
line indicates the mean DSD for Biral, the orange line for OTT and théapéeméfiy ieleiasyve
contribution of drops with a diameter smaller tharntdtafrortodhation anofrount is shown on
the plot.
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Mean Drop Size Distribution
R = 0.1 mm/h | marker size « mean drop count

104
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oTT
—— Thies
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102] «f
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Q

100_
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10_4 T T T T T
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Diameter (mm)

When stratified by rainfall intensity, the difference between theedsdemoetgnonoundeid.

15) Increasing rain rates are generally associated with broader DSDs, lower peak concentrations
relative contributions from larger drops. This behaviour is consistenititiwdieal #rd ©Tidt the

case for Thies, whesiks are more pronounced at higher rain rates, suggesting a dominance of sma
even during intense rainfall. In addition, maximum oltegoediralrare lower than for the other
disdrometers, due to the longer samplirgdhtegbatelative omission oftéiggdities during quality

control.

Figura5

Individual raindrop size distributions coloured by rai(itattimtemsdy 0.1 ik
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DSDs by Rainfall Intensity (R = 0.1 mm/h)

108 Biral 105 oTT 105 Thies

Rain rate [mm/h] Rain rate [mm/h]
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To further characterise these patterns, a range of microphysical variables derived from the DSDs w
Across all instruments, rainfall intensity is strongly linked to changes in drop size characteristics. T
weighted mean dianfeétdD) increases with rain rate and converges towards upper limits of approxin
2.5 mm (Bjréalig. 6.6 mm (OFi§. J)7and 2.2 mm (Tites 18&he VMD/AMD ratio also shows
convergence, approaching values of appréRinahety B&1.3 (QTHIg. )7knd 2.0 (Thigig. 18k
Qgkgj_p "~ cf_tgmsp ggqg m gcptcb dmp pcjFigcb t _
16l° 18), and the normalized intercept parameigr {8l18). Despite these similarities in trends,
substantial differences in magnitude exist. For instance, the total numhkevaries &yteatiens(

magnitude between instruments, WiEgT ii@seporting significantly higher concentrations than Biral

(Fig. 18pand OTHig. bY).

Severabbust relationships between bulk rainfall variables are also identified. Rainfall kinetic energy r
exhibits a strong pdawerelationship with rain watte steeper scaling for Biral and OTT than for Thies.
Similarly, th&RZrelationship is well described by a power law for all instruments, although with di
coefficienfer each disdrometige OTT relationZhip (7R Fig. )7esembles tMarshalkalmer
relationsh{Z = 20068 more than Biral (Z & Z44g Dénd Thi¢d = 15¥RFig. )8¢MD and AMD

show a strong linear relationship, although variability is t{igiged 8b¥fleesnueriods dominated

byfew large drofi$ie kinetic energy spectrum KE(D) peaks atdibgmtierar(eound 1 mm) than the
concentration spectrum N(D), highlighting the dominant contribsitzeal dpaexramfall energy

(Fig. 16f18f)VMD decreases slightly with incrdagitigeNelationship is weak and highlfFigariable

16¢F 18i)Finally, liquid water content (LW@&)sstomgsexponential relationship with kindfagenergy

16€ 18eand a converging relationship wikgVMIQL8g)
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Figura6

Heatmaps of microphysical relations for the Biral disdrdimeeanélscsgbw (a) VMD vs R, (b) VMD vs
AMD, (c) Zvs R, (d) KER vs R, (e) KER vs LWC, () KE(D) vs D, (gyiMWMIDvgI(piy/Si,R vs N

&7 ' p_rgm " cr ucchvs R KRiBvarialilelpair8 &efittad qsilapegassion & /
except (b), which uses linear regression, and (). Linear and power fits are estimated through OLS r
depicted on the graphs with a solid line. ThaduRénamses are shown in the top left corner of the

panels. Tiashebhes depict the median values.
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Figura7

Heatmapsroicrophysicalationtor the OTT disdronéggelperdellp The panels show (a) \AID vs

(b) VMD vs AMD, (c) Z vs R, (d) KER vs R{JeXEER vs DNG) VMD vs LW, ((hY DA/
GDNVvsR, (B_rgm ~cruccl THER AllvirigdesrB fittedqisipgwefa b & '
regressi@mxcept (Whicluses linear regression, dnaed). and poweaf¢ésestimated through OLS
regressi@and depicted on the graphs with a. 3tl@flinetions and R? valisés\arein the top left

corner of the pariélglashethes depict the median.values

OTT - Disdrometer Microphysical Variables | 2024-05-01 - 2025-08-31
(Rain rate = 0.1 mm/h ; n = 24002)
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Figura8

Heatmaps of microphysical relations for the Thies disd@iomagBhg gamels show (a) VMD vs R, (b)
VMD vs AMD, (c) Z vs R, (d) KER vs R, (€) KER vs LWC, (f) KE(D) vs B,(pyMDDys@I WC, (h) R
Nt g P* &I p_rgm = c kus &cAll varlalldBpairs larb fitt€dki8layvpayer P
regression except (b), which uses linear regression, and (7). Linear and power fits are estimated
regression and depicted on the graphs with a solid line. The functions armdliIRIhaltags/afe show

corner of the panelsiaGmebhes depict the median values.
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The datatwadurthedividedhto rainfall eventish a duration of @A T and Troeghirty minutes

(Biral), which were classifamhvectsteatiforrarunclassifieging the critetescribedSection 3.2.5.

Based on the instruspmatifizR relationseflectivity thresholds corresponding to REwdrenm h
determinexk34.15dBZor BiraB3.57dBZor OTand3361tiBZor Thie$his classification resulted in
relativelfewconvective events for Biialikelyelated to the quality control, which removed a substantial

fractiorof periodsvithhigh rain ratdbus reducing the numperiadthatare eligible foonvective

events

Convective and stratiform events exhibit clear differences in their drosizecdistaleitargs.
characterisedigpificantly higher concentral@wgedrops, diverging fromviiall me&xsbeyond

diameters of approximaglynm (Fig).h contrast, stratiform DSDs closely resemble the overall mea
distribution but show a steeper decline for diameters largéregmdifarences are reflected in bulk
variables: for OTT ), lduasective events exbiit VMD values that are 77% (94% )shigtiferthan

events, and mean rainfall intensitie9@&386 465 2%) highesse regimes also occupyelstinstin
VMBlogdN,) spac®©ra VIA° logdN,) plotthe stratifax events cluster in the region of lowla&#D and

N,, whereas convective events are characterised byhwgiN{M®. 208or Birdiowever, most
convective eveanns in the loweght tail of the plot, associated with high VML, awioiléotieN

convective events are more evenly spread for OTT and Thies.

Figura9

Average DSD per precipitatiolhegioe line shows the mean DSD &% aliolatafig. 14phile
the orangmd green lirtwwhe meaSD sfratiform and convective,aesmsctivedample size
(n)mean VMD and rainfRaee shown in the legend for each Eategbeys indicate SEM.
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FiguréQ

Heatmap disdrometer measuremartéinog (V) space ovedaith a scatter plot otthesective
(red dotghd stratiform rain eyéhite dotgkr disdrometer.

VMD vs Normalized Intercept N,
(Rain rate = 0.1 mm/h)
Biral OoTT 4 Thies

« Convective (30 min; n=26) s Convective (10 min; n=107) « Convective (10 min; n=1798)
34 Stratiform (30 min; n=6651) 3 Stratiform (10 min; n=2615) 3- Stratiform (10 min; n=49938)

10910 (Nw)
=

._.
b4
Number of observations

2 2 2
VMD (mm) VMD (mm) VMD (mm)

4.2.2 Temporal variability of DSDs

Temporal variability in DSD characteristics reveals systematic differences at both diuAtal and seaso
the diurnal scale, rainfall fraction shows only limited variation thr{figh@iit fHosvesgainfall
characteristics do vary between diurnal periods. Afternoon rainfall is generally more intense than
rainfall, with higher median rain rates and |gigdrel@pss is reflectediginer median VMD values

and lower total drop counts, indicating fewer bpskdgérodrally, afternoon rainfall exhibits greater
variability in both drop size and intensity, as sholaabg blghated extreme rain rajeg (iRS8

patterns are also reflectedén median values of the(gheape: slopRdparametgy resulting a

broader drop size distridotiorhies and.®®f Biral, however, an opposite effect is found on these
parameter§he signal gsnilar for all threstruments, botreases in drop sizes and decreases in

concentrations are most pronounced for OTT.

Seasonal differeacemore pronounced. Winter is characterised by more freqeemthmainfallervent

drop sizes and lower rainfaltieggif$g@b). In contrast, summer railefsdiresquent but sigrahtly

more intense, with higher median values rain rate, kinetic enerfiyeSévilbanadteYifiggest a

larger contribution of convective precipitation, which is alkovegflectéd limcreaseg in rainfall
intensityareleast pronounced for. Bitatestingly, Biral and Thies record lower total drop counts an
concentrations during summer, whereas OTT shows the oppdisiatiigelbasystematic difference
between the instrumé&untshermore, Thies exhibits the strongest increase in drop sizes and is the

instrument showing a decreaSpringuand autirave compllamean D3RsUgIOTShows more
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pronouncéifferencderlarge dropgdn averagetemn hdsgher rain ratesdmalledrop sizes than

spring.

Figurél

Average DSD variabiiidggr upper rgphiurnaandlr lower rg@easonatalessee Section33of.

definition of periddwe legend shsavgple size (n), rafrdalionC), meatvyMD amakamainfall rate

(R)Error bars indicate SEM.

(@) Average diurnal DSD - Biral
2020-05-22 to 2025-08-31

Night (n=6541, ¢,=4.8%)

10° VMD=0.93 mm, R=0.75 mm/h
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Afternoon (n=7289, ¢,=5.4%)
VMD=0.96 mm, R=0.84 mm/h
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Average diurnal DSD - OTT
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____ Afternoon (n=5983, $,=3.7%)
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Evening (n=6499, ¢,=4.0%)
VMD=0.94 mm, R=1.40 mm/h

3
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Average seasonal DSD - OTT
2024-05-01 to 2025-08-31

___ Winter (n=7775, ¢=6.1%)
VMD=0.89 mm, R=0.98 mm/h
Spring (n=4260, ¢,=2.6%)
VMD=0.92 mm, R=125 mm/h

___ Summer (n=6069, $,=2.5%)
VMD=1.02 mm, R=2.31 mm/h

____ Autumn (n=5898, ¢=5.3%)

VMD=0.90 mm, R=1.46 mm/h

Diameter (mm)

Average diurnal DSD - Thies
2006-01-01 to 2025-08-26
Night (n=122523, ¢,=5.9%)
VMD=0.80 mm, R=1.12 mnvh |
Morning (n=126892, ¢,=6.1%) |
VMD=0.82 mm, R=1.18 mm/h |
Afternoon (n=119975, ¢,=5.8%) |
VMD=0.83 mm, R=1.24 mm/h |

Evening (n=115654, $,=5.6%) |
VMD=0.82 mm, R=1.15 mm/h |

3
Diameter (mm)

Average seasonal DSD - Thies
2006-01-01 to 2025-08-28

1
__ Winter (n=168263, $,=8.4%) |
VMD=0.74 mm, R=0.85 mm/h |
Spring (n=106291, $,=5.3%) |

VMD=0.84 mm, R=1.07 mm/h
Summer (n=96744, ¢,=4.2%) |
VMD=0.92 mm, R=1.87 mm/h |

Autumn (n=113746, ¢,=5.8%) |
VMD=0.81 mm, R=1.14 mm/h

Diameter (mm)

_dr c panasedsongh®! gy es ik k ¢geriodBold g r ¢ p
numbers indicatgnificant differences (p < 0.05) between periods, as detesiden] Mann
Whitney U testerisks indicéue level of significance (*: p < 0.05, **: p < 0.01, *Seasen@l001).

differencesight be skewed for OTT, due to the short temporal covefrapald/Z0addrigust
2025
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Temporal patterns also emerge when considering precipitation regimes. Convective events ¢
frequentlguring the afternoon, while their ocetirreglee is significantly dessmofFig. 2@
Stratiform evewis,the other hand, seem to have no diurnal period preference, with equal occurren:

throughout the day.

At the seasonal scale, convective events are most frequent during summer and, Velastesnmon in wir
stratiform evehive an inverse seasonal distribution, with the highest frequencies during winter and
in summégFig. 22 Autumn stands out as a transitional pedladiventhhigh frequencies of both

convective and stratiform dvehtsild be noted that the seasonal distribution for OTT may be affecte

the short data period, which includes two summers but only one winter, autumn and spring.
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