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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 coadteksining the
accuracy of fog forecastingo 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

(YY), and effective radiusY ) varied substantially Unimodal, bimodal, and trimodal DSDs were observed, witide
separatingliameters of um for unimodal; 2 and6-18 um for bimodal; and2, 6-12, and18-26 pm for trimodal DSDs. Both

the number of modes and theodeseparatingliameters vary over the fog life cycle, with more frequent and pronounced
changes occurring during fog formation and dissipation or during periods of strong fluctuatibnsivd LWC.Compared

with unimodal DSDs, bimodal and trimodal DSDs exhibited broader PDF distributido®/6f Y and'Y . Based on

these observational features, segmented gamma and lognormal fits were applied to mean DSDs using partition points at 1
and D ym. Comparisons betweemicrophysical parameters derived from the fitted D81d obserationsshow that three
segment fitting improved estimates &f and LWG while substantially enhanced the representatiofiYof , absorption

coefficient, and optical thickness, reducing deviations from §9% to within 20%

1 Introduction

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

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



35

40

45

50

55

60

and urgent to improve fagodellingand forecasting. The formation and evolution of fog is driven by macro and microphysical

processes includingrecipitation radiation,advection, clouebase loweringturbulent, aerosol activation and condensation

(Gul t e pe pMazogelet al.,, 22 8hao 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 yazost{e 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 |l br

Haeffelin et al., 2010; Mazoyer et al., 2022). Marked variaddlibf microphysical parameters such as fog number

concentration ) and liquid water content (LWC) have been found. Fogs in polluted area show figldeie 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 competition for water vapor associated with highsuppresses the condensation growth in

urban areas, resulting a lowér of large droplets and smaller dispersion in urban fog compared to clean regions (Ge et al.,

2024).

Meteorological variableandlargescale processesrongly influence fog formation. In general, fog can be classified into two

categories: airmass fog and frontal fog, which can be further divided intaadetttionand warmadvection fog, radiation

fog, and sea fogtc.( WI L L ET T. Anothér fbdgforming mechanism is the overall lowering of a cloud layer, including

itscloudtopl Ko r al| i n .Radiaten fogtypicll forn} near the surface under clear skies and weak winds associated

with anticyclonic conditions. Its primary mechanism is radiative cooling, while opposing effects include upward soik heat flu

and the warming and moisture loss @by turbulent mixing within the stable boundary lafyeB r o wn 1980; Ro.

Turton and .Be adveatipn fag & &sséociated with the advection wfoist air mass with a temperature contrast

relative to the underlying surfacevhich is mainly coastal but also can be observed over(lafd i e d | eAdwvection2 0 0 4)

radiation fog is produced by the radiative cooling of moist air that has been advected inland from the ocean or another large

water body( Ry z n a r The GF®DG fie)d campaign along the Atlantic Canada and northeastern U.S. coastlines showed

that coastal fogvasinfluenced by multiple weather systems, including northeastern high pressuraprtbstest low pressure,

and tropical cyclonic activitf Gu | t e p e . Anotheadtudy,in thHe €e@idh jound that fog associated with cyclonic systems

wasconsistently produced by clotmhse lowering and subsequent downward extension to the surface, whereas anticyclonic

fog developed either from surface radiative cooling or from the downward extension -#viestratus 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 ¢gthfluen

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, 26d8)droplet size distributions (DSDs) often exhibit

one or more distinanodes, referred to as unimodal, bimodal, or trimoB&D, and can battributed todifferent origins of

the fog and processes within(itEl i as et al ., 2015; Hammer et .KUNKEL(1®D)14;
2
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finds various shapes in DSDs measured in advection fogs. Many other studies have shown the existence of bimodal DSDs i
mature radiation fogé¢ Mey er et al ., 1980; Pinnick et al ..Gul9épe R0
Mi | b r2aOnCd@pprteddSDmo d e s n e a r dufing avinter fo@ ents imthe Toronto regi@oudala et al. (2022)
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 ym a8 [ii. Mazoyer et al. (2022) observed that
fogDSDinasemur ban area of Paris exhi b)latnedd dhbooutbH es inmogdlee ) nadbdoeu
When the fog DSD is bimodal, there is a mass transfer from smaller droplets to larger avbaietsmaydue to collision
coalescence process, while sedimentation by gravity speeds up the removal of fog (Mezleyer et al., 2022)rhe initial

fog DSD is influenced by environmental supersaturation and background aerosol properties. As visibility decreases and foc
develops, the DSD broadens, transitioning from unimodal to multimodal (Mazoyer et al., PB2haracteristics of the

DSD also strongly infilence 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 distilihetib8D and water vapor
determine the overall optical properties of fog and its effects on visibility and radiative titagsfitrer.

Integrated with in situ measurement, numerical experiment is a commonly used approach to gain a better understanding of th
physical mechanism in fog. Over the past decade, numerous numerical experiments have been conducted to evaluate the f
forecastingcapabilities and limitations of various mesoscale NWP models, leading to notable progress (Cui et al., 2019; Payra
and Mohan, 2014). Despite WRF hasdeprogressn forecasting certain variables such as temperature and wind, it often
struggles to capture the accurate fog lifecycle (Peterka et al., 2024; Reasédi et al., 2016)The simulated evolution of

fog exhibits a sensitivity to the shape of 8D comparable to its sensitivity to aerosol loading or cloud droplet number
concentration (CDNC)yet it remains one of the least investigated and rarely adjusted components of microphysical
parameterization schem@outle et al., 2022). A simulation of a heavyfevent in North China Plain found that effective
radiusof fog dropletdecreases nonlinearly with aerosol number concentration (Jia et al., 301®) the effective radius was
obtained under the assumption of a monodisperse DSD and the dispersion effect was neglected, it may have been overestimal
or underestimated due to f@grosol interactions (Chen et al., 2016; Liu and Daum, 2@@2jently, fog DSDs are described

using various spectral distribution functions such as exponential, gamma or lognormal functionsurdtnitknicrophysical

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

mixing, radiative effects, and gravitational setilicu | t e p e eNellieadl..20242a0ndp7i er i a n dWahig ma s i
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 relfdbijtgvolvement

In this study, based on the observation data of the 27 fog events obtained in Nanjing, China during the winte20682006
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 gamaagnormafunction. The rest of

3



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

100 presents the results, including an overview of microphysics across 27 fog events, an analysis the fog lifecycle umder differe
modes, the correlations between microphysical characteristics and varying DSD modes, and a refinement of tardgamma
lognormalfitting approach with an evaluation of its performance. The main conclusions are presented in Sections 4.

2 Dataset and methods

The field campaign was conducted during the winters of 200® and 2012018, with each campaign lasting approximately
105 one month per yeamhe 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 (EBD) from Droplet Measurement
Technologies (DMT, USA) with diameters rangingfram o 50 em i nto 20 bins, at a samj
of each bin is 2 em for the first 10 bins and 3aepsol f or
110 particles, data from the first bii-@ § are omitted Lu et .d&dg.with( 25010 @y and 0w 6 > 10° g n1® was
identified (Lu et al., 2020; Wang et al., 2021). Microphysical characteristics including fog number concentrafibauid
water content (LWC), volummean radius’Y ), effective radius'{ ), relative dspersion(-), autoconversion threshol&y

and first bin strength'Q06 J'Were calculated through following formulas:

O Bgi (1)
115 0 wd p pm"B—i &1 2
L A —— ®)
2% E 4)
., —- (5)
- (6)
120 Y — - - (7)
06 Y — (8)
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where” is the density of watel, is the fog dropletadiusof each bin,i [is the mean arithmetic radius defined with

B——, i isdefined withi 18tw p 1t '%, in whichf pp v p 1,0 isthe number concentration of

the first bin (24  § fallowing the exclusion ofth&-2 e m bi n.

Because visibility observationgereunavailable for fog cases3and 1820, visibility for these casasas estimated using the
observed fog droplet spectra and the microphysical parameterization scheme developed by( Gulegfeisgd on the
extinction theory of visible light in fog:

®w — 9)

in which 1 “BO £11 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
exceedsaboutd e m 0 approaches a constant value of 2. For smaller dropésts tharde my, O varies between 0.9
and3.8 Brenguier et al .., 2000; KOENI G, 1971)

Previous studies have shown that DSDs can exhibit one or multiple modes (Elias et al., 2015; Hammer et al., 2014; Sampurn
Bruijnzeel et al., 2005). Therefore, in this study, two approaches were employed to identify the presence of multimodal DSDs
and to determine the corresponding number of modes anartbéeseparatingliametersl) identifyingturningpointswhere

the number concentration transitions from decreasing to increasing with droplet sizejetetdr@iningnodeausing unimodal

and multimodagamma andognormal functionsThe detailed procedures are described below.

1. Identify turningpoints

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

Y6 0 —HRQ pltB p w (11)
where O is the droplet diamete ‘O is the number concentration for each.bihe sign of ¥¢ ‘O characterize the
local trend of the DSD: a positive value indicates decreasing concentration with increasing diameter, whereas a negative valu
indicates increasing concentratiaith increasing diametefhe turning diameteiO was identifiedas the diameter where
thesign of Y& 'O changefrom positive to negativewith the additional requirement thiite number concentrations @8
right side of are nonzerdn addition,if the number concentration in the first bin is the highest in the DSDQOthe of the
first mode is assigned a value of 2 ym.

2. Unimodalandmultimodalgamma andognormaldistribution

To determine the number of modes and maefgaratingositions, each fog DSD was sequentially fitted with unimgietal),
bimodal(i=2), and trimoda{i=3) gamma andbgnormal distributions as show below

For thegamma distribution:

€0 B £ 0 B (000 (12)
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where 'O is the droplet diamete 'O is the number concentration for each bin, ‘* and _ are the intercept, shape and

slope parameters, respectively. Forlitgnormal distribution:

§0 B £ O B b A@D R (13)
T h h

where 'O is the droplet diamete ‘O is the number concentration for each bin, is the total number concentratiof)

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 trimogaimnma 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 -2 and mode -3 for trimodal fits).The turning diameteiO was identified

as the diametesf 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 accepgdonly if

all identified O  sdid not fall within the same or adjacent size bfisally, the Akaike Information Criterion (AIC) and the
Bayesian Information Criterion (BI@re used to evaluate the performance of the aedéfs.

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 approximatingmade&dy monds and .BiCissamsstemt inthe serisetiaj 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 mod€lh a k r abar t i .&he dorreSgordmdiformubad akelay follows:

606 ¢l b «¢n (14)

606 ¢l 1o niio (15)

where 0 is the maximum likelihood estimat@, 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 additionpp , 0 w '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 resultbased orgamma and lognormal distributions reveals that

the lognormal distribution yieltbwer AIC and BICvalues(Figure 1a) as well asmaller absolutéeviations ofb , 0 @ §

'Y andY  (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 andhe ..



185

190

195

200} 107 3
100 -’.\i
c 10° 1
i
Q o k]
& 3
o -100f o107 1
< 2
=
-200 - - °
Gamma F!t AIC 7} 10-4 [EGamma (optimal)
Gamma Fit BIC g [IGamma (i=1)
-300 Lognormal F?t AlC b [ELognormal (optimal)
(@) Lognormal Fit BIC . (b) [ILognormal (i=1
400 . . 10" . . . \
Unimodal(i=1) Optimal Nf Lwc Rv Ref-f

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).

The O identified from the turningpoint are mainly located at approximat@ly mg-14¢ m, 1&20d m, wher eas
determined from lognormal distributions are primarily found at approximatelyn6-10e m, a-28d m@werall, the two
methods exhibit similafO distribution characteristics. In contrast, tl@  distribution obtained from the gamma

di stribution | ac Khisindicatingataten thisestaudy, the gammandistribution may fail to capture modes

| ar ger t madditioB, Gnsklering that the observational data may be affected by sampling unceotaamall
fluctuations in number concentration across size bins, the lognormal fitting restdtsdopted in this study to determine the
number of modes an® of the DSD.Possible modein the 3050 ¢ nrangeare excluded whenO derivedfrom
lognormal fittingwasadopted 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 Fidire A

g: __ Dtum (through turning points)
™
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0 5 10 15 20 25 30 35 40 45 50
60 [
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™
E 20
0 (b)
0 5 10 15 20 25 30 35 40 45 50
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S40F mm
o
E 20
0 T [T (e
0 5 10 15 20 25 30 35 40 45 50
D(pm)

Figure 2 Distribution of Dwm derived from the turning-point method (a), gamma fitting (b), and lognormal fitting (c).
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200 Given that temporal resolution may influence the identification of P®@enumbers andO s, we derived these quantities
using both imin and 5min averaged DSD3.he results from the lognormal distribution are presented here, while those from
the gamma distribution are provided in the Apperfdigure A1l As the two resolutions produced only minor differences

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

[1-min resolution ["75-min resolution
turn

1-minute resolution D

o 50 T T - 40F T T - -
£ ol (a) ] (b)
2 351 1
=30
Q99|
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340 r 1
=30r 1 10+
E 20 1 s

o 10 1

o 0 ! ; o 1 1 1
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205 D(um)

Figure 3 The Dum distributions of all DSDs obtained using lognormal distribution at 1-min and 5-min resolution (a), and the Dwum
distributions by DSD type at both resolutions(b).

3 Results
3.1 Overview of fog microphysics

210 The fog type, meteorological variables (temperature, wind speed), visibilityguamdary statistics o6 , 0 @Q'Y, 'Y
-, “Yand"O0 "fér each event are provided in Tablé #f Appendix.Among the Z 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 precipitatiofCompared to other fog types, radiatiatvection fog typically exhibits longer duration, slightly
higher wind speed and temperatufae average) , LWC, 'Y and'Y  vary over the ranges of Zm86 cm?, 0-0.27 g n13,

215 166 e m82&lm,9 respectivel yy,lowbrilw®anddmallersroplet sees tamparing to sernan
area in Paris, France (Mazoyer et al., 2022) and rainforest area in Xishuangbanna, China (Wang et al., 2021). In the meantim
significant variability in the microphysical properties is observed between different edemtgg all DSDs, unimodal,
bimodal, and trimodal distributions account for 5%, 49%, and 46%, respectiléipodal DSDs exhibit the highest mean
0 , LWCand "Y whereas bimodal DSDs have the largdst 'Y and relative dispersion), indicating largedropletsizes

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

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 73" percentiles of each characteristic
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Figure 4 presents the mean DSDsdifferent mode types averaged over all fog cdagandover cases excluding Fog Case
225 1-2 (b). The mean DSD spectrigaresensitive to cases with high and long durations, such asd-Casel-2 (F1-2). In

particular, 50% of the unimodal DSDs originate fromZleading tohigher G in the mean unimodal DSD spectrum than

in other DSD types when all cases are includied.all caseshe mean spectrum of unimodal DSDs exhibits the highest

particularly for droplets with diameters below 10 pm. In contrast, bimodal and trimodal DSDs Ghaat diameterbelow

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

may indicate that aerosol activation persists throughout fog development, despite changes in the number of D8hirodes.

the diameter range of 480 pm, bimodal DSDs exhibit highed than trimodal DSDs, consistent with their larg¥r, Y

and -.

In the following section, e representative cases are selected to examine the lifecycle characteristics of fog events with
235 different moasand the evolution of DSDhiroughout the stages of fog formation, development, and dissipation

103 - - 10° : ,
Single Mode DSDs Single Mode DSDs
—Double Mode DSDs —Double Mode DSDs
—Triple Mode DSDs —Triple Mode DSDs
1 —Average 1 —Average
R 10 f s 10°¢
£ E
) 3
Z 10} Z 107}
(a) (b)
3 , . : . 3 . . . .
10 0 10 20 30 40 50 10 0 10 20 30 40 50
D (pm) D (um)

Figure 4 Average spectrums of fog DSDsfor different mode types over all fog case¢a), and average spectra of fog DSDs with
different modes excluding g Casel-2 (b).
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3.2 Modetransitions and possiblemechanisms

Figure 5-9 presents the temporal evolution of meteorological variables, visibility, microphysical properties, and droplet
spectumfor the fve selected caseS.ur f ace, 850 h Pa conditiandpredediryy edchPfeg event are ovided

in the AppendixFigure A13A17). MODIS 3.9 pn shortwave infrared and visible channel imageryFfoy Case 411 (F1-1),

Fog Case 10F10), andFog Case20 (F20) are provided in the appendix (Figur&-A10). ForFog Case 4R4) andFog Case

18 (F18), no satellite imagery is available within the fog period because the overpass times of tehitigr satellite did

not coincide with the observatiorBhe ks temporal evolution of the DSRseshown in Appendix Figure A18&mong the

five fog cases, F4 and F20 have relatively short durationsdestidct formationdissipation lifecycle Both F:1 and F18
experienceapidgrowth, whereas F10 exhibits pronounced temporal fluctuations during its lifecycle evolimgomaximum

LWC used as an indicator of mature phase is marked in Fig8re

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&igure 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.

F1-1 experienced a rapid development after formaturing the first houafterfog formation, visibility decreased rapidly,

and U increasing to approximately 600 SmFollowing the drastic intensification there is a relatively stable phase lasting
about 11 hoursduring which slowly decreasing temperature and steady wind direction ccfastgable conditions that
maintain relatively highl and LWC.During fog formation and development, the DSD transitions among unimodal, bimodal,
and trimodal As theLWC approacheits maximum 0 inthe52 0 Om range decreased, while
rapidly, suggesting a mass transfer from smaller to larger droplets as the DSD broadens toward largerQiraptethis

stage, the DSD is predominantly bimodafter 2006/12/2510:00, as0 and LWC gradually decrease, the DSD again
alternates between bimodal and trimo@agure 5)

F4 is an advection fog event. Under the influence of a-piglsure ridge, the lelevel atmosphere was stable with weak
winds. Warm, moist air at 850 hPa was advected over a colder surface, cooled and condensed tqFoyordoyl). It

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

LWC increased. Temperature wesatively low during the formation and development stadasoring fog persistence
Before LWC reaches its maximurd, 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 correlafibthe beginning of fog
formation, transitionsbetween bimodal and trimodafte more frequenis the fog develops, thé of the DSD gradually
increases, with a more pronounced enhancement in droplets within#@euir0size rangeDuring fog dissipation, transitions

also occuwith 0 gradually decreasing across all size rar({§égure 6)

10
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F10formed as a radiation fog under highessure control and weak surface wiigure 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 development) and LWC increased with pronounced fluctuaticsmyesponding changes were observed in the DSD
astransitions betweebimodal and trimodal distributions occurrifrgquenly. Both Y and’Y  increased with fluctuations,
corresponding to the marked increasédinof dr opl et s | ar ger t h ®uring2zhe digdipatica stags, h o w |
when 0 and LWC gradually decrease, trimodal DSDs are more prevalent with occasional transitions to (Higocal)

F18is aradiationfog event formed under highressure conditions and near surface weak winds, driven by radiative cooling
(Figure Al6). Blank areas in Figur8 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 andunfeae wind speeds

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

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 fofFigtioa AL7). The

stable temperature and wind directiamwell asvi nd s p e e d s faboe fbogomaint@nano#nd thel FBS remained
consistently high at above &) For F20, the DSDs were predominantly trimodal, without the pronounced increasedjin the

of droplets larger than 1in as observed in Bland F10.Although this fog case exhibits two pronounced formation and
dissipation cycles, transitions between bimodal and trimodal DSDs occur infrequently, likely due to its relativiely dma

LWC.

Across the five fog cases analyzed above, transitions of the DSD among different modal types occur in all cases alyd are close
linked to the characteristics of the fog life cycle. In cases with relativelyliovand 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 pronounce
oscillations in0 and LWC. Both Fi1 and F18 exhibit explosive increaseslin and LWC during fog formation, and as

LWC approaches its maximum, bimodal DSDs occur more frequently. However, LWEClinisFlightly 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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Figure 5 (a) is the temporal evolution of N, LWC, Ry, Reft, FBS and £ for fog casel-1, the dark lines represent Bminute averaged
values while the light lines are dminute averaged values. (bjs the 5-minute average DSDAs the fog develops, the colorgary from
blue to red, with the DSD at the time of maximumLWC 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
305 signs), where the colors denote time and the symbols indicate the modal type of the D8Iis the temporal evolution of visibility,
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 of, LWC, 'Y and'Y  across unimodal and multimodal DSO%e 0
distribution of unimodal DSDs differs markedly from those of bimodal and trimodal DSDs, witblitability density function

(PDF) distributiors mainly concentrated below 2@d3 and above 400m3. In particular, the®?DF distributiors above 400

cm? is higher than that of bimodal and trimodal DSDs. For bimodal and trimodal DSDBDiRef 0 decreases with
increasingl , although bimodal DSDs show slightly higher PDF values than trimodal DSDs in the range5§f(@56°.

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

at values exceeding Ogdnr3. Bimodal and trimodal DSDs exhibit simildistribution wher.WC is below 0.2y n3, whereas
bimodal DSDs have higher PDF values and a broader distribution athig¥@r than0.2 g n13. For the'Y distribution,
unimodal DSDs exhibit the narrowest range, mainly concentrated between 2 and 6 um. Bimodal and trimodal DSDs have
comparable rangeblowever, trimodal DSDs are primarily concentrated between 2 and 4 um, with the PDF decreasing rapidly
beyond 4 ym, whereas bimodal DSDs show a more uniform distribution over the rangeuof.2n terms of 'Y , unimodal
DSDsexhibit the highest PDFaluesin the 810 um range. Bimodal DSDs show the wideést  distribution, with PDF

values above 8 pm 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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335 Figure 10 PDF distributions of Nt (a), LWC (b), Rv(c) and Rert (d) for DSDs with different modes
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Figure 11 shows theaveragecontributions of each droplet size bin to tofal and LWC with different moes The mean
contribution of each size bin to the total shows good consistency with the DSD madiatribution. For unimodal DSDs,
the contribution of individual bins td) decreases with increasing droplet size. In contrast, bimodal DSDs exhibit an
enhanced contribution t6  in the18-29 ym size range. Compared with trimodal DSDs, droplatger tharLOpm contribute
more to thed of bimodal DSDsFor LWC, in unimodal DSDs droplets in thel® pm, 16-18 pm, and D-29 um diameter
ranges all make noticeable contributiohrsbimodal and trimodal DSDs, droplets at other sizes contribute relatively less to
LWC compared with those in the@um and 2029 ym diameter ranges. Howevegmpargo trimodal DSDs, droplets in the
12-20 pm range contribute slightly more to LWC in bimodal DSDs.

Contribution of Each Bin to N and LWC
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Figure 11 Average ontributions of each DSD bin to N (a) and LWC (b) with different modes

3.4 Performances and improvemenof gamma and lognormal fitting

Bulk microphysical schemes commonly represent DSDs with gamma or lognormal distributions, making the accuracy of these
representations critical to performano& 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 oEq. (12) and (B)

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

DSD in the smafdropletrange 2 0 e m) , but significantly wunderesti mates
especially the gamma distributioim multimodal DSDs of the examined events, additionatlesappear bgidesthe mode

near2 pm, which likely contribute to the poor fiThe probability distribution o0  obtained from lognormal fittingcross

all DSDs (Figure 2c) indicates that the other twoodes occur primarilyar oun d 1 @ ¢ enitheraforel se@mented
gammaandlognormalf i tt i ng was condw®etmeds up an Figuddah e, g h.dMheh DSDs

ar e s e g me n,thefitincaetsinglyounderastimates number concentrations for diameters2@boveSegmentation
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at 20 pm produces good agreement in thel@ pm and D-50 pm ranges, although substantial deviations remain in the
intermediate 1420 ym range.Based on these results, atheee g ment gamma f i tting approach
20em as partitildmhpoiThmti s @Pipgwraeh significantly i mprove

providing a more accurate representation of the whole DSDs.

102 102 102

@® Observed @ Observed L ® Observed
= Fitted === < 10 pm Fitted m—= D) < 20 pm Fitted Q D < 10 pm Fitted
—~ .0 ===D > 10 pm Fitted ===D > 20 pm Fitted Q w10 < D < 20 pm Fitted
F'E 10 .'. S _|—D > 20 ym Fitted
)
R i 10° 10° % 10°
IE 10 d
2
=10
Gamma 102 Gamma 102 Gamma 102 Gamma
10 (a) (b) (c) | (d) L
0 10 20 30 40 50 0 10 20 0 10 20 30 40 50 0 10 20 30 40 50
D (pm) D (um) D (pum) D (pm)
2 2 2 2
10 10 ® Observed 10 @® Observed 10 0‘ ® Observed
= Fitted ====D < 10 pym Fitted =D < 20 ym Fitted b ¢ _1DO<<13 :r;luF;trtnedFmEd
< 100 oy D > 10 ym Fitted D > 20 pm Fitted o [==0> 20 urn Fitted
E ®eq X o,
e ® 1o° 10° . 10°
IE 10 o
2
=10
Lognormal 102 Log normal 10_2 Lognormal 1072 Lognormal
10 (e) (9) o (h) L)
0 10 20 30 40 50 0 10 20 0 0 10 20 30 40 50 0 10 20 30 40 50
D (um) D (um) D (um) D (um)

Figure 12 Gamma and lognormal fitting of the mean spectrum: original fit (@ e),twos egment f i tti ng wi tlh a br
f), two-segment fitting with a breakpoint at D& m(c, g), and threesegment fitting with breakpoints at 10 and ® ¢ m(d, h).

To demonstrate that the superior performance of the-gegment 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 segetkfitting. Sincethe gamma and lognormal distributions are nonlinees

fitting points would fall on a straight line and cannot constraindtkgibution, potentiallyleading tonon-identifiable or ilt

posed parameter estimatéherefore, the segmentation points must satisfy two condi@ttee full spectrum must be divided

into three segments, af)l each segment must contain at least three bins. Under these constraints, 66 feasible segmentatior
combinations exist. Using each set of segmentation points, we performed gamma and lognormal fits for all DSDs and retrievec
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 pm and 20 pm segmentatior{Figure13). For all four microphysical
parameters, the deviations from the fix@bhmentation fitting are significantly smaller than those fralternative
segmentation. A twasided binomial test was conducted to evaluate the probability that the fixed segmenmigienforms

thealternativesegmentatior-or both distributiors, the 9946 confidence interval is [085, 1.000] with a pvalue of 2.236308.
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These pvalues are far below the 0.05 significance threshithése results confirm the effectiveness oftigm and 20 pm
segmentatiofior both gamma and lognormal distribution
380
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Figure 13 Boxplots of the mean absolute deviations froné6 alternative segmented fittings, with redand blue dots indicating the

mean deviations from the fixedlO pm and 20 yn segmentation

To further evaluate the performance of the gamma and lognormal fitting with different breaking poirntg/C, 'Y and
385 'Y were calculated based on both the original and segment&tidise results were theampared with those derived from
observations. Theeviation distributiorbetween fitted and observed results analysedn Figure14, and the correlation
between them are showed in FigurE9AThe norsegmented gamma fit significantly underestimatedithef droplets larger
than 10 ¢&m, |l eading to under est i mat)icaloulatedffronathel twsdgeeni fit e d n
wi t h a br ea lksplose to bbseavation] bt the derived LWC are still underestimated. For the fit segmeted at 2
390 em al | mi crophysical qguantities are underesti mat e-Q ik
em range. C o mpegmentdd ganuma fit pproathy the theegment fitting shows substantial improvement in
the hight regime 0 > 7 0% and imLWC estimation as tlesults are tightly clustered around the zeéewiation line
and the 1:1 lingFigure Al19). Also, the fitting accuracy fotY and'Y is also improved for both gamma and lognormal
fitting.
395 Except for the norsegmented gamma fitting, the other three segmented approaches exhibit a clear pattern in €stimating
underestimation primarily occurs when the obseryed < 6 & m, while overestimation te
Y > 6 em (19 iThysupattern i8 particularly pronounced in the fitting segmented at &, whereas th

segment fitting shows notable improvement in reducing underestimation at'Mwewalues.
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Figure 14 Deviation distribution of N, LWC, Ry and Reft betweenobservation spectrum and the gamma and lognormal fitted

spectrum. The number above each boxplot indicates the segmentation positia {n;)'none’ denotes no segmentation point applied.

Cloud optical thicknessf] and singlescattering albedo ( ) are key parameters for evaluating the Twomey effect (Stephens,

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

T . —Qd& (16)

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

- — 17

where— represents the average optical thickness per layer. The-sicajtering albedo () can be expressed by

P 1 PEQY (18)

where™Q is the complex part of the refractive index of wate. (18) indicates the critical role o  in the Twomey

effect (Wang et al., 2019).

To more precisely assess the potential climate impact of inaccurdty irestimates from gamnand lognormafitting, Eq.

(17) and (L8) were used to calculate absorption coefficient and optical thickness based on both observed &nd fifidsis

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

Results are showed in Figurb.1

Due to its significant underestimation thfe 0 of droplets larger thad 0 & m, -segmentedh gamma and lognormal
fitting notablyunderestimatabsorption coefficiento( 7 ) and optical thicknesst] by up to 90%. Compared to the fitting
19



420 segmentedat®= m, the fitting segmented at 10 e€m more accurat el

still exhibits up to 50% overestimation or underestimation of absorption coefficient. It is noteworthy tifet thie&gmented

fitting generally underestimates optical thickness, likely due to the underestimatiom @f for droplets in the 120 & m
range.

In contrast, the thregegment fitting significantly improves the estimation of both absorption coefficient and optical thickness,

425 with most deviations confined within 20%. The most notable improvements lie in reducing the underestimation of absorption
coefficient and the overestimation of optical thicknessthe percentages of both underestimation and overestimation become
very small.
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Figure 15 Correlation between absorption coefficient ( © ) and optical thickness(VWderived from observed spectrum and those
computed from the gammaand lognormal fitted spectrum with no breakpoint (a, b,i,j) , br eak poi n,kl),deakdoidt ¢ m (
at20e m (m,n) fand breakpoi®etm a(tg,[d.0h e m and 2

20



435

440

445

450

455

The interrelationships among the threedijtparameters obtained from the thisgment 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 & gandc _nate pbséned, igdécating a narrower and more concentrated spectrum with a steep decline
in number concentration as drshevs &widersdistdbation witlt smellarseflexting Fo r
broader spectrum and higher number concentrations of larger drépletmp ar ed t o t he O irrtheD& & m
10 em range i s mor e t Pohirieyn ig Biygesting that smalhdroplet coacendragions dre higier

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 N, € and a-derived from the three-segment gamma fitting

4 Conclusions

As a key parameter of fog microphysical processesiiyglet size distribution (DSDO} influencedby multiple macreand
micro-scale factors, exhibits significant temporal and spatial variability, and evolves throughout the fog liflbeyeley

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

DSD evolves over the fog lifecyglthis 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) throtighéayg lifecycle

Among the 27 fog cases, DSDs with singlemd&ie m) , dou b 6He mpdand t26-1201826emm)d ewdqr e
observedThe average) , LWC, 'Y and'Y vary over the ranges of Z86 cm?3, 0-0.27 g m?%, 1.66 ¢ 1982¢ m,

which shows greateb , lower LWC and smaller droplets comparing to other clean regiacts athe 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 propa@tidnadiationadvection 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 as0 and LWC. For fog events with relatively lo& and LWC or relativeljess intenséormation and dissipation
processes, transitions in DSD modal type are infrequent and occur mainly during the formation and dissipation stages. Whe
0 and LWC increase sharply, the DSBows frequent modal transitions with an increasing prevalence of binbgial
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Moreover, whend and LWC exhibit strong oscillations, transitions among different modal types aoultameouslyand

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 impra¥yingnd 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.régmmsproved segmented gamma

and lognormal fittingpffer a new perspective for DSD parameterization and demonstrates strong potential for improving the
representation of clodfihg 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 importanc
of different controlling factors, remain to be clarified through enhanced analyses of aerosol background conditions and
sensitivityexperiments on relevant physical processes using numerical simulatiaddition,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 ail s on the uppRerar ametséeédgvemmad bamd sfrimatli ng

I n this study, DSDs were fitted wusing gammamoasreda nldo gtnhoer
corresfon¢(kigni®@)] anwhi(diB)gahewal bel ow.

For gamma distribution:

¢EO0 B ¢£¢ 0 B 0500 (12)

For thelognormal distribution:

¢0 B ¢ 0 B —b ﬁA@D H“ (13)
Fits with different numbers of modes weredpsetf.obmedpnan
For the gamma distribution, nln i prroeddael f,i rnbe dnosdiazl e, raanndg et sr i wn
were fitted separately, allowing the fitting procedure
In the | ognothmale divssdseabipet o x@iOmattlEny, 1a@B8dmyveri e@dent i fi ed be
the mean DSDODFioduméTIAAImE sneésmi ze subjectiveoihiwbkmesdtgnendel @
par armeencer di ff erFeonrt uvnallimdadsail @ fu t O owere copstrained tdh i a n2g5edm. | n

bi modal di s 2)r,i btuatrd domdasalteleia met er cwenwbd nad: r{2oinkdm)rae @, 2 lem).
Accordingl pwedi famaoumgptpewer e Os p B catmiddé&nic 6 mb i ntahbeo o wgs e s et
t @10 5&2@m; f @Qandbne combitnheb U avet -6 0 & BdEm.l b r i nmbidsatlr i(b 8)t=i ons
t hbeoumd® wer e 255, 520om, -3@8n.The di screte representation of t

i s given by

& £ - (19)
i n wb'ﬁ)chBB—.ln this study, the maksmamprcakchm@émekgr @ aBtdlre

was S-2t.15m ot e nmewas i MO COH O
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Figure Al Average spectrums ofall fog DSDs.

A2Mo d eell ecct i baruna mbdiano d a ltr,i maftda 5 reapnrde s e extaartpil vees

I n this study, based opnoicnotmpnaertihsoodn sa nwdi tthh et hgea mduarsnfinntgd u mi
505 was selected to determine the nudnb8B8recafusPSbwmodes samd
were specified for the bimodal di stribution, two fiinttin

totlaalt . er sections between adjacentO fderededompomenhhseswef e

to occur in the.sAmengrthaedj acestthanssatisfy this crit:
selected to deter mi nemddie amemlzers of mbhededdDSHDnd t he

510 The following six representative examples are provided
and the procedure by which the opti mal fit is selected

Single mode exampl es:
Figure A2 shows a uni modal DSD during t hellfThgd d eV e Imomgme |

2, defined by the intersection betwee® mofdemddend anod ei
515 considered invalid anbessphiotwen tahse NarN mond atlh ef ifti gyuireel.di ng t

di sc&Lrohesck.quently, the untl moweaslt fAiltC (aan)d wBiltCh vtaH es esse ovmaarsd s
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)

® Observed ® Observed *  Observed " Observed
102 e || 107 TR || 107 e a0 ] 107 T Hode 1 By, 200 um)
: - — ~Mode 2 (D, =T.07 um) - - -Mode2 (D, =NaN} lI A - = -Mndﬂlumihu:
o : o , ' Mode 3 (0, =15.07 jum)|
E 100 ' . 100 E ) 10” ’J’ A 10” I: '\
E . E . ,: \ . : .
s' 102 . 102 : . 10 ! ‘\‘ . 102 ‘: .
: : | : .
] ' [ 1l
107 107 . 107 . | 104} !
(a) (b) ) . (d)
L] 10 20 30 40 50 L] 10 20 30 40 50 L] 10 20 30 40 50 0 10 20 30 40 50
D (pm) D (pm) D (pm) D (pm)
= = -Mode 1: N =2.88e+02, D _=2.26, o_=1.134
- - :Mode 1: Ny=1.338+03, D, =6.48, a,=2.240 : : ':z:: ; :ﬁi;jﬁ:::;’zsj:i‘::‘ Zq::i:: o :::: l :ﬂ:;:;:z? EB::;;”:':'::; - - .Mode 2: N:=1.UZM03. D:=7.05. n:=1.792
0 ] *%g tl | 'e Mode 3: N=1.00e+02, D_=15.89, 0,=1.032
520 Figure A2 example of single mode DSD
Doubl e mode exampl es:
Fi gudqsehoAvs t he DSD during the fog develdpmentrretspgeadpmnigo
bl ue cRirgviebFedb n t hi srmD3D, tfhe bHinmofdigtl amd (tche wi t h |
di scarded because mode (Apreaar imoglea 2 )dmN hiorg ti he eéfmppwisd b |
525 t he smeocdoenldbrmothal fit hbdwmodes(hAh) and D htavat choormeaepohndl
same or adjacent bins, and the sum of the. AECefhode Bl Chi
used to determine the numb@r fofr mdhdes D&SrDd t he correspon
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)
* Observed . Itlhsarved . * Observed ;’n:u;::a
10? e | 10°] T2 T 20 ] 102 e R Doz ) a0 )
hum’ T B —\\7 -~ Mode 2 Dpebak) - - ~Made 2 D, =NaN)
.l RN S Mode 3 (D, =11.80 jum)
'-TE_ 10° 10? RN ) 10° :‘ . \ .
2 Tteal. ' | . ; ' .
-E . - ! i K . .
> 10? .. 102 T, 1072 ! | e 102} ) % o,
107 1074 107 . “‘ 107 ' X
(@) ®) (©) \ ) .
[] 10 20 30 40 50 0 10 20 30 40 50 L] 10 20 30 40 50 0 10 20 30 40 50
D (pm) D (pm) D (pm) D (pm)
- - -Mode 1: N,=1.01e+03, D_=5.56, o_=2.203
e D s TR e A0 i e 0 4 a1
o g g TTe e T e Mode 3: Nu=1.09&+02. D“=15.0& u“=1‘145
Figure A3 example 1 of double mode DSD
530 Figure A4 shows the DSD at the time when LWC in-Eteaches its maximum, corresponding to the purple curve in Figure

7b. For this DSD, the trimodal fit (d) is discarded becauseGhe o f firshaad secondnodefall 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

535 modes and thmodediameters 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)

" \..-—-—
by Ld *‘n
— ~ N b e -
< 100 . N
e 10 S . e
E
? s
£ . .
5
- -2
=10 ' ey, ¥
' *  Observed ] . Obsorved ' . serv .
1 Lognormal Fit ' Lognoraml Pk 1 LopmomalFL B
: - = —Mode 1 (D,,,, =2.00 um} " |- - —Mede1 0, =2.00 um) ¥ |7 - Mode 104,200 pm) .
10 104f - - —Mode 2 (D, =1354 sm) 10 . ~ —Mode 2 (D, =15.32 ym) I B —:u:e:l::‘m-:l:;lz -
(@ (b) (e} ) ode 3 D, v=13.22 )
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- - .Mode 2: Nn=1A8€IM02‘ Dg=2l),nﬂ, ”n=1 328
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- = ‘Mode 1: N;=3.17e+02, D'=2.25‘ rxg=1.139
- - ‘Mode 2: N;=5.81e+02, DI=5'42‘ rrg=1.571
Mode 3: Nn=2.43&+ﬂz. D“=22.55. og=1.371

Figure A4 example2 of double mode DSD

Figure A6 corresponds to the orange DSD in F10 prior to the maximum IMiflire 8b) Compared with Figure A7, this
DSD exhibits ebroader modén the 1025 pm 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, wit®the of mode 3shown as NaN in the figur&he other

540

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.

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

single mode (AIC=28.29, BIC=31.12)
+ Observed + Obseved + Observed + Observed

1 02 = Lognormal Fit 1 02 = Lognormal Fit 1 DZ = Lognormal Fit 1 ni = Lognormal Fit
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545
Figure A5 example3 of double mode DSD

FigueceorA esponds to -Lthprgoeeho DSBriigapddnmutnn eL WA t Oimags pr o
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single mode (AIC=52.39, BIC=55.23) double mode (AIC=11.40, BIC=17.06) double mode (AIC=11.40, BIC=17.06) triple mode (AIC=17.40, BIC=25.90)
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Figure A6 example4 of double mode DSD

555 Triple mode exampl es:
Figure A7 shows thanodeidentification result for the yellow curve prior to the maximum LWC in figure 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 resultin

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

(0]
minimum combined AIC and BIC among éills. Therefore, it is used to define the number of modes an®the of this
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Figure A8 Agua MODIS 3.9 pm shortwave infrared and visible channel imagery for Fog 11, with the observation site marked by a
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Figure A9 Terra MODIS 3.9 pm shortwave infrared and visible channel imagery for Fog D, with the observation site marked by a

red cross
. Shortwave Infrared (3.9 pm) 2018-01-07 10:40 Local time Visible Light (0.65 um) 2018-01-07 10:40 Local time 0.50
i M 7 ” o . 0.5
? . AL m 5 ;
< yeis 0.45
36°N s 2 ~  36°N
04 v 0.40
o | E .
N E 3N 035 ¢
: s
0.3 § @
32°N o 32°N 0.30 ;I:')
3
)
©
| © 0.25
30°N 02 oy
0.20
28°N — s . o J 55 28°N AL #
112°E 114°E 116°E 118°F 124°E % 112°E 114°E 116°E 118°E 120°E 122°E 124°E 0.15

575 Figure A10 Terra MODIS 3.9 ym shortwave infrared and visible channel imagery for Fog20, with the observation site marked by
ared cross

28



580

A4Su mmar y

t abl

e

o f a ndheet a2fdl gf pidge retviefnitcsat i on

Table Al Initial and end times, classification visibility, meteorological variables (temperature, wind speedand microphysical
properties of the 27 fog eventsthe first row shows the mean values, in the parentheses are the2&nd 75" percentiles of each
characteristic. In the first row of the column titted Modes the DSD types observed in each case are listed, where U, D, and T denote
unimodal, bimodal, and trimodal DSD, respectively.
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Figure A11 The Dwm distributions of all DSDs obtained using gamma distribution at 1-min and 5-min resolution (a), and the Dwm
distributions by DSD type at both resolutions(b).
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