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Abstract. Fog droplet size distributions (DSDs) evolve under the influence of many physical processes, yet their development
through the fog lifecycle remains insufficiently understood and challenging to represent in numerical coodetsining the
accuracy of fog forecasting.o improve understandingf the fog evolutionfield observationsinder a polluted background

were conducted during winters from 202609 and 2012018 in Nanjing, ChinaAmong the 27 observed fog events
microphysical properties includirfgg droplet number concentratiod (), liquid water content (LWC), volummean radius

(Y ), and effective radiusY ) variedsubstantially Unimodal, bimodal, and trimodal DSDs were observed, with mode

separating diameters of 2 yn for unimodal; 2 aniig&6um for bimodal; and 2, @2, and 1&6 pm for trimodal DSDsBoth

the number of modes and thedeseparatingdiameters vary over the fog life cycle, with more frequent and pronounced

changes occurring during fog formation and dissipation or during periods of strong fluctuatibnsumd LWC.Compared

with unimodal DSDs, bimodal and trimodal DSDs exhibited broader PDF distributions of MV@nd"Y . Based on these

observational features, segmented gamma and lognormal fits were applied to mean DSDs using partition points at 10 and 20

pum. Comparisons betweemicrophysical parameters derived from the fitted D810l observations show that thhreegment

fitting improved estimates o _and LWGC while substantially enhanced the representatioiYof , absorption coefficient,

and optical thickness, reducing deviations from u@®@86 to within 20%Jnrimedal—bimedal—and-trimodal-DSbs-were




40

45

50

55

60

65

1 Introduction

Composed of suspended small water droplets or individual ice crystals in the air near the surface, fog has multiple impacts
ranging from transportation, vegetation, air quality, human health and eco®my (t e p e pJia etall, 2019; L&alal 4

and Avishek, 2022). Due the sharp decline in visibility, long duration, wide spatial coverage associated with fognitas esse

and urgent to improve fagodellingand forecasting. The formation and evolution of fog is driven by macro and microphysical
processes includingrecipitation radiation,advection, clouebase loweringfurbulent, aerosol activation and condensation

(Gul t epe geMazogel et al., 2022;BRao et al., 2023; Wang et al., 2020). With different physical processes interact
with each other nonlinearly, fog remains as a challenging problem for numerical weather prediction (NWP), even though
progress have been made in recent years (Boutle et al., 2018; Martinet et al., 2020; Tudor, 2010).

In order to gain a better understanding in mechanisms of fog evolution, in situ observations have been conducted worldwide
with different regions and aerosol backgrounds (Elias et al., 2009; Gultepe et al., 200G200% epe and ;Mi | brandt
Haeffelin et al., 2010; Mazoyer et al., 2022). Marked variaslibf microphysical parameters such as fog number
concentration{ ) and liquid water content (LWC) have been found. Fogs in polluted area show Bigloete to higher

aerosol number concentratioi (, while in relative clean regions including mountains, rainforests and rural areas there are
more big droplets, which contribute to LWC significantly (Gultepe and Milbrandt, 2010; Guo et al., 2015; Li et al., 2017; Nel

et al., 2024). Also, the fierce cqmtition for water vapor associated with highier suppresses the condensation growth in

urban areas, resulting a lowér of large droplets and smaller dispersiehif urban fog compared to clean regions (Ge et

al., 2024).

Meteorological variableandlarge-scale processesrongly influence fog formation. In generfidg can be classified into two
categories: airmass fog and frontal fog, which can be further divided inteadetettionand warmadvection fog, radiation

fog, and sea fogtc.( WI L L E T T. Anothe fbgforming mechanism is the overall lowering of a cloud layer, including
itscloudtopl Kor al i n .Radiaten fog typic@lly forny near the surface under clear skies and weak winds associated
with anticyclonic conditions. Its primary mechanism is radiative cooling, while opposing effects include upward soikheat flu
and the warming and moisture loss caused by turbulent mixing within the stable boundafytayeo wn, 1980; Roach,
Tur t on an d/.)Be adveadtion fah & &ssociated witle thdvection o moist air mass with a temperature contrast
relative to the underlying surfacevhich is mainly coastal but also can be observed over(laRd i e d | eAdvection2 0 0 4 )
radiation fog is produced by the radiative cooling of maist air that has been advected inland from the ocean or another large
water body( Ry z n & r)The GF®DG field campaign along the Atlantic Canada and northeastern U.S. coastlines showed
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that coastal fogvasinfluenced by multiple weather systems, including northeastern high pressuraepntestest low pressure,

and tropical cyclonic activity Gu | t e p e .Anbtheadtudy,in th2 dioh jound that fog associated with cyclonic systems
wasconsistently produced by clotshse lowering and subsequent downward extension to the surface, whereas anticyclonic
fog developed either from surface radiative cooling or from the downward extension téviemstratus to the surface

(Dor man et al., 2021)

The fog droplet size distribution is a key characteristic of fog microphysical processes (Niu et al., 2012), which éeéhfluen

by aerosol chemical composition and number concentration as well as various environment factors such as temperature,
humidity, wind speed and direction (Mazoyer et al., 2017; Price, 204®).droplet size distributions (DSDs) often exhibit

one or more distingieaksnodes referred to as unimodal, bimodal, or trimoB&D, and can battributed tadifferent origins

of the fog angprocesses withinit E1 i as et al ., 2015; Hammer et.KENKEL(1982) 14; Sampurno Bruijnzeel et
finds various shapes in DSDs measured in advection fogs. Many other studies have shown the existence of bimodal DSDs in
mature radiation fog¢ Meyer et al ., 1980; Pinnick et al ..Gul9épe Rodch et al ., 1976 ; We n

Mi | b r(2anOd&pprteddSDmodes near 4 and 23 em dur i ng.Boudaledta. (202 0o g events in the Toronto
investigated the seasonal and microphysical characteristics of fog at Cold Lake Airport in northern Alberta, Canada, and foun
that radiation fog exhibited a bimodal droplet spectrum with peaks at 4 pm a@#l ii. Mazoyer et al. (2022) observed that
fogDSDinasemur ban area of Paris exhi b)iatnedd dboautbH es inmogdlee ) nadbdoeu t ( alblo uatn d1 12 2e ne m
When the fog DSD is bimodal, there is a mass transfer from smaller droplets to larger dvbabteaydue to collision
coalescence process, while sedimentation by gravity speeds up the removal of fog (Mezleyer et al., 2022)The initial

fog DSD is influenced by environmental supersaturation and background aerosol properties. As visibility decreases and fog
develops, the DSD broadens, transitioning from umiahdo multimodal (Mazoyer et al., 2022)he charateristics of the

DSD also strongly influence the optical properties of fog. Stewart and Essenwanger (1982) showed that the attenuation of
electromagnetic radiation by fog depends sensitively on the shape of the droplet size distfibetidSD and water vapor
determine the overall optical properties of fog and its effects on visibility and radianséertogether.

Integrated with in situ measurement, numerical experiment is a commonly used approach to gain a better understanding of the
physical mechanism in fog. Over the past decade, numerous numerical experiments have been conducted to evaluate the fog
forecasting capabilities and limitations of various mesoscale NWP models, leading to notable progress (Cui et al., 2019; Payr
and Mohan, 2014)Despite WRF hasnadeprogressn forecasting certain variables such as temperature and ivioften

struggles to capture the accurate fog lifecycle (Peterka et al., 2024; Fasd et al., 2016)The simulated evolution of

fog exhibitsa sensitivity to the shape of tlESD comparable to its sensitivity to aerosol loading or cloud droplet number
concentration ¢DNC), yet it remains one of the least investigated and rarely adjusted components of microphysical
parameterization scheméoutle et al., 2022). A simulatioof a heavy fog everin North China Plain found that effective

radiusof fog dropletdecreases nonlinearly with aerosol number concentration (Jia et al., 30k®) the effective radius was

obtained under the assumption of a monodisperse DSD and the dispersion effect was neglected, it ney dverestmated

or underestimated due to f@grosol interactions (Chen et al., 2016; Liu and Daum, 2@2jently, fog DSDs are described
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using various spectral distribution functions such as exponential, gamma or lognormal functionsidtaitiknicrophysical

scheme (Kessler, 1969; Khain et al., 2015). However, the fog DSD exhibits strong spatial and temporal variability and evolves
throughout the fog lifecycle, oftedisplaying distinct featureand deviating from idealizedlistributionsdue to turbulent

mixing, radiative effects, and gravitational setlli@u | t e p e eNellieadl.,.20242a0ndp7a e d i To maWang 197 6
et al., 202} Such variabilities in DSD could cause substantial deviations from the predefined spectral distribution functions,
further bringing challenges for fog parameterization (Khain et al., 2015; Lakra and Avishek, 2022). Therefore, a more
physically consistent and adaptable representation of DSD is required to improve simulation relidoijtgvolvement

In this study, based on the observation data of the 27 fog events obtained in Nanjing, China during the winte20602006

20172018, we focus on the characteristics and evolution of DSDs, how they are associated with microphysical characteristics

and hav to improve the representation of multimodal size distributions using the gamuiiagnormafunction. The rest of

the article is organized as followSection 2 describes the observation site, data, and methods used in thiSsttidyn 3

presents the results, including an overview of microphysics across 27 fog events, an analysis the fog lifecycle under differe

modes, the correlations between microphysical characteristics and varying DSD modes, and a refinement of tardjamma

lognormalfitting approach with an evaluation of its performance. The main conclusions are presented in Sections 4.

2 Data Set and Methods

The field campaign was conducted during the winters of Z00® and 201-2018, with each campaign lasting approximately

one month per yeaithe sampling site was located in the northwestern suburban area of Nanjing, Jiangsu Province, China
(32.2°N, 118.7°E; 22 mabove sea levg| north of the Yangtze River and surrounded by industrial facilities, residential areas,
and major roads (Niu et al., 2010, 201Phe DSD was measured with a fog monitor @0D) from Droplet Measurement

Technologies (DMT, USA) with diameters rangingframo 50 em into 20 bins, at a sampling
of each bin is 2 em for the first 10 bins and 3 enm for the

particles, data from the first bil-¢ 3 are omitted L u et .d&dg.with’ 2>01Q @nf and 0w 6 > 10° g nr® was
identified (Lu et al., 2020; Wang et al., 2021). Microphysical characteristics including fog number conceniratitguid
water content (LWC), volumenean radiusY ), effective radius’Y ), dispersior(-), autoconversion thresholthand first

bin strength"06 J'Were calculated through following formulas:
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where” is the density of watet, is the fog droplet diameter of each birjjs the mean arithmetic radius defined with

B——, 1 is defined witht t8tw p 1 f ’—1, in whichf pp v pm,0 isthe number concentration of

the first bin (24 g fallowing the exclusion of thé-2 e m bi n.

Because visibility observatiomgereunavailable for fog cases3and 1820, visbility for these casewas estimated using the
observed fog droplet spectra and the microphysical parameterization scheme developed by( Guléefe&sgd on the
extinction theory of visible light in fog:

0w — 9

in which 1 “B0 &1 Qi (10)
where| is the constant threshold, typically set to 0.02, represents the extinction coefficient is the Mie extinction
efficiency, which depends on particle radius, number concentration, and the wavelength of visible light. Whesizieoplet
exceedsbout4e m0O  approaches a constant value of 2. For smaller dropéests tharde iy 0 varies between 0.9
and3.8 Brengui er et al .., 2000; KOENI G, 1971)

1. ldentify turningpoints

For a DSD defined on discrete diameter binsctignge ratef number concentratiowasfirst computed as

Y8 0 —HQ pltf8 p w (11)

where ‘O _is the droplet diametert ‘O _is the number concentration for each.biihe sign of Y¢ 'O _characterizd the

local trend of the DSD: a positive value indicates decreasing concentration with increasing diameter, whereas a negative valu
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indicates increasing concentration with increasing diaméker turning diameteiO was identifiedas the diameter where

thesign of Y& 'O _changefrom positive to negativewith the additional requirement that the number concentratiotits on

right side of are nonzerdn addition,if the number concentration in the first bin is the highest in the DSD(Othe _of the

first mode is assigned a value of 2 ym.

2. Unimodalandmultimodalgamma andbgnormaldistribution
To determine the number of modes and meefgaratingositions, each fog DSD was sequentially fitted with unim@etal
bimodal(i=2), and trimodali=3) gamma andbgnormal distributions as show below

For thegamma distribution:
£¢0 B ¢£¢0 B 0500 (12)

where ‘O is the droplet diameter ‘O _is the number concentration for each bin,, ‘ _and _ are the intercept, shape and

slope parameters, respectively. Forlignormal distribution:

£¢0 B ¢ 0 B —"—AQD — 13

where O is the droplet diameters ‘O _is the number concentration for each bin, is the total number concentratio®

is the geometric mean diameter and is the geometric standard deviati@etails of the upper and lower bounds used in the

fitting of Eq. (12) andEq. (13) are provided in the Appendix Al.
For each DSD, unimodal, bimodal, and trimodaimma andognormal fits were performed, yielding the corresponding sets

of fitting parametersas well asthe individual modal componentA fit was retained only if adjacent modal components

intersected (mode-2 for bimodal fits; mode -R and mode -3 for trimodal fits).The turning diameteiO was identified

as the diameteof the first intersection of two adjacent modieslicating that the mode begins at thextbin. If the first size

bin of the DSD hd thehighestnumber concentration, it was identified & _of the first modeA fit was acceptdonly if

all identified O  sdid not fall within the same or adjacent size bFisally, the Akaike Information Criterion (AIC) and the

Bayesian Information Criterion (BIGre used to evaluate the performance of the accepted fits.

AIC and BIC aretwo influential and widely used model selection criteria in machine learning, engineering, and related

scientific fields(Akaike, 1974; Schwarz, 1978; Zhang et al., 2023L provides a numerical basis for ranking competing

models by their information loss in approximating the unknown true process, with the model yielding the lowest AIC

considered the best approximatingmodeédy monds and .MBiCissasisteht in the srisel tha] it selects the true

model with probability approaching one. A lower BIC corresponds to a higher posterior probability for the model and is
therefore regarded as indicating a better m¢dé€lh a k r ab ar t i .&he dorreSgomdmdiformutad atelay follows:

6086 ¢i 1 ¢ (14)

606 ¢l i nl (15)
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where 0_is the maximum likelihood estimate),_is the number of independently adjusted parameterss the number of
samplesAmong the acceptfits, the one with the smallest combined AIC and BIC is used to determine the number of modes

and the correspondin® of the DSD.

Compared with the original unimodél = 1) fit, the multimodalcomposite distributiongield lower AIC and BIC values

(Figure 1a). In additionfy , 0 @@ 'Y _and'Y _retrieved from the optimal fit are closer to the observations (Figure 1b).

These results further confirm the validity of this approach and the necessity of representing DSDs with multimodal

distributions in this studyA comparisornof the optimal fit results based on gamma and lognormal distributions reveals that

the lognormal distribution yield lowekIC and BIC values(Figure 1a) as well asmaller absolutdeviations of0 , 0 @ ¢

'Y _and'Y _(Figure 1b). Therefore, in this study, the lognormal fitting results are more suitable than those based on the

gamma distribution for determining the number of modes andxhe .
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Figure 1 Distributions of AIC/BIC values for the unimodal and optimal gamma andlognormal distribution fits (a), and their absolute

deviations between the retrievednd observed microphysical propertiegb).
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The O identified from the turningoint are mainly located at approximat@ly m6-14e m, 1&20d m, wher eas t hose

determined from lognormal distributions are primarily found at approximatelyn6-10e m,  a-28d m@werall, the two

methods exhibit similarO distribution characteristics. In contrast, ti@ _distribution obtained from the gamma

distribution | ac Khisindicatingatthtein thisesdy, tH2 @ameandistribution may fail to capture modes
245 | ar ger t madditioR, Gnsilering that the observational data may be affected by sampling unceotagmall

fluctuations in number concentration across size bins, the lognormal fitting restét@dopted in this study to determine the

number of modes an® of the DSD.Possible modes in the &D ¢ nrange are excluded whe@ derivedfrom

lognormal fitting wasadopted The sensitivity of the gamma and lognormal representations of the DSD to large droplets is

discussed in Appendix A6, with the corresponding results shown in Fiddre A
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Figure 2 Distribution of Dwm derived from the turning-point method (a), gamma fitting (b), and lognormal fitting (c).

Given that temporal resolution may influence the identification of B®denumbers andO s, we derived these guantities

using both imin and 5min averaged DSDs. The results from the lognormal distribution are presented here, while those from

the gamma distribution are provided in the Apperféigure A11 As the two resolutions produced only minor differences

(Figure 3), a 5min averaging interval was used in this work to reduce the influence of noise.

1-minute resolution D, [E81-min resoclution £715-min resolution
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Figure 3 The Dwm distributions of all DSDs obtained using lognormal distribution at 1-min and 5-min resolution (a), and the Dum
distributions by DSD type at both resolutions(b).

10



265

- 1-minute resolution Dpeak

£ 50 T T T [F91-min resolution 1 5-min resolution

za @ 50 . .

= . (b)

3T 1 af 1

2o .

o 10 20 30 40 50 T

— 5-minute resolution D ERal 1

9 peak x

£ 50 T - v - %

240 g Laop .

=30 1

29 1 L i

20 1 10

[=] " i

0

o 10 20 30 40 50 0 . . .
Dpaak (um) Single Mode Events Double Mode Events Triple Mode Events

3 Results

270 3.1 Overview of fog microphysics

The fog type, meteorological variables (temperature, wind speed), visibilitysuamdary statistics of , 0 ® &Y, 'Y

-, “Yand"O6 ‘for each event are provided in Tablé &f Appendix.Among the 7 fog events, 4 were classified as radiation

fog, 8 as radiatioradvection fog4 as advection fogwhile 1 event was likely associated with raindrop evaporation as it

occurred after precipitatior€Compared to other fog types, radiataavection fog typically exhibits longer duration, slightly

275 higher wind speed and temperatufee averaga) , LWC, 'Y _and'Y _vary over the ranges of 2886 cm®, 0-0.27 g 13,
166 e m82elm,9 respectivelyy,lowbriiW®andsmallersroplet sees cagparing to seran

area in Paris, France (Mazoyer et al., 2022) and rainforest area in Xishuangbanna, China (Wang et al., 2021). In the meantime

significant variability in the microphysical properties is obserbetiveen different eventéamong all DSDs, unimodal,

bimodal, and trimodal distributions account for 5%, 49%, and 46%, respectilrsipodal DSDs exhibit the highest mean

280 0 ,LWCand "Ywhereas bimodal DSDs have the largest 'Y _and relative dispersion ), indicating largedropletsizes

and a broader size distribution. Trimodal DSDs show the highesv&B8

Table 1 Microphysical characteristics of single mode, double mode and triple mod¥SDs the first row shows the mean values, in
the parentheses are the 25and 75" percentiles of each characteristic

Type O (sm) 0 (c M) Owdg I YEm Y (em) Y - 06 (%)
Singl e P 386. 4¢(C 0.21 4. 13 6.22 0.17 0.614 45. 5E
B (187.84,(0.01,(3.05 (4.16 (0, 0(0.52 (28.29

11
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. 230. 4: 0—12 42 2 6—7 3 0—16 0—72 55—-24
i e R G
300 Figure 4 presents the mean DSDs for different mode types averaged over all fd@)asé®ver cases excluding Fog Case

1-2 (b). The mean DSD spectrimaresensitive to cases with high _and long durations, such asd=Casel-2 (F1-2). In

particular, 50% of the unimodal DSDs originate fromZ1eading to higherd _in the mean unimodal DSD spectrum than

in other DSD types when all cases are includrent.all caseshie mean spectrum of unimodal DSDs exhibits the higbest

particularly for droplets with diameters below 10 ym. In contrast, bimodal and trimodal DSDs $hat diameterdelow

305 10¢ nthat are very close to those of the mean spectrum of all DSDs. As aerosol activation is governed by environmental
supersaturation and aerosol hygroscopic properties (Shen et al., 2018; Wang et al., 2019), thé simitanall diameters

may indicate that aerosol activation persists throughout fog development, despite changes in the number of DBmirodes.

12
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the diameter range of 450 um, bimodal DSDs exhibit highed

than trimodal DSDs, consistent with their larg¥#r, 'Y

and -.

In the following section, i¥e representative cases are selected to examine the lifecycle characteristics of fog events with

different moesand the evolution of DSDhiroughout the stages of fog formation, development, and dissipation

10° . 10° .
—Single Mode DSDs - Single Mode DSDs
—Double Mode DSDs| —Double Mode DSDs
—Triple Mode DSDs —Triple Mode DSDs
1 —Average 1 —Average
' 107 & 10}
§ §
Z 40} = 10" .
(a) (b)
-3 -3
e 10 20 30 40 50 "o "1 20 30 40 50
D (um) D (um)

Figure 4 Average spectrums of fog DSDsfor different mode types over all fog

cases$a), and average spectra of fog DSDs with

different modes excluding fog Casel-2 (b).
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3.2Mode Transitions and Possible Mechanisms

spectum for the five selected caseS.ur f ac e

850

330 Figure 5-9 presents the temporal evolution of meteorological variables, visibility, microphysical properties, and droplet

in the AppendixFigure A13A17). MODIS 3.9 um shortwave infrared and visible channel imageryFog Case 41 (F1-1),

Fog Case 10H10), andFog Case 20R20) are provided in the appendix (Figur&A10). ForFog Case 4K4) andFog Case

h P a conditiondpre@edirly edthPfeg eveent are provided
335 not coincide withthe observationsThe 1s temporal evolution of the DS@seshown in Appendix Figure A18&mong the
340

18 (F18), no satellite imagery is available within the fog period because the overpass times of toehitiiar satellite did
five fog cases, F4 and F20 have relatively short durationslestidct formationdissipation lifecycle Both F11 and F18
experienceapidgrowth, whereas F10 exhibits pronounced temporal fluctuations during its lifecycle evoligomaximum
LWC used as an indicator of mature phase is marked in Pigtre
Fog Casel (F1) was a radiatioradvection fog event lasting 39 hours. It formed under radiative cooling conditions, with
sustained southwest warm and moist airflow supporting its long dul&iigure AL3). To enable a clearer and more detailed
analysis of its microphysical characteristitsyas divided into two events at approximately the 14th hour after fog formation,

based on the temporal evolution@f_and LWC. The exact initial and end times of these two events, as well as their positions
within the full fog lifecycle (F1), are provided in Tabld And Figure A2 of the Appendix.

and trimodal As theLWC approacheits maximum 0

F1-1 experienced a rapid development after formatiuring the first houafterfog formation, visibility decreased rapidly,
inthe 52 0

345 and( _increasing to approximately 600 diFollowing the drastic intensification there is a relatively stable phase lasting

Om
14

about 11 hoursduring which slowly decreasing temperature and steady wind direction ccfest@able conditions that
range

maintain relatively high _and LWC.During fog formation and development, the DSD transitions among unimodal, bimodal,

decreased,

whi l

@

those

above

20

Om
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rapidly, suggesting a mass transfer from smaller to larger droplets as the DSD broadens toward largerDirdptethis

stage, the DSD is predominantly bimodafter 2006/12/2510:00, as0 _and LWC gradually decrease, the DSD again

alternates between bimodal and trimodagure 5)

F4 is an advection fog event. Under the influence of a-pigksure ridge, the lo¥evel atmosphere was stable with weak

winds. Warm, moist air at 850 hPa was advected over a colder surface, cooled and condensed toFayordodyl4) It

shows a clear formatiedissipation evolutionAbout 40 minutes after fog formation, visibility gradually decreased asand

LWC increased. Temperature wesatively low during the formation and development stadasoring fog persistence

Before LWC reaches its maximuri, _and LWC continue to increase, followed by a gradual decrease after maximum LWC.

'Y, 'Y _and-_are positively correlated with LWC, while FBS shows a negative correlatibmhe beginning of fog

formation, transitionsbetween bimodal and trimodate more frequeniAs the fog develops, thé _of the DSD gradually

increases, with a more pronounced enhancement in droplets within-#@e0size rangeDuring fog dissipation, transitions

also occuwith U _gradually decreasing across all size rar{&égure 6)

F10formed as aadiation fog under higpressure control and weak surface wiBgure AL5) and remainedtable with

relatively low 0 _and LWC for the first 6 hourdUnder these stable conditions, the DSDs persisted in trimodal with little

variation. After 2007/12/20 06:00ising temperature and variable wind direction enhanced turbulent mixing and promoted

fog developmenti _and LWC increased with pronounced fluctuatiazmresponding changes were observed in the DSD

astransitions betweebimodal and trimodal distributions occurrifrequenly. Both 'Y _and’Y _increased with fluctuations,

corresponding to the marked increas@ino f dr opl et s | ar ger t h ®uwingZhe difipation stags, h o wn

when 0 _and LWC gradually decrease, trimodal DSDs are more prevalent with occasional transitions to (fiigodal’)

F18 is aradiationfog event formed under higbressure conditions and near surface weak winds, driven by radiative cooling

(Figure A16) Blank areas in Figure 8 indicate missing data. After fog formation, visibility decreases substantially) while

and LWC increase rapidlfCorrespondingly,0 _across all size ranges rise quickly, and the DSD gradually transitions from

a trimodal to a bimodalAfter the LWC reaches its maximum, temperature decreases slowly angunieee wind speeds

remain weakfavouringfog maintenanceDuring this period and until gradual fog dissipation, the DSD alternates between

bimodal and trimodadlistributions

F20 isanadvection fog event. Under higitessure control, easterly and southeasterly winds transported warm, moist marine

air over a cold surface cooled by nocturnal radiative loss, providing favorable conditions for fog fofigtioa AL7). The

stable temperature and wind directias well asw i

nd

s p e eds faboefbgomaint@&hano@nd thel FBS remained

consistently high at above @& For F20, the DSDs were predominantly trimodal, without the pronounced increaseiin the

of droplets larger than 1@in as observed in F18 and F18ithough this fog case exhibits two pronounced formation and

dissipation cycles, transitions between bimodal and trimodal DSDs occur infrequently, likely due to its relativiély éoal

LWC.
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Across the five fog cases analyzed above, transitions of the DSD among different modal types occur in all cases aliyd are close

linked to the characteristics of the fog life cycle. In cases with relativelyiovand LWC or weak temporal variability, such

as F4 and F20, these transitions occur less frequently. In F10, frequent changes in DSD modal types coincide with pronounced

oscillations in) _and LWC. Both F11 and F18 exhibit explosive increasestin_and LWC during fog formation, and as

385 LWC approaches its maximum, bimodal DSDs occur more frequently. However, LWGlinsFlightly higher than in F18,

while the mean( _in F18 is approximately 1.5 times that in-E1The resulting stronger competition for water vapor may

suppress the formation of droplets larger than 20 pm, preventing the sustained occurrence of a bimodal DSD.
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390 Figure 5 (a) is the temporal evolution of N, LWC , Ry, Rer, FBS and ¢ _for fog casel-1, the dark lines represent Bminute averaged
values while the light lines are dminute averaged values. (bis the 5minute average DSDAs the fog develops, the colongary from
blue to red, with the DSD at the time of maximunlWC marked in purple. From the time of maximum LWC to fog dissipation, the
colors gradually shift from purple back to blue.Each DSD in (b) is marked in (a) using colors and symbols (circles, lines, and plus
signs), where the colors denote time and the symbols indicate the modal type of the D&is the temporal evolution ofvisibility.
395 temperature and wind speed, with wind direction represented by wind barbs. (d} the 1-minute temporal evolution of DSDs.
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3.3 Correlation of modes and microphysical properties

Figure10 presents the probability distributions 6f, LWC, 'Y _and 'Y _across unimodal and multimodal DSO%e 0

distribution of unimodal DSDs differs markedly from those of bimodal and trimodal DSDs, witloltability density function
(PDF)distributiors mainly concentrated below 2@ and above 408n73. In particular, thePDF distributiors above 400

cm® is higher than that of bimodal and trimodal DSDs. For bimodal and trimodal DSDBDR@f U _decreases with

increasingy , although bimodal DSDs show slightly higher PDF values than trimodal DSDs in the range 556,

The LWC distribution of unimodal DSDs shows characteristics similar t9 itglistribution, with the highest PDF occurring

at values exceeding OgnT®. Bimodal and trimodal DSDs exhibit simildistribution wherd WC is below 0.2y n13, whereas

bimodal DSDs have higher PDF values and a broader distribution at higf@r than0.2 g nt. For the 'Y _distribution,

unimodal DSDs exhibit the narrowest range, mainly concentrated between 2 and 6 pym. Bimodal and trimodal DSDs have

comparable rangeslowever, trimodal DSDs are primarily concentrated between 2 and 4 ym, with the PDF decreasing rapidly
beyond 4 um, whereas bimodal DSDs show a more uniform distribution over the rangenf.2n terms of 'Y, unimodal

DSDsexhibit the highest PDFaluesin the 810 um range. Bimodal DSDs show the widée¥t _distribution, with PDF

values above 8 um exceeding those of trimodal DSDs. Trimodal DSDs are mainly distributed between 2 and 10 pm, with
slightly higher PDF values than bimodal DSDs in tHe 2n range.
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Figure 11 shows theaveragecontributions of each droplet size bin to tofial and LWC with different moels The mean

contribution of each size bin to the totél shows good consistency with the DSD madiatribution. For unimodal DSDs,

the contribution of individual bins ta) _decreases with increasing droplet size. In contrast, bimodal DSDs exhibit an

enhanced contribution t6 _in the18-29 um size range. Compared with trimodal DSDs, dropletger thar.0m contribute

more to the( _of bimodal DSDsFor LWC, in unimodal DSDs droplets in thel® pm, 16-18 ym, and ®-29 um diameter

ranges all make noticeable contributionsbimodal and trimodal DSDs, droplets at other sizes contribute relatively less to

LWC compared with those in the®um and 2629 un diameter ranges. Howeveompareo trimodal DSDs, droplets in the

12-20 um range contribute slightly more to LWC in bimodal DSDs.
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3.4Performances and improvemenbf gamma and lognormal fitting

Bulk microphysical schemes commonly represent DSDs with gamma or lognormal distributions, making the accuracy of these

representations critical to performanoé numerical simulationTo evaluate the validity of the gamma and lognormal

distribution for winter fog in Nanjing, mean DSDs 27 observed fog events are fitteding the form of Eq. (12) and (13)

with i=1. For the fog events examined in this study, both gammaagmbrmal distribution provide a good fit to the average

DSD in the smaidropletrange (2 0 € m) , but significantly underestimates number concentrations

especially the gamma distributiolm multimodal DSDs of the examined events, additionablesappear bsidesthe mode

near2 ym, which likely contribute to the poor fiThe probability distribution 0f0  _obtained from lognormal fittingcross

all DSDs (Figure 2¢) indicates that the other twmodes occur primarilyar ound 1 ®@eenm dheér 2f or e, segment ed

gammaanto gnor mal fitting was Oeondscpad (Figsrdl2bg, dpfoyi pwhenDBOE 2

are segmented at 10 em, the fit increasing20y csSgmbetatienst i mates number concentrat
at 2 um produces good agreement in thel@ ym and 2-50 pm ranges, although substantial deviations remain in the

intermediate 120 um range.Based on these results, athsee gment gamma fi tting approach was applied using 10

20em as partitil®hhpoiThmti s @Pipgwraeh significantly i mproves the overall fit ran:
providing a more accurate representation of the whole DSDs.
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Figure 12 Gamma and lognormal fitting of the mean spectrum: original fit (3e),twos egment fi tting wi tlh a breakpoint at 10 em
f), two-segment fitting with a breakpoint at 2 ¢ m(c, ), and threesegment fitting with breakpoints at 10 and 2 ¢ m(d, h).
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575
To demonstrate that the superior performance of the-8egment gammand lognormafitting is due to the physically

meaningful segmentation based on the characteristics of DSDs, rather than merely the increased number ofwsegments,

evaluated the performance of alternative segatefitting. Sincethe gamma and lognormal distributions are nonlingeas

fitting points would fall on a straight line and cannot constraindibgibution, potentiallyleading tonorridentifiable or ilk

580 posed parameter estimatéberefore, the segmentation points must satisfy two condittise full spectrum must be divided

into three segments, am) each segment must contain at least three bins. Under these constraints, 66 feasible segmentation

combinations exist. Using each set of segmentation points, we performed gamma and lognormal fits for all DSDs and retrieved

the corresponding , LWC, 'Y _and'Y . The absolute deviations between the retrieved values and the observed ones were

compared for both thalternativefittings and the fixed 0 um and 20 um segmentatiorfFigure13). For all four microphysical

585 parameters, the deviations from the fix@hmentation fitting are significantly smaller than those fralternative

segmentation. A twaided binomial test was conducted to evaluate the probability that the fixed segmentation outperforms

thealternativesegmentationFor bothdistributiors, the 986 confidence interval is [085, 1.000] with a pvalue of 2.23€308.

These pvalues are far below the 0.05 significance threshfiiése results confirm the effectiveness ofiigm and 20 um

segmentatioffior both gamma and lognormal distribution
590
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Figure 13 Boxplots of the mean absolute deviations fron66 alternative segmented fittings, with redand blue dots indicating the

mean deviations from the fixedl0pm and 20 ym segmentation
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To further evaluate the performance of the gamma and lognormal fitting with different breaking {pairit8/C, 'Y _and

'Y _were calculated based on both the original and segmented fit. These results were then compared with those derived from

observations. Theeviation distributiorbetween fitted and observed results are analysed in Figum@nd the correlation

between them are showed in FigurE9AThe norsegmented gamma fit significantly underestimatedithef droplets larger

than 10 &m, leading to underest i mat)i caleulatedffronathel twsdgenenifit e d mi cr ophysi cal guantitie

with a breakpoint at 10 em is close to observati onQ but the derived LWC are s

em all mi crophysical guantities are underesti mat e-@0 l'ikely due to underrepres

¢ nrange. Compared to the neegmented gamma fit approach, the tisegment fitting shows substantial improvement in

the hight _regime 0 > 7 0-9 and imLWC estimation as thesults are tightly clustered around the zéewiation line

and the 1:1 linéFigure Al9). Also, the fitting accuracy fotY _and'Y _is also improved for both gamma and lognormal
fitting.
Except for the norsegmented gamma fitting, the other three segmented approaches exhibit a clear pattern in €stimating

underestimation primarily occurs when the obserded < 6 & m, while overestimation tends to occur when the

'Y > 6 & m (19 iThjsupattern i particularly pronounced in the fitting segmented at &, whereas the three

segment fitting shows notable improvement in reducing underestimation at Ywewalues.
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Figure 14 Deviation distribution of N, LWC, Rv and Reii between observation spectrum and the gamma and lognormal fitted

spectrum. The number above each boxplot indicates the segmentation positian (n;)'none’ denotes no segmentation point applied.
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Cloud optical thicknesst] and singlescattering albedd ( ) are key parameters for evaluating the Twomey effect (Stephens,

1984; Twomey and Bohren, 1980).can be calculated with

t —Q4 (16)

where ¢ is the thickness of the cloud or fog layer (Stephens, 1978). When assuming cloud or fog is vertically homogeneous,
Eqg. (16) can be simplified as

[ (17)

where — represents the average optical thickness per layer. The-sitagtering albedd ( ) can be expressed by
p 7 p&Q'Y (18)

where'Q _is the complex part of the refractive index of water. Etg) indicates the critical role 6% _in the Twomey

effect (Wang et al., 2019).
To more precisely assess the potential climate impact of inaccuré¢y inestimates from gamnend lognormafitting, Eq.

(17) and (8) were used to calculate absorption coefficient and optical thickness based on both observed and fittdis

allowed evaluation of the extent to which gamma and lognormal fitting overestimates or underestimates these parameters.

Results are showed in Figurb.1
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Due to its significant underestimationtife 0 ofdr opl et s | ar g e r-segniested gamtha andnlpgnornfale n o n

fitting notably underestimate absorption coefficigmt (| ) and optical thicknessf] by up to 90%. Compared to the fitting
segmented at®® m, the fitti ngnorsa&curatelydamudes asorptlol coefficient and optical thickness, yet
still exhibits up to 50% overestimation or underestimation of absorption coefficient. It is noteworthy ttet this@ymented

fitting generally underestimates optical thickness, likely due to the underestimatiom @f for droplets in the 120 & m
range.
In contrast, the thresegment fitting significantly improves the estimation of both absorption coefficient and optical thickness,

with most deviations confined within 20%. The most notable improvements lie in reducing the underestimation of absorption
coefficient and the overestimation of optical thickness, as the percentages of both underestimation and overestimation become
very small.
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680 Figure 15 Correlation between absorption coefficient ( © ) and optical thickness(Vyderived from observed spectrum and those
computed from the gammaand lognormal fitted spectrum with no breakpoint (a, b, i, j) breakpoi nkl)diakddt em (c, d

at20em (m.n fand breakpoiGetm atodoh em and 2

mogeneous,

vrately captures absorption
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The interrelationships among the threeritparameters obtained from the thimgment gamma fitting are shown in Figure

16. For each segment, _exhibits a negative correlation with bothand _, while * _and _ are positively correlatedn the

D < 10 & m s &ganc nate pbséned, igdicating a narrower and more concentrated spectrum with a steep decline

in number concentration as drshevs &widersdistrbetion witlt smellerseflecting For D > 10 & m,
broader spectrum and higher number concentrations of larger drépletmap ar ed t o t he DO irtheD& em segment s,
10 em range is more t i>reiieyn 'd Biggesting that smalhdroplet coacengyaions dre higytger

and more consistent across different DSBecausethe fitting parametersf lognormaldistribution do not exhibit clear

correlations, they are not shown here.
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Figure 16 Correlation between the I, € and a-derived from the three-segment gamma fitting
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4 Conclusions

As a key parameter of fog microphysical processesdtyglet size distribution (DSDO¥ influencedby multiple macre and
micro-scale factors, exhibits significant temporal and spatial variability, and evolves throughout the fog lifbeyeley

posing challenges for accurate fog predictibliu et al., 2012Nelli et al., 2024)To gain a better understanding of how the

DSD evolves over the fog lifecycléis study investigates the microphysical characteristics of 27 winter fog events in Nanjing

under polluted conditions, with a focus on the evolution of droplet size distributions (DSDs) throughout the fog.lifecycle
Among the 27 fog cases, DSDs with singlemdie ) , douB6-e mpbdenl t26-131826emm)d ewegr e
observed. The average, LWC, 'Y _and'Y _vary over the ranges of 286 cm?®, 0-0.27 g nm® 166 & m;82& m,9

which shows greateb , lower LWC and smaller droplets comparing to other clean regiacis aghe tropical rainforests of

southwestern Chin@Vang et al., 2021)'he main findings are as follows:

Among all fog cases, radiation fog accounts for the largest propatidnadiationradvection fog tends to persist longer.

Variations in the number of DSD modes are closely linked to fog lifecycle characteristics and to changes in physical variable

such asU _and LWC. For fog events with relatively lo@ _and LWC or relativelyless intenséormation and dissipation

processes, transitions in DSD modal type are infrequent and occur mainly during the formation and dissipation stages. When

0 _and LWC increase sharply, the DSBows frequent modal transitions with an increasing prevalence of binbial

Moreover, when() _and LWC exhibit strong oscillations, transitions among different modal types douultameouslyand

at high frequency.
Comparison of the retrieved physical parameters from segmented gamma and lognormal fitting with observations indicates

that the threesegment fitting yields the best performance, especially in impraffingnd LWC estimation. Meanwhile, the

threesegment fitting reduces the estimation deviation¥in , absorption coefficient and optical thickness from up to 90%

in_the nonsegmented fitting to below 20%, demonstrating its effectiveness in improving fog DSD representation and

microphysical characteristic retrieval.

These findings advance our understanding of fog droplet size distribution (DSD) evolution during fog lifecycles and the

correlations between DSD modes and microphysical properties in polluted urban .rébemsiproved segmented gamma

and lognormal fitting offer a new perspective for DSD parameterization and demonstrates strong potential for improving the

representation of cloufihg microphysical processes in weather prediction and climate mddstould be noted that this

study is primarily based on observational data and focuses on analyzing the microphysical characteristics and thesr evolution

The underlying physical processes and mechanisms governing fog evolution as well as the interactions and relative importance

of different controlling factors, remain to be clarified through enhanced analyses of aerosol background conditions and

sensitivity experiments on relevant physical processes using numerical simulatamidition,only athreeparameter gamma

and lognormadistribution was used to fit and refine the mean DSD. The comparative performance of alternative distribution

and evaluate the influence of different parameterizations on fitting accuracy could be explored in future studies.
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Appendix

AlDet ails on the upwfear ametsedgueEmmé camdl sf pgnhbnagal

In this study, DSDs were fitted using gammanoasredanldogtnhoeinral distributions to
810 correson(igi@) anwhi(dlB)gahewal bel ow.

For gamma distribution:

£¢0 B ¢£¢0 B 0500 (12)

For thelognormal distribution:

€0 B &0 B —"—A@D R (13)

h

815 Fits with different numbers of modes weredpetf.obmedpnand the optimal solution

For the gamma distribution, nWnipwoeddael f,i nbe dnosdiazle raanndg et sr i wreordea | p rgeasnenrai bdeids t ri but i o

were fitted separately, allowing the fitting procedure to automatically ident,
In the | ognorhmele dinssdseabpet ¢ x@i@madl ey, lag@3®myveri eenti fied based on
the mean DSOFioduméTlIALdE sneésmi ze subjectiveoilhivemensdi@gnerdel otithwely broad bounds

820 par armsencer differeRor valhissmedalut Oowes copstrained tdh i a n2g5edm. I'n

bi modal di sP)r,i btuwd omes adefiiiadnasttee r c o mb i n at { 8lplsm) avre@ 22, lemo.nsi der ed
Accordingl pywedi famelo mphtpewer eOs pEcA hatnblh ¢ @ombitnhheb uavet s e s et

t @10 &X2@m; f @r ain¥wec o mbi ntahbeb o @ P-8 0 aBHBdm.I n t rdimotdrail b8t i ons (i =

thbheouh@d® wer e sSeéin, 2Bm 2-38nThe discrete representation of the I ognormal distribut

825 , i s given by

in wb'Dcl%.ln this study, the makstmamprcakcwmBbmeéekdr @ aBtdlee of ange of

, was s-2tI5n ot e mewas i @O COb O
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In this study, based opnoicnotmpnaertihsoodn sa nwdi tthh et hgea niduarsnfiintgh i nigom esul t s, the Il ognorm

850 was selected to determine the nuOnb.BrecafusPSDPwmodes sawmd thetcogr @eap amei eg s

were specified for the bimodal distribution, two fiintting results were obtaine

totlaalt.er sections between adjacentO fdetededompomebhhsesweféetseweieedptantl!l biwed

to occur in the. sAmenorthej hceattbanssatisfy this criterion, the one with th

selected to determine the number of modes and the mode diameters of the DSD.

855 The following six representative examples are provided to illustrate the four

and the procedure by which the optimal fit is selected under the proposed cri

Single mode exampl es:
Figure A2 shows a uni modal DSD during thelilfThgd d efelmopiment stage prior to the n

2, defined by the intersection betwee® monfdemddeend anodlei 2,t Healdfsowe t hin the sa

860 considered invalid anbessphiotwen tahse NarN mond atlh ef ifti gyuireel.di ng the | owest AIC and BI C

di sc frochesckc.guentl y, the untilnoveslt fAiltC (aan)d vBiltCh vtaH eu esse oviarsd sel ected to deter mine t|
of modes in this DSD.
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single mode (AIC=63.19, BIC=66.02) double mode (AIC=69.19, BIC=74.85) double mode (AIC=63.56, BIC=69.22) triple mode (AIC=36.41, BIC=44.91)
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865 Figure A2 example of single mode DSD

Doubl e mode exampl es:

Fi gudsédhoAwvs the DSD during the fog develdpmentretsappaedpmigornr ot @ htehé i méoxi mum LWC i
bl ue cRirgvlebFeon t hi s DSD, the bir mafdidthIli nf i(tc)i nwi(tdh) laonwdert hAel C and BI C values were
discarded because mode @App@ar imogl ea 2 )M a Nnaikiti ntigmei &fr is guptoes si bl e to deter mi ne

870 t he second mode. I n tdteh binondelal|l 1 fand shomava@tncdadlresthohadi hgwi thin the
same or adjacent bins, and the sum of the. AECefhode Bl Chival ies wassmaller than
used to determine the numb@®r foff mhdes DSrbDd t he corresponding

single mode (AIC=61.65, BIC=64.48) double mode (AIC=59.61, BIC=65.28) double mode (AIC=54.30, BIC=59.97) triple mode (AIC=16.18, BIC=24.68)
+ " Obaerved * Observed [+ oo ;f:;.":"':;u
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Modo 3: Ny=1.00e+02, B =15.05, 7, =1.146

Figure A3 example 1 of double mode DSD

875 Figure A4 shows the DSD at the time when LWC inlFeaches its maximum, corresponding to the purple curve in Figure

7b. For this DSD, the trimodal fit (d) is discarded because@he _o f firshaed second modll within the same bin

Accordingly, theO of mode 2 is shown as NaN in the figufenong the remaining fitdit (c) yields the lowest AIC and

BIC values. The intersection between mode 1 and mode 2 defines a correspondinghat does not fall within the same
or adjacent binsTherefore, the bimodal fit (c), which has lower AIC and BIC values, is selected to represent the number of
880 modes and the mode diameters of this DSD.
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single mode (AIC=73.77, BIC=76.60) double mode (AIC=56.21, BIC=61.87) double mode (AIC=40.64, BIC=46.31) triple mode (AIC=38.34, BIC=46.84)
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Figure A4 example?2 of double mode DSD

Figure A5 corresponds to the orange DSD in F10 prior to the maximum IRiflire 8b) Compared with Figure A7, this

DSD exhibits ebroader modén the 1025 um size rangeln the trimodal fit (d), mode 2 and mode 3 do not intersect, so the

modes cannot be determined. This fit is therefore discarded, witbthe_of mode 3shown as NaN in the figur&he other

three fits are all valid. Therefore, the bimodal fit (c) with the smaller combined AIC and BIC is selected to determine the

number of modes and th® of this DSD.

single mode (AIC=28.29, BIC=31.12) double mode (AIC=-22.18, BIC=-16.51) double mode (AIC=-14.62, BIC=-8.95) triple mode (AIC=-30.02, BIC=-21.52)

(d) ! -
10 20 30 40 50
D (um) O (um) D fm) D (um)
- - Mode 1: N =2.23e+02,0 _=2.97, o _=1.512
- = ‘Mode 1: N;=2.04e+02,0 _=3.12, 7_=1.443 - - Moda 1: N;=2.25¢+02, D_=2.87, »_=1.515 o @ .
. N4 D =2.00, 0 =2. o 0 () g U . : 0,129, =1
Mode 1: Ny=4.31e+02, D.‘ZW LA 2.050 - - Moda 2: W=5. W‘.D.l‘\&»ﬂ. "'.“m - - Mode2: Nn-ilmﬂ.D"ﬂM‘ “’_'.m Mode 2: N,=6.20e+00, D' 1219, o 1.120

Mado 3: Ny=5.26e+01, 0 _=15.00, o, =1.637

Eigure A5 example3 of double mode DSD

FigueceorA esponds to -LhprigoeetoDSHBriigvabkdl manmt h&Cf i'Q@ wiasg
constra2®@e@mtion 5cas2e0 (Chn iann dc atsoe 1(5c ) . Pofra ltlhsi swibtShD, n tthhee

procedur e,

roevt erri leavpepdi n g

range of the two2pabmmetersbbundg {( h5i dentiBeahubetthery wesludts for
the 1 owest Al Canadndt hBl G oW a ledgsepsomadti nfga | | within, thhi sam8Dorsadjacent

classified as bimodal

45

cases

b i

ns

(b)



900

905
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Figure A6 example4 of double mode DSD

Triple mode exampl es:

Figure A7 shows themodeidentification result for the yellow curve prior to the maximum LWC in F&i@ure 8b) In the

trimodal fit (d), intersections exist between mode 1 and mode 2 as well as between mode 2 and mode 3, and the resulting

(0] satisfy the physical requirement that they do not fall within the same or adjacent bins. Moreover, this fit yields the

minimum combined AIC and BIC among éills. Therefore, it is used to define the number of modes an®the_of this

DSD.

single mode (AIC=51.43, BIC=54.26) double mode (AIC=6.15, BIC=11.82) double mode (AIC=14.27, BIC=19.94)

triple mode (AIC=-37.22, BIC=-28.72)
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Figure A7 example oftriple mode DSD
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A3MODI S 3.9 Om shortwave infraredl,anFdlOvi sainbdl eF2cOhannel i magery for F1

For F428&ndhoF satellite imagery is available witbrbithegfog period because the
satellite did not coincide with the observations.
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| Figure A93 Terra MODIS 3.9 un shortwave infrared and visible channel imagery for Fog 0, with the observation site marked by
920 ared cross
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Figure A104 Terra MODIS 3.9 pm shortwave infrared and visible channel imagery for Fog20, with the observation site marked by
ared cross
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Figure A11 The Duwm_distributions of all DSDs obtained using gamma distributionat 1-min and 5-min resolution (a), and the Dum

960 distributions by DSDtype at both resolutions(b).
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