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Abstract. This-Based on in situ observations, remote sensing, and tethered balloon soundings, this study investigates the ver-

tical profiles of microphysical and thermodynamic properties within radiative fog layers in the Strzyzéw valley (Southeastern

s-data. Across three case studies of radiation fog that
eeceurred-in September 2023, 74 soundings were performed, with 41 employing the OPC-N3 instrument to capture droplet

spectra. The results indicated similar weather conditions in all cases, with a liquid water path consistently above 15 g-m~2,

altheugh-no-transition-to-densefog-was-observedmost observations remained within the thin fog regime. The effective droplet
radius decreased with height (between 3-4.6 pim for 100 m), with larger droplets (=>18.5 um) concentrated near the ground.
The-fog-dissipated-both-from-Fog dissipation occurred simultaneously from both the top and bottom;-with-the-. The mature
fog stage marked-by-peak-was characterized by peaks in both liquid water content (LWC) and the-droplet number concentration
(N, )neat, typically located at approximately 80% of the feg-height—Theeretical-caleulations-of dropletterminal-veloeity-(total
fog depth. Theoretical estimates of terminal velocity for droplets >18.5 pm )indicate-suggest that larger droplets are removed
from fog layers within minutes, affecting the longevity of the fog. Equivalent-Calculated values of equivalent adiabaticity
values (o —theratio-, defined as the scaling factor by which the adiabatic lapse rate of the mixing ratio needs to be multiplied
to give-the-same-amount-of-match the observed liquid water pathas-ebserved-in-a-specifie-cloud)ranged-between-) ranged from
0 and-to 0.6. Except in-one-instance-where-negative-valuesfor a single case where near-ground «., were-observed-near-the

the fog literature.
Having instruments measuring radiation at two different heights (below and above the fog layer), it was possible to estimate

the effect of fog on reducing the-total shortwave and longwave (NET - downward - upward) radiation at ground levelby-.
Comparisons of NET radiation across the fog layer before and after its dissipation revealed differences of up to 150 W-m~2¢just

¢ ~. A linear relationship was observed between the reduction in longwave radiation and the liquid water path in
our measurements; however, since all examined fog events were predominantly optically thin, this finding should be interpreted
as applying primarily to optically thin fog conditions.
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As a result of the measurements, average values of liquid water content and droplet number concentrations were obtained

for the observed optically thin fogs in the valley area. Mean LWC in the fog layer core was found between 0.2-0.4 g-m~3, with

N up to 300 cm~3. The %WWS —and 10 ym j-and exhibited
a linear heigh
WM%%WM&W accuracy of radiation
sthe retrieved microphysical parameters used as model inputs.

1 Introduction

A characteristic feature of radiation fogs is their localized nature, as they do not cover large areas, making their forecasting chal-
lenging. Weather conditions contribute to approximately 30% of aviation accidents in the USA Guttepe(2623)(Gultepe, 2023)
. Radiation fog significantly reduces visibility and complicates navigation, posing a threat to transportation. According to the
American National Transportation Safety Board (NTSB), fog is the second most critical weather-related factor leading to fatal
aviation accidents, accounting for an estimated 14% of such incidents Capobianco-and-lee(2001)(Capobianco and Lee, 2001)
. Fog impaets-affects not only safety but also eatses-economic-damageimposes significant economic costs. It can lead-to-road
traffiedisruptions;sounding-cancelations;-and-disrupt road traffic, force ships to alter their routes, and result in airport closures.
Based-on-the NTSB-analysisin the United States, weather is the leading cause of aircraft delays, accounting for over 70% of
all cases (Kasper, 2016). Among weather-related factors, low visibility and low cloud ceilings are major contributors, as they
require increased spacing between landing aircraft to maintain safety, thereby reducing airport throughput. According to NTSB
data, visibility-related eff Haes i : S Bens s mes
conditions contribute to approximately 30-35% of all flight cancellations (Stevens, 2019; Gultepe, 2023).

Fog is a meteorological phenomenon occurring near the Earth’s surface, characterized by the suspension of water droplets in
the air, significantly reducing visibility to below 1 km Geerge-t195H(George, 1951). Several types of fog exist, depending on

their formation mechanisms. This article focuses on radiation fog, which primarily forms at night under clear-sky and minimal

wind conditions, within a stable boundary layer (SBL). Under such conditions, the ground surface cools significantly, lead-
ing to the cooling of the air immediately above it Lakra-and-Avishek(2022)(Lakra and Avishek, 2022). Once the dew point
temperature is reached, water vapor condenses on suspended particles (condensation nuclei), forming fog. This type of fog
develops from the ground upwards, usually not exceeding 200 meters in height. The cooling of successive air layers occurs
from the lower layer upward, which is why radiation fogs are associated with the formation of temperature inversions. After
sunrise, and with the onset of stronger winds, the fog and the inversion dissipate. When radiation fog forms, it initially remains
optically thin to longwave (LW) radiation and develops within a stable lapse rate. When fog becomes optically thick, cooling
occurs predominantly at the top of the fog layer, while the portion near the ground radiates in the LW range that is able to
warm the surface Masen-(1982);Priee-(204-)(Mason, 1982; Price, 2011). The potential equivalent temperature becomes uni-
form throughout the fog layer, inducing slight instability, which in turn increases turbulence within the fog. As demonstrated by

Price (2011), approximately 50% of the fog cases he analyzed transitioned into optically thick, well-mixed fogs characterized



60

65

70

75

80

85

by a saturated adiabatic stability profile. His research suggests that this conversion typically occurs when the fog layer exceeds

100 meters in thickness. Numerical weather models have difficulty catching the shift from optically thin to optically thick layer

Pokuet-al(202 1 Boutle-et-al(2022); Antoine-et-al2023)fog (Poku et al., 2021; Boutle et al., 2022; Antoine et al., 2023).
Fhe-Costabloz et al. (2024) studied fog development during the SOFOG3D experiment. They proposed several methods for

establishing-if-when-oeeurs—to identify the point at which the transition from thin to optically thick fog occurs:

— surface LW net radiation should approach te-0. In their research they assumed that this condition occurs when +—E=WH—<5

LWy < 5Wm~2,_

— profile-ofairtemperature(T)-deereases-the air temperature profile within the fog layer should decrease with height, due

at-as the air near the surface is warmed by the ground while the fog top cools radiatively. They checked whether the
temperature gradient was negative by comparing temperatures at 25 m —and 50 m,

— turbulent kinetic energy exceeds 0.10 m?-s~2,

— fog top height exceeds 110 m,

- Wersted et al. (2017) proposed EWP<-that a transition to optically thick fog occurs when LWP>30 g-m~2

a7 024

Costabloz et al. (2024) suggested a value of 15 g-m~2 ;se-it-mere-matches-to match more closely the time when the

other criteria are met.

Those conditions were met in the SOFOG3D experiment elosely-in-time-within-around-within about 1 hour.

Key factors influencing the likelihood of fog transitioning into an optically thick state include the time of its forma-
tion (the more—time—earlier before sunrise, the bettermore likely) and the humidity profile of the air Beutle-et-alk(2018)
(Boutle et al., 2018). For droplets to begin forming, aerosols acting as cloud condensation nuclei (CCN), such as forexample
ammonium nitrate aerosols, are required. In clouds, turbulence can uplift air masses, activating CCNs more rapidly and ex-
tensively. In fog, droplet growth is primarily governed by radiative cooling. As demonstrated by Boutle et al. (2018), a higher
concentration of large aerosol particles accelerates the transition to a well-mixed fog state. Additionally, the type of aerosol
present in the air is important; compounds with high hygroscopicity that can activate at low supersaturation levels are most
effective as CCN Gitardoni-et-al+(261+4)(Gilardoni et al., 2014).

According to Costabloz et al. (2024), during the SOFOG3D, inverted LWC profiles—maximum LWC found at the ground
and decreasing with altitude—were commonplace in optically thin fogs. Mostly in well-mixed optically thick fogs, quasi-
adiabatic profiles with LWC increasing with height were found. However, in one case, they measured LWC profiles decreasing
with height one hour after the transition occurred and LWC values at the ground reached 0.25 g.m-3, the highest values recorded

during the whole campaign.
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The presence of clouds above the fog can also in uence water condensation, with low clouds potentially blocking cooling
entirely, leading to fog dissipation.

After sunrise, shortwave (SW) radiation begins to heat the fog, causing droplet evaporation. Weersted et al. (2017) estimated
that the strength of this process is about 10gl's 2h 1. The rate of evaporation increases with the effective radius of
droplets (g5) and LWP, and decreases with larger solar zenith angles. Additionally, the warming of the ground surface transfers
approximately 36-gm 2 h ! of sensible heat to the fog.

To accurately predict the formation and evolution of fog, a weather forecasting model must effectively represent the interac-
tions between the atmosphere and the Earth's surface, various processes (such as microphysics, radiation, and turbulence), a
it must do so on a local scale while accounting for terrain features.

One approach to studying fog is through large-eddy simulations (LES) modeling. This approach enables the examination of

. This dif culty arises from the fog's localized nature and the delicate balance between processes such as radiation balance,
droplet deposition on the surface, turbulent mixing, microphysical properties, and moisture availability. Recently, Al-based
tools, including machine learning and deep learning, have been employed to enhance numerical weather prediction (NWP).
While these methods have shown promising results, they also introduce new challenges. Machine learning requires high-
quality datasets speci c to each forecast location, as well as substantial computational resources to produce timely results

For the initialization of numerical models or the development of methods to retrieve LWP from satellites, it is essential
to understand the microphysical properties of fog as a function of height. Unfortunately, there is a scarcity of data on the
vertical distribution of fog's microphysical characteristics. Measurements using aircraft are impractical because fog typically
forms close to the Earth's surface and inherently reduces visibility. However, measurements can be conducted using aerologica
balloons Egli et al. (2015), instrumentation placed on tall towers Ye et al. (2015); Han et al. (2018), and more recently, drones
and microwave radiometers (MWR) have become viable options for such observations.

Using a tethered balloon, Pinnick et al. (1978) made the rst measurements of the vertical pro les of microphysical charac-
teristics in fog.He Theyshowed that in the studied casadpg had a bimodal distribution of droplets (r=& and r=0.6 m)
with LWC range from10 4to 0.45g m 3.



Egli et al. (2015) performed soundings wilethered balloon, and measured LWG,&hd kg every 10 m. His results from
125 two fog cases show that the changes in LWC are related to the changeaimdMot to the change in droplet size. In most cases,

N. above 200Gcm 3. In this case of fog, 3 measurements were taken. Omitting the valugg af the very bottom of the
pro les (where the values dropped signi cantly), the value gf decreased with height. In the case of one pro le, the value
of ¢t at @ 25 m reached a maximum of 9./. Seeondlhe second fog caseyithin-with six soundingsgensistconsistedf

130 a considerably thicker fog with higher LWC ang values, although accompanied by lower total drop couftieLWC had
a constant pattern in the rst third of the height, then LWC increased with heaghitthen decreased with height to the cloud
top. The highest LWC value was 0.54g 3. N, had a similar pattern with height as LWC. The higheswlue recorded was
500cm 3. The g values differ from sounding to sounding, howetleey were constant with height, in range between 4 and
8 m.

135 The motivation for this study is the miniaturization of equipment for particle detection. For examphdptiesense OPC-

was employed to capture vertical pro les of radiative fog in a mountain valley, a region where air pollution can be elevated dur-
ing inversion conditions. This type of terrain enables fog monitoring at different altitudes. In this setup, SW and LW radiometers
140 positioned near the valley bottom and mountain top aflewmdeterminingdeterminatiorpf the optical, microphysical, and ra-

diation closure of the fog. Section 2 outlines the instruments utilized for conducting the measurements, while Section 3 details
the methodology of the in-situ measurements and the model setup. The core of the article is presented in Section 4, which
features a case study of radiative fog occurrence, including optical, microphysical, and radiation closure analyses performed
for this case. Section 4 focuses on an event in the Sdryalley, where data were gathered using a balloon. The 1D Fu-Liou

145 radiative transfer mod¢Fu and. Liou, 1992, 1993) was applied to simulate the conditions in theZ8tnzyalley, incorporating

additional data from the SolarAOT station (which consists of an upper and lower station).

2 Experiment setup

This study is based on measurements taken at two sitg®iBtrzyzow. Thisa-small town is located irseuthernPelandin

150 RIiver. The research was conducted using remote sensing-aitd-n situ techniques as well as lay apparatus connected to

2.1 SolarAOT*PeCstationgwer - launching site




smounteda CNR4 netradiometerfor

160 D3O(ShadOWGraprwasusedatthlsSlte. B - 0

165 including particleshapesize,dropletsizedistribution(DSD(r)), total dropletnumberconcentrationandliquid watercontent

170 foggy conditionsin mountainougegions wereanalyzedby (Mohammadi et al., 2022)

175 2.2 SolarAOTUPPeT station

of both stationsis shownon Fig. 1. At the SolarAOT'PP*' station are mounted several instruments, inter alia, pyranome-

180 ter CMP21, Eppley pyrgeometer, CIMEL, Nephelometer Aurora 4000, Aethalometr AERIU-15K-—ceilometrlidar-and

185 Bothsensorgvereinstalledon aleveledplatformin anunobstructedirea.

CIMEL is an instrument for measuring direct and scattered solar radiation in 9 spectral channels: 340, 380, 440, 500, 675,
870, 936, 1020, 1640 nm. Based on the measured values, the optical parameters of the aerosol are determined, including th
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AERONET measurement network. Nephelometer Aurora 4000 is used to measure light scattering coef cients on aerosols for
wavelengths of 450, 525, 630 nm in 18 ranges of aerosol scattering afigtesiometr

aerosol absorption coef cient of the aerosol. The measurement is performed at 7 wavelengths (370, 470, 520, 590, 660, 880,
950 nm) using the method of changing the transmission of a quartz Iter on which the aerosol is deposited.

2.3 SelarASFgmer—launehingsite
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Ne.
— SENSIRION SPS30 - optical PM sensor that measures MAM,.5s PM,, PM;g mass concentration
— TFMini - visibility sensor
225

— AE-51 - miniature aethalometer for measuring the eBC concentration and the aerosol absorption coef cient at a wave-
length of 880 nm.

The OPC-N3, an optical particle counter designed by Alphasense Ltd., utilizes a diode laser emitting light at a wavelength

of 658 nm, along with an elliptical mirror that directs the laser beam towards a detector. The air ow, driven perpendicularly

230 to the laser beam by an integrated fan, allows for continuous operation. The OPC-N3 quanti es particle number concentration

(NEN¢) across 24 size bins, covering a diameter range from 0.35 ten40m. The onboard algorithm convert$c-N¢
measurements into PM1, PM2.5, and PM10 values. Detaitegti-cationsspeci cation of the OPC-N3 is available in the

235

1The,number:e:1:fter:f>M denotegparticleswith.diametersip to.thegivensizein.. m which arecounted.



(a) Balloon with attached payload (b) Zoom to the balloon payload, showing: inside the box
and connected to the winch. (GY-63, HYT 939), OPC-N3, SPS30, TFMini

Figure 2. Balloon setup.

the calibrationhadto berepeatedollowing the methodologydescribedn thatwork, to ensurecompatibility with the speci ¢

240 H)f ::NC ’LWC
1)

245 (2)
o 0770 1%+ 3:81 ®)

The OPC-N3allows calculationof the volumedropletsizedistribution(vDSD), which canbe computedisingthe formula;
vDSD(rp)= Np ( o Vo) * rj &)
radius.Although the obtainedvDSD was not calibratedagainstthe ShadowGraphit providesinformationon which droplet



3 Methodology and model set up

3.1 Balloon measurements methodology

255 For three days between 9 - 11 September 2@&3 measurements of radiative fog wéxadmade in Strzgow city, Poland.

The balloon launch site was located in the valley of Stimy city. Fwo-meteerologicaballoons{ferbetterbuoyaneyied-

apparatude-the-winehrope-Four setups were used, as it was not possible due to the buoyancy to mount all instruments at

once:

260 setup 1: GY-63, HYT 939, OPC-N3, SPS30, TTFMini - this setup was most common

setup 2: only Vaisala radiosonde RS41

setup 3: Vaisala radiosonde RS41, AE-51.

setup 4: Vaisala radiosonde RS41, GY-63, HYT 939, OPC-N3, SPS30, TFMini

265 setups mounted on the balloon. The same mformabunWlth specic soundmg timescan be found in the Appendlx Al.In

270 was wound up. Soundlngs were done with aroﬂﬁ@mm{esbrakesls minutebreaksin between

was assumed when LWP<151g 2,

Table 1 presents information about each fog stage.

275

280

LWCshadowGrapt= 6:15 LWCopc.nz+0:11

Neshadowrapi= 4:16 Ncopcnat 32:63

10



setup with OPC-N3 and radiosonde, gray - problems with collected data. The image is overlaid on the line representing temporal variability

of the LWC at the ground obtained from Shadowgraph (the sgare-data as offrig. 5).

|

) ‘ Stage
Fog episode
Initial | Developed| Decaying (soundings after fog vanishing)
‘ Time | 23:00-2:34| 2:34-6:42 6:45 - 7:00 (8:10)
| Night 8-9 | Proles with OPC-N3| 4| 12 | 2(+1) |
Pro les with Radiosonde 1 6 2 (+4)
Time | 00:00 -2:45| 2:45-6:00 6:00 - 7:30
| NO910 1 prg tes with oPC-N3 0 9 | 2 |
Pro les with Radiosonde| 1 4 3
Time | 2:00-3:02| 3:02-5:30 5:30 - 6:00 (8:00)
| Night 10-11 | Proles with OPC-N3| 1| 7| 2(+1) |
Pro les with Radiosonde‘ 1 ‘ 2 0 (+5) ‘

Table 1. Times of initial, developed and decaying stage of observed fogs on days 9 - 1wiBemformation on how many soundings were

performed in each period.

11



285
ShadowGraph_ A . OPC-N3 .
Mot =0:70 rgz o+ 3:81

290 uctuations. All the data were interpolated every 1 m for making gures. On the ptatsdingsstarts, soundingsstartat 2 m

295
300 ght,while’
theoreticalderivationof . eq, Which.is de ned as
dLWC(z
05 D = (r@ip2) ©

where z -is height calculated from the base of the clougy (T (z);p(2)) is the negative of the change in saturation mixing

ratio with height for an ideal adiabatic clogdn other wordg-is, it is the adiabatic condensation rate. The processes in stratus
clouds are nearly adiabaticthe deviation from adiabatic conditions is introduced itite equation as a parameter The

310 content (LWG) must be taken into account.

P=z D=z
LWC(2) = (29 aa(T(29;p(z9) dz°+ LWCo  aa(Te ;ps) (29 dz%+ LWC, (6)
z0=0 z0=0
LWP is de ned as:
2°CTH
LWP = LWC (29 dz° 7
z0=0

12



315 In the case of shallow clouds,q (T (2);p(z)) can be assumed constant with height Brenguier (1994(Ts ; ps ) = const:
where g and f are respectively temperature and pressure at fog base/ground. Since the dependéncéafnknown,
the concept of equivalent adiabaticityg = const: is introduced. The ¢4 is de ned as the constant adiabaticity value that
would give the same LWP value when replacing? in Eq. 6 and calculating LWP from Eq. (7). After takingq = const:
the formula for LWP becomes:

1
320 LWP = 5 ed ad(Te;ps) CTH?+ LWCy CTH (8)
The formula for LWC with the above assumptions is:

LWC(2) = eq ad(Te:Ps) z+ LWCo 9)

325 To calculate what ¢qis, just reverse the Equation 8

_2(LWP LWC, CTH)
7 .d(Te;ps) CTH?2

(10)

In the literature, instead ofeq, the parameter is sometimes used, introduced by Betts (1982) as the in-cloud mixing param-

eter. This parameter measures departure from the adiabatic situation. The relation begpa®h is ¢q =1

In taterthelatter part of this article will be used:

335 ad - adiabatic condensation rate of LWC,
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Figure 4. Representation of pro le of T and LWC with added lines afa and a4 respectively. Thes and iy representsheangle
: : i —represent

$he anglebetweerthe

345 asamplinginterval of 36 secondsDatafrom SolarAOTPP' wereinterpolatedto. matchthe temporalrgsolutionof the lower

350 3.4 1D Simulations radiation uxes

Section4.4. The model was usedto assesghe consistencybetweenobservedradiation and retrieved fog

355 The Fu-Liou radiative transfer model is a sophisticated tool designed to accurately simulate radiative transfer in the Earth's
atmosphereTheFu-Liou code uses- two/four—tx— ux. approximation, which allows it to ef ciently handle the complexities

of radiation scattering and absorption by gases, aerosols, and cloud paifietes.coverssixshertwavesThe modelcovers
six_shortwave(SW, < 4-m_ m) and 12leng-waveslongwave (LW,Applied-speetralbands >= 4-m)- _m) spectral

14



360 the interactions between cloud microphysics and radiation. The model vertical levels spaheground up to 10 km, with a
greater density closer to the surface. In the rst 10Qtme grid was spaced every 1Q amd from 100 niit+-to 1 km every 100
m. Inputte-into the Fu-Liou model includes pro les of thermodynamic parameters, fog optical and microphysical quantities,
aerosol optical properties, and surface re ectance and emissivity.
To perform simulationghe following speci ¢ data were provided to the model:

365 — T and speci ¢ humidity pro le.Batafrem Thedatafrom the soundings were combined withe sounding from Tarnow

370 binsfrom-excludeaerosolparticles,only bins 7 tit-to 24 wereused—whieh-correspendso-(correspondingo droplet

375 the beam is weakened by the vertical distance betwleenpper and lower sités-, the value of AOD was addeid the
extinction coef cient (obtained from Aurora 4000 and AE-31) times the height difference (185 m) between both stations.

380 installed at the SolarAOT"PP®! site, For the simulations,AE values were roundetbr-the simutlationsto-havesimitar

385 dropletradiuswereemployedto estimatethe dropletnumberconcentrationassuminga monodisperssizedistribution.

390 (IGBP)landcoverclassi cation,usingoneof 20 prede nedsurfacegtypes.Forall simulationgperformedn this study,the

15



395

400

405

410

415

420

4 Case study: Valley of Strzyow city

Fog was observed during three successive nights between 8 and 11 September 2023 in the vallesfof Styzir he balloon

was launched aftezfog was visible at the lower station

SolarAO'I“pperstation showmg the top of the fogt%&%&sehewnenﬁgﬁ%layer During the experiment the fog was
not detected at the upper site. The Table 1 presents the duration of each fog and its division into stages. In this section will be
described the evolution of each fog as well as its general pattern.

4.1 Meteorological overview

The area of Poland, as well as almost all of Europe, was under the in uence of anticyclonic circulation of high pressure from

September 2023here was an event of Saharan dust over Poland. The AE measured for those days by CIMEL at SB&rAOT
stationwhereeseiiiatingwasaround 0.5 (for. aperiod of Saharan dust) and 1.0 (the morning of 11 September). The mean

was mostly cloudlem,—e&.:pn September 9 in the morningirrus clouds were wsrb{ethe.::rhe average Wind speed did
not exceed 2.5 s 1. Slow advection of hot air of tropical origin caused an in ow of Saharan mineral dust visible lati2-4

nights of observations. On the night between 8—9 September 2023,A8@s below 100 Mm?* which suggests moderate air
quality conditions, just before the onset of fog 21:30-22:30 the values peak to 240 &imd after the end of fogalues once
again peak excemivery high level of 500 Mm?. These two peaks are probably due to industrial activity during inversion

September the AS{3s was descending during the night from 150 to Nt 1 with a peak to 250 Mm! at 21 UTC. The
cleanest conditions, with no evening peak of A& were on nightt6-1111 September with values below 100 Mrh At
the upper statigralways in the evening and at nigiulne values of AS§:25 were below 100 Mm?. The air in the valley was

each day was S|m|Iar during the day, reaching a maximum of ZLEZGmd reaching a minimum 12.5-13.6 around 5UTC

16
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Duringthenightsof 9 and10 Septembewisibility decreasedharplyaroundmidnight,reachingvaluesaslow as100-200n
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Figure 5. Temporal variability of weather condition on the ground for 09/108tptembeSep.2023 at the SolarAOBwer owe: Site (solid
lines) and SolarAOTipper' "™ station (dotted line). On the paned$fg).k) m) is presentedy-selie-ine-LWC form ShadowGraph, for
reference when the soundings of the balloon with installed OPC-N3 occurred an overlay of Fig, 6 was addet) Rghgl§ n) presents
the N; of droplets registered by ShadowGraph. Paogls}i), andry 0) shows g obtained from ShadowGraph. Figu} # j) and#y p)



left axisrepresentshe height,while theright axis correspondso thetotal LWP for eachballoonsounding(markedoy anorangediamond).

Blue dashedine indicatesthe 110m, orangeline indicatesLWP equalto 15g m . Thosearecriteriaindicatingthe transitionof fog from

460 fog did not persistfor.long.

465 did notreachthe 110m threshold.

thatthis valuealoneis insuf cient to reliably distinguishbetweerthin andthick fog. Thereforewe interpretthe fog eventon 9

470 In none offeg-oecurrencdWP-exceedethesecaseglid theLWP exceed 30 gn 2 asproposedy Weaersted-et-al{(2017n
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535

(A =2+34-2:32_jit....ad = 1:34 2:32gm *km 1), from 0.18 tomaximurma maximumof 0.30 gm 2 at

23 ma.g.k+i; upto 36 m a.g.l., LWC was oscillating neaate0.26 gm 3, anabevedecreasinge-CFHandabovethat
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540 graterhlgher up to 9.5 m.

545 Ngleg= 0:10 h? 10+8:270:03 h+130:249:06[cm * m]; (11)

reiNe =3:00_0:10 h* 10 ?+9:068:27 h+130:24[ mem °; (12)
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Figure 7. Vertical pro les, of speci ¢ guantitiesmeasuredy. the balloon for night 08-09 Sep.2023. From left: T._and RH from Vaisala

23



570

Figure 8. Vertical pro les of speci ¢ quantities measured by the balloon for niglght09-10 September 2023. The detailed description is

given in:':[h:ecaptiongf::Fig:. 7.
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Ne= 0:10 h? 10+7:97 h+118:98 [cm 3; (13)

fet =4:29 h 10 2+9:47 [ m|; (14)

not form until 3:08, when it started to develop with an abrupt jump in LWC from 0.05 at 3:08 to 0.36:a63C;the 31.
The maximum peak in LWC observed on the ground by ShadowGraph was &#8&7 equal to 0.48 gn 3. With-fast

The fog pattern omightthe night of 10-11Sep-loek-differentSeptembefooks distinctfrom previous nights. The fog could

25
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635

LWC 0.97 gm ° at31 mat R3UTC-23. At 4:40JFCthe, high values of LWC above 0.40rg 3 wherewere distributed

OPC-N3 and one witthe Vaisala radiosonde RS4detween 2:00 and 3:02 (Fig. A5a). The pro le from 2:11 shoiat
the fog was just forming. LWP was 5.23g 2.

Fog was con ned tahe rst 23-min height. Even though the fog was shalioatsemelevels, it had high LWC values

constant irthe rst 40 m(around 12.7-12.8C), later slightly increasing with height to 14.Z at 100 m:Fhepre-lte-of
RH-

The RH pro le was constant with heightewever however, the air was not fully saturate@®H-wasareune(RH
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Figure 9. Vertical pro les of speci ¢ quantities measured by the balloon fbe night rightof. 10-11 September 2023he-A detailed
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00. Two soundingsvereconductedvith OPC-N3-+n-the. In Fig. AScarealseineludedtwe-, two additionalsoundings

LWC increasedvith height,maximumbWE-wasatmestatwith amaximumnearthe CTH (maxLWC = 0.19 gm ° at
75 m). Becauseiecationot-max-tWE-hearCTH-the—=0:32Dueto thelocationof the maximumLWC nearthe

equesr
Ne= 0:04 h? 10+1:47 h+219:65[cm 3; (15)
fet=4:61 h 10 2+9:57 [ m]: (16)

4.3 Evolution of fog droplet spectrum

thosedropletsarecountedin thelastbin. As it was stated by Nurowska et al. (2028¢nthoughmantufacturedectare, even

Although OPC-N3is_not calibratedto matchthe vDSD values,it hasa similar patternof spectrumas ShadowGraphThe
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droplet

rad“ P e o

samevDSD aspanela) howeverall the dropletswith radiusgreaterthan20. m arecountedaspartof thelastbin of OPC-N3(18.5-20. m)

- thisis. doneto be ableto comparghevDSD from OPC-N3and ShadowgraphTheimagingareafor a givendeviceis markedin white.



Figure 11. Vertical pro le of vDSD and normalized vDSD fd-+1Septermbef-11Sep.2023 fog occurrence. Parg) presents the vDSD.
The scale is divided into steps of 100n” cm * from 0 to 1000 m* cm * and then in steps of 500m* cm . Panelb) presents the

normalized at each height vDSBigureThe gure presents what percentage of the entire spectrum at a given height is contributed by the

volume of drops from a given bin.

675

680

From vDSD (Flg. 11) it is visible that most of the LWC is associated W|th two drop radius reg?eas;[hq::rst:region
is described byan asymmetric distribution. The maximum valuetlo¢ distribution is associated witaradius 4-5 m. The
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