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16  Abstract

17  Fog augments the wet deposition of airborne particles entrained in its hydrometeors. This article
18  aims to characterize fog deposition processes around the Barakah nuclear power plant (BNPP), in
19 the United Arab Emirates (UAE), and assess the potential impact of fog on the deposition rate of
20 radionuclides in case of an accidental release. To this end, the microphysics of twelve radiation
21 fogevents, typical in such arid climate, were measured during the winter seasons of 2021 and 2022
22 using a fog monitor that was deployed at the BNPP. The impact of fog deposition on the settling
23 of radionuclides is investigated based on model simulations using the Weather Research
24 Forecasting (WRF) model with the MYJ PBL scheme and FLEXPART.

25

26  All fog events are found to share a common feature of a bimodal distribution in droplet number
27  concentration (Nc), with modes at 4.5 um and 23.16 um. It was pointed out that despite the high
28  proportion of smaller droplets in the fog associated with the fine mode, the greatest contribution
29  to the liquid water content (LWC) comes essentially from medium to large droplets between 10
30 and 35 um. The deposition flux of fog water at the site and the fog droplet deposition velocity were
31  estimated using an Eddy Covariance (EC) onsite. Typical mean values for fog droplet deposition
32  velocity are found to range between 2.11 and 7.87 cm s. The modeling results show that fog
33  deposition contributed by 30-40% to the total ground deposition of *¥’Cs, highlighting the
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34  importance of incorporating fog deposition as an additional scavenging mechanism in dispersion
35 modeling under foggy conditions.

36

37 Keywords: Radiation fog, fog microphysics, desert regions, fog deposition velocity, fog water
38  deposition flux, fog monitor, Weather Research Forecasting (WRF) model.

39 1. Introduction

40

41  Following the Fukushima accident and its consequences in Japan, it was recognized that cloud and
42  fog waters may have contributed to the radioactive contamination of soil and forest ecosystems
43  (Imamura et al., 2020). This was experimentally demonstrated thanks to field observations at
44 elevated sites that experienced cloudy conditions in Japan during the nuclear accident (Hososhima
45  and Kaneyasu, 2015; Kaneyasu et al., 2022).

46

47  Subject to the capabilities of trace level measurement, Masson et al. (2015) found that the detection
48  of 13Cs (a radionuclide released during the accident with a half-life of 2.06 year) was possible
49  over a longer time scale in cloud water, compared to its detection in aerosols and rainwater. Wet
50 deposition by fog has triggered attention for their chemical content (e.g., NH4*, SO2’), and more
51  generally as regards the issue of acidified precipitations and forest decline (Hinova et al., 2011;
52  Katata, 2014), as well as for their organic content (Eckardt and Schemenauer, 1998; Kaseke et al.,
53  2018). In light of the various and sometimes severe impacts of fog on the environment, human
54  activities (e.g., airport traffic disruption) and human health, fog research and studies have a long
55  rich history (Pérez-Diaz et al., 2017). While there has been growing interest in the study of fog in
56 arid and semi-arid regions (Eckardt and Schemenauer, 1998; Feigenwinter et al., 2020; Katata et
57 al., 2010; Spirig et al., 2021), research on fog deposition and impact on radionuclides settlement
58 insuch environments is notably lacking.

59

60  Similarly to cloud water, fog water is also prone to be enriched in atmospheric chemicals or
61  radioactive compounds. Deposition velocity of fog water droplets depends on both the droplet size
62  (up to several tens um) and turbulent movements induced by obstacles (canopy, plant density,
63  roughness scale, foliar index) and wind components (Tav et al., 2018). Tav et al. (2018) showed
64  that the fog droplet deposition velocity was similar to the gravitational settling velocity on bare
65 soils but was systematically higher above short plants and grass. Additionally, rainwater
66  monitoring networks (i.e, rain gauges) and rain radars are not sensitive enough to quantify the
67  amount of fogwater deposited. As a result, fog deposition is often called “occult deposition”. Once
68  deposited, water will evaporate and the dry solute will stay on the deposition surface. From the
69  modeling point of view, and to a few exceptions (Katata, 2014), radionuclide deposition during
70  fog and cloud events is usually not taken into account in emergency situations response models or
71  even less in routine conditions.
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72  Fog is a common occurrence in the United Arab Emirates (UAE), which is situated on the
73 northeastern coast of the Arabian Peninsula. Despite being an arid country with desert as the main
74 land cover type (Fonseca et al., 2023; Francis et al., 2021; Nelli et al., 2022), the majority of low
75  visibility events (< 1 km) during winter in the UAE are due to condensation processes (Aldababseh
76 and Temimi, 2017). Fog occurs mostly in winter, with up to 13 fog days per month and 51 fog
77  days per year reported at the international airport in Abu Dhabi (Mohan et al., 2020); (Weston and
78  Temimi, 2020; Weston et al., 2021a). The most common fog type is radiation fog, which depends
79 on the land-sea breeze for its formation (Fonseca et al., 2023; Mohan et al., 2020; Weston and
80  Temimi, 2020; Weston et al., 2021a). Most events last 1 hour or less, but events longer than 9
81  hours have been observed in January and December (Fonseca et al., 2023; Mohan et al., 2020;
82  Weston and Temimi, 2020; Weston et al., 2021a). Fonseca et al. (2023) examined the atmospheric
83  circulation patterns that favor the occurrence of long-lasting fog events in the UAE, and found a
84  positive trend in the frequency of such occurrences in recent decades.

85  Although previous analyses of fog in the UAE have been conducted using satellite data (Weston
86 and Temimi, 2020a) and in-situ measurements for a single fog event (Weston et al., 2022), a
87  comprehensive observational analysis of fog microphysics and dynamics in the region has not yet
88  been carried out. This paper addresses this gap by examining the dynamics and microphysics of
89 12 fog events during the 2021-2022 winter season to determine fog deposition velocity, a crucial
90  parameter for atmospheric dispersion and deposition applications.

91  Fog deposition velocity plays a significant role in estimating pollutant and radionuclide deposition
92  rates in the environment. However, this parameter has not been estimated for the UAE, despite the
93  country experiencing an average of 50 days of radiation fog per year. Besides allowing for an
94  improvement of the understanding of fog dynamics, an estimation of the fog deposition velocity
95 s crucial for specific applications such as dispersion and deposition models and air quality.
96  Regarding the former, and as noted by Imamura et al. (2020), the ground deposition of radioactive
97  material may be increased in the presence of fog owing to the potential entrainment of the
98 radionuclides into the water droplets and their subsequent gravitational sedimentation to the
99  surface. Incorporating deposition velocity in foggy conditions can therefore improve the accuracy
100 and representativeness of radionuclide dispersion and deposition.

101 The objectives of this study are as follows: (1) Present the first observation-derived fog
102  deposition velocity for the UAE, (2) Assess, through numerical modeling, the impact of fog on
103 radionuclides dispersion for a given case study. The paper is organized as follows: in section 2,
104 the data and methods used in this study are described. In section 3, we analyze the fog microphysics
105 anddynamics. Section 4 details the fog deposition velocity analysis. Section 5 addresses the impact
106 of fog on the dispersion and deposition of radionuclides in the UAE for a given case study.
107  Conclusions are drawn in section 6.
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108 2. Data and Methods

109 2.1 Site Description

110  The Barakah Nuclear Power Plant (BNPP) is situated in a low-lying coastal region in the UAE's
111 hyperarid western region. According to Nesterov et al. (2021), the site experiences a seasonal mean
112 local sea surface temperature (SST) ranging from about 21°C in winter to 33°C in summer, which
113  isslightly lower than SSTs further east around Abu Dhabi and Dubai. This creates a steeper land-
114  seatemperature gradient, resulting in stronger sea-breeze circulations at the site. Nelli et al. (2022)
115  reported that the wind speeds at the site of interest are generally below 5 ms™*, blowing mainly
116  from a northerly direction. The wind intensifies at around 12-18 Local Time (LT) and 02-09 LT
117  due to the sea-breeze and the downward mixing of momentum from the nighttime low-level jet,
118  respectively. Winter sees stronger winds, which vary mostly in response to mid-latitude baroclinic
119  systems, while summer experiences more quiescent conditions due to the site's proximity to the
120  core of the Arabian Heat Low (AHL) (Fonseca et al., 2022). The colder nights and weaker wind
121  speeds from December to February are favorable for radiation fog occurrence, with peak fog
122  formation around local sunrise. Organized convective systems lead to deep and very deep
123 convective clouds in March-April, with generally reduced cloud cover from May to October (Nelli
124 et al., 2021b). The region of interest experiences a monthly-mean aerosol optical depth ranging
125  from ~0.3 in December-January to ~1.2 in July due to increased exposure to dust storms in the
126 summer season. Dust activity peaks during winter and spring associated with the intrusion of cold
127  fronts from mid-latitudes, as reported by Nelli et al. (2020b, 2022).

128 2.2 Field experiment setup
129 2.2.1 Horizontal Visibility

130 A SENTRY™ Visibility Sensor 1 (SVS1) instrument was used to measure visibility. The
131  instrument estimates the scattering of visible light by the atmosphere to calculate the extinction
132 coefficient, p, which represents the amount of attenuation of a beam due to scattering and
133  absorption by aerosols. Horizontal visibility data is recorded every minute. Visibility data from
134  SVSI are validated and extensively used for detecting occurrences of fog and dust at the Abu
135 Dhabi location (Nelli et al., 2022; Temimi et al., 2020a; Weston et al., 2022).

136  2.2.2 Fog Monitor

137 We used a Fog Monitor (FM-120) from Droplet Measurement Technologies to observe and
138  quantify microphysical processes within the fog. This instrument has been largely used in the field
139  and proven to be reliable. Nevertheless, this deployment, to the authors’” knowledge, is the first in
140  the region, which allows for comparison with other studies (Gonser et al., 2012; Gultepe et al.,
141 2009, 2021; Mazoyer et al., 2019; Niu et al., 2010). The FM-120 is a forward scattering
142  spectrometer probe that calculates droplet size based on scattered light from a laser and employs
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143  Mietheory. The instrument assumes that the droplets are spherical and made of water with a known
144  refractive index. The FM-120 can count droplets diameter in the size range of 2-50 um, with size
145  bins of 1 um for droplets <= 14 ym and size bins of 2 um for droplets > 14 ym and <= 50 um. The
146  liquid water content (LWC) is calculated based on the assumption that each droplet is spherical.
147  Data was recorded every second and later aggregated into 1-minute averages. When processing
148  median volume diameter (MVD) data, we only considered values where the number concentration
149  was greater than 2 counts cmsec™

150 2.2.3 Microwave Radiometer

151 We deployed a ground-based passive microwave radiometer (MWR, RPG-HATPRO; G5
152  series) from RPG at the site to measure brightness temperature across 14 channels. The instrument
153  has seven channels in the range 22.24-31.40 GHz (K-Band), which are used for retrieving water
154  vapor, and seven channels between 51.26-58 GHz (V-Band), which are used for retrieving
155  temperature profiles (Rose et al., 2005). The MWR is capable of capturing temperature profiles
156  with a high vertical resolution (30-50 m) in the lower 1,200 m of the atmosphere and humidity
157  profiles with a 100 m resolution in the lower 2,000 m. Here, we analyze the temperature and
158  specific humidity profiles during the fog events. The full description of the operational method
159  and measurement uncertainties are discussed in Temimi et al. (2020a). MWR instrument data over
160  UAE has been extensively used to study the thermodynamic structure of the atmosphere during
161  different weather conditions such as fog, dust storms, cold fronts, and solar eclipses (Nelli et al.,
162 2022, 2021a; Temimi et al., 2020a; Weston et al., 2021b).

163 2.2.4 Weather Stations

164 A portable weather station equipped with the WS501-UMB smart sensor and SW100 smart
165  disdrometer from LUFT is used to measure meteorological parameters at the site. The parameters
166  measured by this weather station include air temperature, relative humidity, wind speed and
167  direction, global shortwave radiation, precipitation type, and precipitation amount. All parameters
168 are logged at a 1-minute time resolution.

169

170 The experiment site is located within 2 km of the Arabian Gulf in a developing urban
171 region. All the instruments described above, except for the 3D ultrasonic anemometer, were
172 deployed on the rooftop of the Visitor's Badging Office (VBO, 23.968052°N, 52.267309°E),
173 which is roughly 10 m above the ground level. Since this building is far away from major built
174  structures, the measurements are unlikely to be affected by their deployment on its rooftop. The
175  collected measurements and their respective periods are summarized in Table 1. The 3D ultrasonic
176  anemometer is installed at 4-m height on a 10-m high meteorological tower located near the beach
177  area, 23.96333°N, 52.21185°E (Francis et al., 2023; Nelli et al., 2022). The radial distance between
178  the 10-m tower and VBO is approximately 6 km. An overview of the site where the instruments
179  aredeployed is given in Nelli et al. (2022). Prior to the present analysis, we applied rigorous quality
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Figure 1: (a) WRF domain configuration. The star symbol depicts the BNPP location. The outermost
boundaries denote the parent domain (D01, 25 km). D02 (5 km) and D03 (1 km) are the nested domains.
(b) Zoom-in view of the innermost domain (D03) with shading giving model orography (m). The location
of the BNPP is depicted by a star symbol. (c) Overview of instrumentation deployed at Barakah, United

Arab Emirates.

Table 1: List of instrumentation collocated at Barakah nuclear power plant, parameters analyzed, and

periods of data analysis.

Instrument (Make and
Model)

Analyzed variables

Analysis period

Visibility (SentryTM, 73000S)

Horizontal visibility

Fog monitor (Droplet
Measurement Technologies,
FM-120)

Liquid water content and particle
size distribution

Portable weather station (LUFT,
WS501-UMB smart weather
sensor, WS100 smart
disdrometer)

Air temperature, relative
humidity, wind speed and wind
direction

Microwave radiometer (RPG-
HATPRO; G5 series)

Air temperature and relative
humidity profiles

27 January - 27 April 2021

18 October 2021 - 16 March
2022

3D Ultrasonic anemometer

Three components of wind (u, v,
w)

9 December 2021 - 25 May
2022
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186 2.3 Satellite and Reanalysis Products

187  Geostationary satellite images are used to assess the spatial extent of the fog events. For this, the
188  Spinning Enhanced Visible and Infrared Imager (SEVIRI) instrument onboard Meteosat-10
189  (situated over 9.5° E) was utilized (Schmetz et al., 2002). The resolution is about 4 km and the
190 images are available every 15 minutes. Day and night-time RGB (red, green, blue) images are
191  created based on the EUMETSAT guidelines. The daytime natural color RGB (red, green, blue)
192  product images are created using the visible and near infrared channels as follows: NIR1.6 (red),
193  VIS0.8 (green) and VIS0.6 (blue). In these images, the fog appears as a white cloud during
194  daytime. In the night-time microphysical product, the red channel is the difference between 12.0
195 and 10.8 um channels (linear stretch — 4 to 2 K), the green channel is the difference between 10.8
196  and 3.9 um channels (linear stretch 0 to 10 K) and the blue channel is the 10.8 um channel (linear
197  stretch 243 to 293 K). The fog appears as light green in this product. The principle of the night-
198 time RGB is that fog has a lower emissivity in the 3.9 um channel than 10.8 ym (Cermak and
199  Bendix, 2007; Ellrod and Gultepe, 2007; Gultepe et al., 2017). This difference is captured in the
200 green channel in the RGB and generally makes it distinguishable from cloud or land surface.

201 In addition to in-situ measurements and Satellite data, we used ERA-5 reanalysis data from the
202  European Centre for Medium-Range Weather Forecasts (Hersbach et al., 2020) to present the
203  overall synoptic conditions during the fog events. The ERA-5 data set was selected because it
204  offers higher spatial resolution (0.25°, about 27 km) and temporal resolution (hourly) compared to
205 other reanalysis data sets. Additionally, ERA-5 has demonstrated superior performance in the
206  region, as shown in previous studies (Mahto and Mishra, 2019; Tahir et al., 2020; Taraphdar et al.,
207  2021).

208 2.4 Numerical Modeling

209  2.4.1 Meteorological Model: WRF

210 In this study, we use the Advanced Research Weather Research Forecasting (ARW) v4.2 model
211  (Skamarock et al., 2008), a largely used community mesoscale model developed by the National
212 Center for Atmospheric Research (NCAR), to simulate meteorological conditions around BNPP.
213  To better resolve local-scale atmospheric circulation around the nuclear site, we use the same WRF
214  model configuration as in Abida et al. (2022). The domain setup consists of three two-way
215  interactive telescoping nested domains centered on BNPP’s location (23.9696° N, 52.2359° E)
216  with the respective resolutions of 25 km, 5 km, and 1 km as depicted in Fig. la. Forty-five
217  unequally spaced sigma-pressure vertical levels are used with approximately 11 vertical levels
218  below 1 km above ground level to capture the vertical structure of the fog. The innermost domain,
219  representing the study area, consists of 311 x 311 grid points and encompasses a region within a
220  radius of 150 km from BNPP. The physical parameterizations schemes used in all model domains
221  include RRTMG for shortwave radiation (lacono et al., 2008), RRTM for longwave radiation
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222 (lacono et al., 2008), Kain-Fritsch cumulus (Kain, 2004), thermal diffusion land surface scheme,
223 and WSM 3-class microphysics (Hong et al., 2006). This microphysics scheme includes three
224 categories of hydrometeors: water vapor, liquid water (including cloud water and rain), and frozen
225  water (including ice cloud and snow) The liquid water components and the frozen water are treated
226  for temperatures above and below 0°C, respectively.

227  Regarding planetary boundary layer (PBL) schemes that parametrize turbulent vertical fluxes of
228  heat, momentum, and moisture in the PBL, we considered three local PBL schemes, MYJ (Janji¢,
229  1994), MYNN2.5 (Nakanishi and Niino, 2006), and MYNN3.0 (Nakanishi and Niino, 2006), and
230  two nonlocal PBL schemes, YSU (Hong et al., 2006) and ACM2 (Pleim, 2007). Note that for
231  stable or neutral conditions, the ACM2 scheme shuts off nonlocal transport and uses local closure.
232 This approach helps to determine the sensitivity of PBL parameterization for fog simulation. It is
233 worth mentioning that in WRF, some PBL schemes are tightly tailored to particular surface layer
234 schemes. Table 2 summarizes these PBL schemes with their associated surface layer options.

235

Table 2: WRF used PBL Schemes

PBL Closure |Surface Layer | Short description

scheme |type scheme

MYJ 1.5 local |Monin-Obukhov | An improved local closure scheme based on Mellor-Yamada 1.5
(Janjic Eta) order local scheme using the turbulent kinetic energy (TKE)
scheme model. It is suitable for stable flows, making it more appropriate

for fog modeling, but it might underestimate vertical mixing.

MYNN2.5 (1.5 local [Monin-Obukhov | An updated scheme, TKE-based with level 2.5 turbulent closure
(Janjic Eta) model. It provides improvements in the surface layer, by

scheme modifying the exchange coefficients and non-local terms, resulting
in better performance under very stable conditions. It improves the
mixing length scale which leads to better control of the inadequate
growth of the convective boundary layer.

MYNN3.0 (2.0 local |MYNN Similar to MYNNZ2.5 but it runs at level 3.0 closure. With a more
accurate representation of the boundary layer, it may show some
ability to simulate radiation fog.

YSU 1.0 Revised MM5 A non-local closure scheme with a counter-gradient flux for heat
nonlocal |Monin-Obukhov | in the unstable boundary layer. It is often used for its simplicity
scheme and computational efficiency. It may produce an excessive vertical

mixing during the evening that leads to too deep PBL height.

ACM?2 1.0 Revised MM5 A non-local closure scheme, which predicts the boundary layer
nonlocal [Monin-Obukhov | height, with an enhanced mixing for the stable boundary layers. It
scheme has a counter-gradient term for heat and moisture, making it well-
suited for deep convective situations, but may over deepen the
PBL.

236
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237  The choice of a PBL parameterization scheme can significantly impact the accuracy of fog
238  simulation (Chaouch et al., 2017; Chen et al., 2020; Lin et al., 2017; Nelli et al., 2020a; Temimi et
239 al., 2020b). PBL schemes are classified based on two factors: the order of the turbulence closure
240  and the use of local or nonlocal mixing approaches. Turbulence closure refers to the mathematical
241  approach used to represent the effects of small-scale turbulent motions on larger-scale atmospheric
242  variables. Local closure schemes estimate the turbulent fluxes based on the mean atmospheric
243  variables at each point on the model grid, or possibly their gradients. In contrast, nonlocal closure
244 schemes use multiple vertical levels to determine variables at a given point. This approach allows
245  for the consideration of the effects of turbulence at other levels of the atmosphere.

246  Meteorological analysis from the National Centre for Environmental Prediction (NCEP) Global
247  Forecast System (GFS) with a horizontal spatial resolution of 0.25° and with a time resolution of
248  3hwere used to provide initial and boundary conditions to WRF experiments. Besides atmospheric
249 fields, time-varying analyzed SSTs (Sea Surface Temperature) within NCEP GFS were also
250  supplied to the model.

251  2.4.2 Atmospheric Dispersion Model: FLEXPART

252 In this study, we use the Lagrangian particle dispersion model, FLEXPART-WRF (Brioude et
253 al., 2013), a widely used model for simulating atmospheric and deposition processes at various
254  spatial scales, ranging from small-scale dispersion of pollutants from power plant stacks to long-
255  range transport applications (Bahreini et al., 2009; Cooper et al., 2010). In addition to transport
256  and turbulent diffusion, the model considers radioactive decay and simulates both dry and wet
257  deposition of aerosols and gasses. The model works by computing trajectories of a large number
258  of small parcels of air containing initial concentrations of the species. These air parcels are then
259  advected downstream, subject to the unsteady velocity field, turbulence characteristics, turbulent
260  diffusion, as well as dry and wet deposition processes.

261

262  We recall that, in FLAXPART, the wet deposition is calculated based on the precipitation rate by
263  treating separately the in-cloud and below-cloud scavenging processes (Stohl et al., 2005). In
264  contrast the dry deposition velocity is calculated using the electric resistance method (Seinfeld et
265 al., 1998). The gravitational settling velocity component in the dry deposition parametrization for
266  a particle is given by

267 Vg = gppdzziccun/lsli @
268

269  where p,and dj are the particle density (kg m-3) and diameter (m), respectively, u is the dynamic
270  viscosity of the air (kg mts?), C,,, is the Cunningham slip-flow correction, and g is the
271  acceleration of gravity (9.81m s?).

272

273  Foggy atmospheric conditions can lead to the entrainment of radionuclides in water droplets,
274 which can then be deposited on earth’s surface when the fog comes in contact with it. Additionally,

10
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275  dry aerosols serve as Cloud Condensation Nuclei and can then grow by condensation of water
276  vapor (Seinfeld et Pandis, 1998) leading to droplets prone to settle as a result of gravitation and
277  turbulent impaction on obstacles. The coalescence process doesnt act on the released
278  radionuclides, but it affects the size distribution of the fog droplets.

279

280  To account for the fog deposition processes as an additional scavenging agent in our dispersion
281  simulation, we slightly modified the gravitational settling in equation 1 by adding to it an
282  additional thresholding term. In a given model grid cell, if the LWC (averaged over the lower three
283  model levels) is found to be greater than 0.1 g m3, then this term is set to the value of 3 cm s?, as
284  arepresentative value of fog deposition rate around Barakah site. Otherwise, it is set to zero. The
285  minimal threshold value of 0.1 g m™ to determine whether a grid cell is foggy or not was chosen
286  based on trial simulations which showed that the WRF model tends to overestimate the near-
287  surface liquid water content when compared to LWC observations at BNPP (see later, Fig. 11a).

288 2.5 Detection of fog over experiment site

289 Fog is a meteorological condition where horizontal visibility becomes less than a conventionally
290  accepted threshold of 1000 m due to the presence of water droplets. In this study, fog events are
291  detected based on the horizontal visibility measured at a height of 10 m. First, all time-steps where
292  horizontal visibility is less than or equal to 1 km are labeled as potential fog events (Fonseca et al.,
293  2023; Mohan et al., 2020; Nelli et al., 2022; Temimi et al., 2020a). Afterwards, a visual inspection
294  of 15-minute SEVIRI fog RGB images is conducted to confirm the formation of fog on the selected
295  dates and times. Additionally, cloudy or rainy conditions are filtered out using the 30-min merged
296 IR brightness temperature data from geostationary satellites (Nelli et al., 2021b; Rao et al., 2013;
297  Reddy and Rao, 2018). A detailed list of each fog occurrence, including the date, time, duration,
298  and minimum horizontal visibility during each fog event is given in Table 3.

299
Table 3: Fog occurrence timings (onset, dissipation, and duration) at Barakah and minimum horizontal
visibility for each of the 12 fog events.
Fog occurrence timings Minimum
S.No. [ Start Date horizontal
Onset Dissipation | Duration (hour) | VisiPility (m)
1 2021-01-29 04:32 LT 05:39 LT 01:01 241
2 2021-02-04 00:32 LT 08:03 LT 02:04 154
3 2021-02-05 02:35LT 08:03 LT 05:27 120
4 2021-02-13 06:06 LT 08:05LT 00:31 130

11
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5 2021-02-16 00:28 LT 04:40 LT 04:12 90
06:38 LT 08:56 LT 02:18

6 2021-02-17 00:22 LT 06:14 LT 01:55 165
7 2021-11-23 05:01 LT 09:10 LT 03:53 102
8 2022-01-27 02:43 LT 08:02 LT 04:03 261
9 2022-02-04 02:01 LT 09:20 LT 06:15 198
10 2022-02-11 06:00 LT 06:31 LT 00:32 200
11 2022-02-24 04:06 LT 09:33 LT 04:07 44

12 2022-02-25 00:28 LT 00:54 LT 00:13 253

300 Microphysics and dynamics for these 12 fog events are presented in sections 3 and 4. In section

301 5, the impact of the long-lasting fog event on February 16 2021 on ground deposition of radioactive
302  materials in case of an accidental radioactive release at Barakah Nuclear Power Plant (BNPP) is
303  presented.

304 2.6 Fog deposition flux calculations

305 In this section, we describe how the total vertical fog water flux between the surface and the
306  atmosphere and the fog deposition velocity are estimated using data from the fog monitor sampler
307  and ultrasonic anemometer installed at BNPP.

308

309  Before calculating any quantity related to fog deposition, we first pre-processed fog monitor data
310 forall recorded fog events at the site. We recall that the fog monitor provides information on LWC,
311  the number of water droplets per bin droplet size, and the Median VVolume Diameter (MVD) every
312 1 second. The data were re-sampled to 1-minute frequency. The concentration number N;(t) per
313  size bin for each time step t (#cm™) is calculated by

n;(t)

314 N;(t) = TS

(2)

315

316  where n;(t) and SV (t) are the count of droplets in size bin i and the sampling volume in cm?® at
317  time t, respectively; dw; is the width of the size bin i in logarithmic scale calculated as dw; =
318  log(u;/l;), with u; and [; being the upper and lower bounds of the size bin i, respectively. Based
319 on the assumption of spherical shape of fog water droplets, the liquid water content LWC; (kgm’
320 %) available within the bin droplet size i at time t is given by:

321

322 LWC,(t) = zndiN,(t)dwip, (3)
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323

324 where p, is the density of water (kg m3), d; is the geometric mean diameter (um) for each droplet
325  sizeclass. Asin Tav et al. (2018), we calculated the concentration number density (p, (i, t)), and
326  the mass density (p,,,.(i,t)) of each size bin i and at each time step t as follows:

327
. 1 MO
p, (L0 = - (=)
COIN®
N LWC (t)
Pt = Z-
Y LWC (1)
i=1 )
328

329  Note that the total water flux in the fog is a combination of the turbulent liquid flux, gravitational
330 settling of droplets, water condensation and an advection component. Yet, the last two processes
331 lead to flux magnitudes at least six orders lower than the first two, as reported by Spirig et al.
332 (2021) and Eugster et al. (2006). In addition, the determination of the liquid water flux due to the
333  advection would require the installation of several fog monitors around the nuclear site, which is
334  beyond the scope of this study.

335

336  Thus, in this study, the total flux of liquid water in the fog (kg m?s™), LWFota, is expressed only
337 by the sum of the turbulent and gravitational settling components:

338

339 LWFotat = LWFwrb + LWFgrav (@)

340

341  The gravitational settling flux, LWFgrav is calculated based on Stoke's law for settling velocity
342  (Beswick et al., 1991):

343 Us = gdz(pwater — Pair)/187Nqir  (5)

344

345  where g is the gravity acceleration (9.81ms?), n,.is the dynamic viscosity of the air (kgm™s™),
346  d is the droplet diameter (um), p,,,..., and p ;. .are respectively the water and air densities (kg m"
347  3). The settling velocity v, (m s?) is calculated for each droplet size class i and multiplied by the
348  liquid water content within this size class, LWCi. The total gravitational settling flux is then the
349  sum of the interval fluxes over all droplet sizes:

350

grav

LWF =3y v iLWCi (6)
351 L
352 Note that the gravitational settling process is more efficient for water droplets of larger sizes,

353  typically greater than 710 um.
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354

355 In contrast, the turbulent deposition process which depends on the turbulent exchange between the
356  atmosphere and the surface, is more effective for small water droplets because they can more easily
357  follow the chaotic, turbulent flow of the air and remain suspended in it for longer periods of time.
358  The liquid water turbulent flux LWFwrb is calculated based on the Eddy Covariance (EC) technique.
359  First, a double rotation correction was used to align the wind horizontal component (u) with the
360 mean wind to obtain a zero average for the other wind components v and w (Rao and Reddy, 2019).
361 The EC framework, in which co-located measurements from a fog monitor sampler and a sonic
362 anemometer are combined, is widely used to derive the turbulent liquid water flux (Beswick et al.,
363  1991; Degefie et al., 2015; Klemm and Wrzesinsky, 2007; Kowalski and VVong, 1999; Spirig et
364  al., 2021; Thalmann et al., 2002; Westbeld et al., 2009).

365

366  The turbulent vertical flux is subsequently determined as the covariance between the vertical wind
367  speed (w; ms™) and LWC time series:

368 LWF,y, = wLWC' 7)

369

370  The overbar indicates a 15 min temporal average and the prime indicates the deviation of each
371 component from its 15 min mean.

372

373  The time-dependant settling velocity v; is calculated as the ratio of the gravitational settling flux
374  tothe 15 min averages of liquid water content:

375

— LWFgray
376 v, = — =2 (8)
377

378  Note that we can also estimate this quantity directly by applying Stoke's sedimentation velocity
379  formula using as the droplet diameter size the median diameter volume (MDV) data from the fog
380  monitor. Both approaches have been found to lead to very similar results (results not shown).

381

382  Similarly, the fog droplet net deposition velocity, v, is determined by calculating the ratio of the
383  total fog water flux to the 15-min averages of liquid water content using the following equation:

384 vy = — = (9)

385

386  Note that a positive sign of v, indicates a downward flux. It should be noted that a net gain of
387  water deposition on the surface is not necessarily all-time guaranteed despite the presence of fog.
388 Tav et al. (2018) by using a weighing measurement setup found that among other factors, the
389  deposited fog water depends significantly on the type of surface.
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390 3. Fog Microphysics and dynamics

391 3.1 Fog microphysics

392 The microphysics of fog were analyzed based on observations of 12 fog events that occurred
393  during the winter seasons of 2021 and 2022. Diurnal variations in horizontal visibility, liquid water
394  content, and number concentrations were studied for each of the 12 fog events, as depicted in Fig.
395 2.

396  The onset and maturation of fog at Barakah were found to occur between 0-4 LT and 6-7 LT,
397  respectively, as shown in Table 3 and in Fig. 2a. Our results are consistent with the diurnal
398 variations in fog occurrence reported by Nelli et al. (2022) at the Barakah site. Nelli et al. (2022)
399 used long-term meteorological data from a weather station for their study. Additionally, our
400 findings are in line with Weston et al. (2021a) report on fog occurrence at Abu Dhabi International
401  Airport, which is a coastal location in the UAE. Weston et al. (2021a) analyzed the meteorological
402  aerodrome report (METAR) data to arrive at their conclusions. Interestingly, the onset of fog at
403  Barakah is more swift than that in fog events at Abu Dhabi (Temimi et al., 2020), both being
404  coastal sites. Perhaps the radiative cooling is more pronounced given the more arid landscape as
405  opposed to the urban environment in Abu Dhabi. Regarding the fog microphysical properties, we
406  observed that, similar to the abrupt decrease in horizontal visibility, both the LWC and number
407  concentration also increase abruptly. The mean and median of LWC when the horizontal visibility
408  reduces to less than or equal to 1 km are 150 and 170 mgm, respectively. Interestingly, the LWC
409  and number concentrations for the 04 February 2022 event are relatively lower than those for the
410 16 February 2021 fog event, despite a similar fog duration. This difference is further discussed in
411  section 3.2, along with the thermodynamics parameters obtained from weather stations and the
412  measurements collected by the microwave radiometer.

413

@)
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Figure 2: Characteristics of 12 fog events. Diurnal variations in (a) horizontal visibility (km), (b)
liquid water content (LWC; mg m™) and (c) number concentration of cloud droplets (cm™) for 12 fog
events at Barakah.

414

415

416  To better understand the droplet size distribution (DSD), the number concentration (# cm
417  hereafter, Nc) in each bin droplet size is averaged over the duration of each fog event and
418 normalized by the width of the size bin in the logarithmic scale. Fig. 3a indicates that all the fog
419  events exhibit the same shape of a bimodal distribution, with peaks about 4.5 and 23 ym. The DSD
420  of the composite of all fog data with visibility less than or equal to 1 km also shares the same
421  shape. The ratio of the number concentration in the first mode to the second mode is almost 5,
422  indicating that the proportion of small droplets is significantly larger than the proportion of large-
423  size droplets in the fog.

424

425  Bimodal distributions of fog water droplet sizes are common as reported by numerous studies in
426  the literature (Gultepe and Milbrandt, 2007; Westbeld et al., 2009; Weston et al., 2022; Ghude et
427  al., 2023). Note that the shape of the DSD could also be, in part, influenced by the type of the
428  condensation nuclei available at this semi-arid coastal site. The bimodal distribution is a result of
429  the coexistence of two distinct populations of particles. The first mode, 4.5 um corresponds to
430  smaller droplets which are formed through condensation of water vapor during the initial stage of
431  the fog. The second mode, 23 um corresponds to larger droplets which are mainly formed through
432  the coalescence and collision of smaller droplets during the intermediate and mature stages of the
433  fogas addressed in the subsequent sections. Interestingly, the bimodal distribution is also observed
434  in LWC distribution as a function of droplet sizes with a more broadening mode at 4.5 um and a
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435  marked peak at 25 um as highlighted in Fig. 3b. The DSD mode at 4.5 um has a very minor
436  influence on the LWC and most likely formed at the onset stage of the fog. This result reveals that
437  despite the large proportion of small particles with diameters less than 5.5 wm in the fog, the largest
438  contribution to the LWC originates essentially from medium to large-size droplets between 10 and
439 35 um. The twelve fog cases reveal clear differences between them in terms of the variability of
440  the LWC and Nc values (Fig. 4a), even though almost all of them are of the radiation fog type.
441 LWC and Nc range from 10 to 600 mg m™ and 10 to 480 # cm™ respectively, while MVD ranges
442  from 2.11 to 30 um (Fig. 4b). Overall, and especially for long-lasting fog events (longer than 90
443 min), we observe that the maximum values for Nc, LWC and MVD obtained in this study tend to
444 be higher compared to other values reported in the literature, in particular for the values reported
445  for continental fog events (Boutle et al., 2018; Egli et al., 2015; Formenti et al., 2019; Gultepe and
446  Milbrandt, 2007; Mazoyer et al., 2019). However, it should be noted that these ranges are sensitive
447  to the temporal frequency at which the data is re-sampled (1 min in this study).

448

449  In addition, the analysis of the spread of MVD data for each fog event, as shown by the box plots
450 in Fig. 4b, indicates that on average the MVD ranges from 20 to 26 wm in almost all the cases,
451  except for the fog event observed on February 25, 2022, which has the smallest median MVD of
452  about 5 ym. This fog event has the shortest lasting time of 13 minutes among all other fog events
453  and based on SEVIRI Fog RGB images (Fig. A3), is most likely a remnant from a fog formed over
454  the sea and advected by the winds toward the site when it was detected. Interestingly, we notice
455  that the fog event recorded on 16 February 2022 shows the lowest variability amongst all other
456  fog cases with a minimum interquartile range (IQR) of 2.5 wm and median MVD of 24 ym. We
457  observe that the lower and upper quartiles for most fog cases are between 20 and 28 um. This
458  suggests that radiation fogs occuring during the winter at this hyperarid coastal site tend to have
459 larger water droplets. Note that the excess of the moisture content and the warm air available at
460 the site also enhance the growth in size of the droplets, as warm air can hold more moisture.

461

462  The relationship between the LWC and Nc¢ in fog is complex and depends on various factors,
463 including ambient temperature, humidity, and the quantities of aerosol particles that can serve as
464  nuclei for fog droplet formation. In general, when the LWC increases, the Nc also increases.
465  However, at some point, the Nc might start to decrease due to coalescence resulting in larger
466  droplets, which in turn may decrease in number due to gravitational settling. Also, this relationship
467  can vary depending on the droplet size distribution. To shed some light on this relationship we first
468  examined the temporal variation of LWC as a function of the droplet sizes, and calculated the
469  probability density functions of LWC and Nc for the twelve fog events. It was found that the results
470  for almost all fog events are very similar to each other and therefore lead to the same primary
471  conclusions. Thus, we only present here the results of the fog event observed on February 16,
472 2021, which is an interesting case with a longer duration and associated with a greater reduction
473  in horizontal visibility (see Table 3). Figure 5a shows the time-variation of LWC per size bin as
474 well as the integrated LWC. The fog event on 16 February 2021 started at 00h28 (LT) and lasted
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475
476
477
478
479
480

4:12 hours till 04h40 (LT). The LWC then decreased drastically for about 1.5 hours before starting
to increase when a second fog patch moved in at 06:38 (LT) and lasted for 2:18 hours. The
colormap indicates that LWC reaches its maximum values during the fog maturation phase for
droplet sizes between 20 um and 30 wm. This again corroborates that the larger-size droplets in
the fog have the largest contribution to the LWC compared to the smaller-size droplets.
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Figure 3: Microphysics of 12 fog events. (a) Fog water droplet size distribution for each fog event. The N¢
in each droplet size bin (#/cm® um) is averaged over the duration of each fog event and normalized by the
width of the size bin in logarithmic scale (dN¢/dLogD). (b) Probability density functions of N¢ (blue) and
LWC (red) as a function of droplet size.
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Figure 4: Statistics of 12 fog events. Box plots for (a) LWC (red; mgm™) and N (blue; #cm™®) and (b)
Median VVolume Diameter (MVD; m). Each box plot shows the minimum, median, maximum, and first and
third quartiles. The fog monitor data is resampled at 1 min frequency.

Figure 5b shows calculated mass and number probability densities for four typical droplet size
ranges: 1-5 ym, 5-10 ym, 10-20 um and 20-50 um, which will determine the contribution of each
droplet size class to the total number concentration per cm?® and to the total mass of liquid water
per m®. This will help to explore the size distribution of fog droplets and its contribution to the
liquid water content. Interestingly, we observe that at the onset of the fog, the droplet sizes between
1 and 5 wm and between 5 and 10 um represent respectively 60-80% and 20-40% of the total
number of droplets, and between 40 to 60 % of the total mass of liquid water. This suggests that
the LWC is more controlled by smaller to medium droplets at the onset phase. In addition, during
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501 the mature stage, we notice that the percentage of droplets between 1 and 5 um of the total number
502  density gradually decreases until about 03:15 (LT) when it begins to increase. However, the
503  opposite is observed for larger droplets particularly between 20 and 50 um. Note that large droplets
504  represent on average less than 20% of the total number of droplet density. This indicates that, at
505 the onset and mature stages of the fog, the proportion of smaller droplets is significantly higher
506 than that of larger droplets. The number density of droplets between 5 and 10 um does not change
507 significantly and fluctuates on average mostly between 20 and 25% in the mature stage. This
508 reveals that during the mature phase of the fog, the larger droplets are formed mainly by collision-
509 coalescence process which is more efficient for smaller droplets with sizes between 1 and 5 um.
510 Once formed, the larger droplets can settle to the surface due to gravitational sedimentation and
511  turbulence, reducing the liquid water content in the air. Combined, droplets between 10 and 20
512 um and 20 and 50 um account for up to 90% of the condensed water in the air. In particular, the
513  very large droplets (20 and 50 um) alone represent up to 80% of the total mass in the mature stage.
514  This supports the claim that higher LWC values are primarily attributed to the presence of a
515  sufficient number density (between 20-40%) of large droplets in the fog. This result is in perfect
516  agreement with Tav et al. (2018), who studied fog events in France and came to the same
517  conclusion.

518
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Figure 5: Microphysics of the 16 February 2021 fog event. (a) Time-variation of the distribution of
LWC as a function of droplet sizes (shading; mgm/bin) and the integrated LWC (black line; mgm™).
(b) Mass (LWC) and number concentration densities calculated for four droplet-size ranges: 1-5 um
(black), 5-10 um (red), 10-20um (blue) and 20-50 um (green). All quantities are calculated using 1-min
resampling data of the fog event observed on 16 February 2021.

520

521 3.2 Atmospheric thermodynamics during fog events

522  The thermodynamics and dynamics of fog are analyzed based on collocated weather station and
523  microwave radiometer data. Diurnal variations in relative humidity and wind speed are studied for
524  each of the 12 fog events, as depicted in Figs. 6a-b. The mean relative humidity and wind speed at
525 the onset of fog for the 12 cases are 94% and 3ms™, respectively, which are consistent with the
526  threshold values used by Nelli et al. (2022) for detecting fog occurrence over Barakah using
527  weather station data. For the fog events on 16 February 2021 and 04 February 2022 the wind speed
528 exceeded 3ms™in the middle of the fog event. During this time, an increase in horizontal visibility
529 (> 1km) and a sudden decrease in LWC and number concentrations were measured Figs. 2a-c.

530 To investigate the factors that contribute to the differences in LWC and number concentration
531  between the February 2021 and 2022 fog events, we analyzed the temperature and specific
532  humidity profiles retrieved from the microwave radiometer data. Fig. 6¢ shows that the February
533 2022 fog events were associated with double temperature inversions on 04 and 24 February, and
534  a strong temperature inversion on 27 January. Double temperature inversions, similar to those
535  observed during the February 2022 fog events, were also detected in the ceilometer backscatter
536  profiles (Francis et al., 2023) prior to the onset of fog (elevated second layer) (Fig. A2). On the
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552

other hand, the 16 February 2021 fog event occurred in a relatively less stable atmosphere with a
single temperature inversion. The strength and depth of temperature inversion for all 12 fog events
are shown in Fig. Al. It is concluded that the inversion depth and strength play a crucial role in
determining the moisture pumping to the fog layer and hence the growth of new droplets, which
affects the liquid water content. Other factors, such as the advection of air mass and descending of
stratus, can also influence the LWC and Nc. However, the differences in the temperature and
humidity profiles, as well as the strength and depth of temperature inversion, are likely the primary
contributors to the observed differences in LWC and N¢ between the February 2021 and 2022 fog
events. It would be interesting to further investigate the roles of these meteorological factors in fog
formation and evolution using more detailed observations and modeling simulations in future
studies. The vertical velocity at 700 hPa obtained from ERA-5 data (not shown) indicates descent
on 04 and 24 February and weak ascent on 27 January 2022, which also supports the influence of
large-scale descent motion on the fog formation and growth. However, more detailed analyses of
the atmospheric dynamics and thermodynamics are needed to fully understand the complex
interplay between various meteorological factors, aerosols composition and fog properties.
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Figure 6: Atmospheric state during 12 fog events. (a-b) Diurnal variations (18 LT - 11 LT) in relative
humidity (RH; %) and wind speed (m s2) for all fog events. (c) Averaged profiles of temperature (K) from
the Microwave Radiometer (MWR) over the duration of 27 January (black), 04 February (red) and 24
February (blue) 2022 fog events. (d) is as (c) but for the specific humidity (g kg™).

An analysis of the large-scale circulation patterns for the 12 fog cases, based on the ERA-5 data,
indicates the following: (i) a low-pressure system over the eastern Mediterranean extending into
Irag and northern Saudi Arabia; (ii) a ridge over the southeastern Arabian Peninsula; (iii) a strong
southwesterly flow between the two, advecting moisture from the Red Sea into Iran and the
northern Arabian Gulf; (iv) some of the moisture in the northern Gulf is brought into the UAE by
the counterclockwise circulation of the ridge; and (v) weak near-surface wind speeds that favor
the occurrence of fog (Fig. A4). The anomalies show the advection of drier air from continental
Asia into the southeastern Arabian Peninsula (drier air aloft promotes the formation of fog), while
the wind vector anomalies oppose the background flow, indicating more quiescent conditions.
These large-scale patterns are consistent with those that favor consecutive fog events in the UAE,
as discussed in Fonseca et al. (2022), resembling those of the prevailing cluster #1.

4. Fog deposition

In this section, we present fog droplet deposition velocities and liquid water deposition fluxes
calculated based on the EC framework for three fog events measured at the Barakah nuclear site
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568  on January 27, 2022, February 4, 2022, and February 24, 2022. Note that it was not possible to
569 apply the EC technique to the other fog events prior to these dates because the ultrasonic
570 anemometer was not yet installed at BNPP.

571

572  Figure 7a shows the temporal variation of the gravitational liquid water flux and the settling
573  velocity computed for the fog case of February 16, 2021. As expected, we observe that these two
574  quantities are positively correlated when accounting for the sign convention as given by equation
575  (6). Higher magnitudes of liquid water flux due to the sedimentation process are attributed to larger
576  water droplets with higher sedimentation velocities. The microphysical mechanisms of
577  condensation, coalescence, and evaporation impact the number density and size distribution of
578  water droplets in the fog, which in turn affect the rate of gravitational settling during the duration
579  of the fog event. Therefore, to investigate the change in gravitational sedimentation rate over time,
580 we calculated the time-series for the twelve fog events. We calculated settling velocities every 5
581  minutes, discarding the values associated with visibility greater than 1 km (Fig. 7b). The calculated
582  gravitational sedimentation velocity for each fog event exhibits a temporal variability which is
583  most likely determined by the time-variation of the number density of the largest water droplets in
584  the fog. In addition, we observe that the values of the settling velocities are in the range of 0.1 to
585 3.5 cms?. To determine how the distribution of LWC values is related to the gravitational
586  sedimentation rate, we binned the LWC values over 6 bins of size 100 mg m using the composite
587 data from the different fog events. Thus, for each LWC aggregate, we computed the number of
588  water droplets and the maximum, minimum, median, mean, and standard deviation values of the
589  settling velocities, as summarized in Table 4. This calculation confirms that a direct relationship
590 between LWC in the fog and the gravitational settling rate is not necessarily warranted.

591

592  Figures 8a-b show respectively the temporal variation of the fog droplet deposition velocity (vg;

593  equation (9)) and the associated turbulent kinetic energy flux (F) every 15 min for these three

594  fog cases. Notice that a positive sign of the fog deposition velocity indicates that more fog droplets
595 are depositing onto the surface than are being re-entrained into the air. This results in a net gain in
596  fog deposition for the surface. In contrast, a negative sign of the fog deposition velocity represents
597 anet loss of fog deposition for the surface.

598

599  First, we observe that the fog deposition velocity for the January 27, 2022 case exhibits more
600 variability with higher magnitude compared to the other two cases. These two latter show
601 particularly lower values of v, ranging from 0.1 to 5 cms™. It is noteworthy that the turbulence
602  energy associated with the fog of January 27, 2022, is significantly higher compared to the other
603  two fog events. This indicates that the deposition of fog droplets due to the turbulence mechanism
604  for January 27, 2022 is larger compared to the other cases. Moreover, it is interesting to note that
605 v, for the January 27, 2022 fog event shows a maximum value of almost 40 cm s, associated
606  with a peak of the turbulent kinetic energy flux occurring 30 min earlier as shown in Fig 8b. The
607  averaged values of v, over the duration of each fog event for the three cases are respectively, 7.8
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608 cm s for January 27, 2022, 3.5 cm s for February 4, 2022 and 2.1 cm s for February 24, 2022.
609  These calculated values are of the same order of magnitude with the fog deposition velocity values
610 reported by Tav et al. (2018), in particular with those calculated for the bare soil category. Yet,
611 they found that the calculated fog deposition velocities for cypress and grass as deposition surfaces
612 are significantly high, with average values of 16 cm s and 40 cm s respectively.

613

614  Figure 9 shows the 15-min variation of the turbulent liquid water flux, LWFwrb, the gravitational
615  settling liquid water flux, LWFgrav and the total liquid water flux, LWFuotal, defined by equations
616  (4), (6) and (7), calculated for 27 January 2022, 04 and 24 February 2022 fog cases. Additionally,
617  the temporal variation of the total liquid water flux in the fog with respect to the droplet sizes is
618  also shown. Calculated fluxes are standardized to mg m s*. Note that a negative sign of the total
619 liquid water flux means that there is a net flux of fog water droplets towards the surface, which
620 results in liquid water deposition on the surface if deposition rate is greater than the evaporation
621 rate. Conversely, a negative sign of the total liquid water flux indicates a net flow of water droplets
622  away from the surface, which can result in liquid water removal from the surface.

623

624  Interestingly, for all three fog cases, we notice that the magnitude of the LWFwtal reaches its
625  maximum for water droplets with larger sizes of 20-45 pum, as indicated by the background maps.
626  For the fog case of 27 January 2022 (Fig. 9a), we remark that LWFwr is significantly larger
627  compared to the magnitude of LWFgrav. This indicates that the fog deposition is mainly dominated
628 by the turbulent component and that the gravitational sedimentation process plays a lesser role in
629  this case. The turbulent part is larger than the settling component by a factor of 2.35. This can be
630  explained by the fact that the atmospheric turbulence during the fog event of 27 Jan. 2022 is well
631 developed (see Fig. 8b) and, as a result, large fog droplets with greater mass and momentum are
632 easily entrained by turbulent eddies and are more likely to collide or deposit onto the surface
633  through the turbulent flow. The cumulative sum of the total liquid water flux converted to
634  millimeters leads to the value of -0.18 mm as a net gain for the surface. Conversely, we notice that
635 the fog deposition due to the gravitational sedimentation mechanism prevails over the turbulent
636  process for both fog events observed on 04 and 24 February 2022. The gravitational settling
637  component is larger than the turbulent part by a factor of 7 for 04 February 2022, and by a factor
638  of 1.75 for 24 February 2022 fog case. The time-integrated total liquid water flux over the duration
639  of each fog event converted to millimeters leads to the values of -0.34 mm and -0.19 mm as net
640  gain for the surface respectively for 04 and 24 February 2022 fog events. It should be mentioned
641 that the values of the net flux of deposited water for these three fog events are close to those
642  reported by Spirig et al. (2021) in their study aimed at investigating the seasonality of fog over the
643  central arid Namib desert.

644

645 In this section, we calculated fog deposition velocities and net fluxes of liquid water deposited at
646  the surface for three fog events measured at the Barakah site using the EC framework. The values
647  obtained are of the same order of magnitude as what has been reported in other studies using the
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648  same technique for example as in Spirig et al. (2021), Gultepe and Milbrandt (2007); Westbeld et
649 al. (2009); Weston et al. (2022), and in Kowalski and Vong (1999). However, it should be noted
650 that the eddy covariance method may not be reliable in cases where the turbulence regime is not
651  sufficiently well-developed. Thus, direct measurements of fog water deposition through the setup
652  of a field experiment at Barakah is vital not only to validate the EC technique but also to obtain
653  accurate estimates of fog deposition processes at the nuclear site.
654
655
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Figure 9: Liquid water flux for 27 January, 04 and 24 February 2022 fog events. 15-min liquid water
flux (mgm2s™) components calculated for the three fog cases (a) 27 January, (b) 04 and (c) 24 February
2022. The turbulent liquid water flux, LWFuub , is depicted in blue; the gravitational settling liquid water
flux, LWFgry, is depicted in red; the total liquid water flux, LWFa,is depicted in black. The shading
shows the temporal distribution of the total liquid water flux per bin droplet size. Note that EC data for
the 24 February 2022 fog event was not available for the entire duration of the fog.

669

670
Table 4: Distribution of deposition settling velocities for different LWC bins.
LWC (mg m®) | min (cm s?) | max (cms™) | mean (cms™) |std (cms?) | count
000-100 0.08 3.77 1.95 0.65 1586
100-200 0.79 3.89 2.0 0.54 362
200-300 0.84 3.47 191 0.51 128
300-400 1.48 3.86 1.95 0.55 69
400-500 1.59 2.59 1.74 0.16 34
500-600 1.59 1.9 1.73 0.1 10
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671

672

673 5. Impact of fog on dispersion and deposition of radionuclides

674 The goal of this section is to investigate the impact of fog on ground deposition of radioactive

675  materials in case of an accidental radioactive release at Barakah Nuclear Power Plant (BNPP). To
676  this end, we first use the Weather Research and Forecasting Model (WRF) to carry out a 3D non-
677  hydrostatic numerical simulation for a two-day period covering the fog event of 16th Feb. 2021.
678  Then, the generated WRF-forcing data are used to drive a state-of-the-art Atmospheric Transport
679 and Dispersion Model (ATDM) to simulate atmospheric radionuclide dispersion from a
680  hypothetical accidental radioactive release at BNPP.

681

682  Fog simulation is sensitive to the choice of the PBL parameterization scheme. Therefore, we
683  performed five 48-hour WRF simulations, using three local PBL schemes, MYJ, MYNN2.5 and
684 MYNNS3.0, and two non-local PBL schemes. The model is initialized at 00 00 UTC on 15th Feb.
685  2021. The first twelve hours are discarded as spin-up time and the model output data were recorded
686  every 15 minutes. The innermost nested domain, which represents the study area, is illustrated in
687  Fig. 1b. These five model experiments would help evaluate the overall model’s performance for
688  simulating the specific fog event observed on 16 Feb. 2021. Selecting the right PBL scheme is
689  essential to ensure accurate fog simulation results but at the same time it is a very difficult task in
690 modeling. However, it should be noted that the sensitivity test carried out in this study may provide
691 insights into the sensitivity of the model to various parameters related to the planetary boundary
692 layer. Having said that, it does not aim to provide a comprehensive assessment of the model’s
693  performance for simulating fog over this hyper-arid region.

694

695 In the context of fog, the LWC is an important parameter for understanding the formation,
696  maintenance, and dissipation of fog. Fig. 10 shows a qualitative comparison between simulated
697 LWC by WRF and SEVIRI Fog RGB map for the fog event recorded on 16 February 2021 at
698 00:30 UTC. Figs. 10b and 10c depict the spatial patterns of the simulated LWC obtained by
699  averaging over the three lowest model levels (0-60m) for the nonlocal, ACM2, and the local, MY
700  PBL schemes, respectively. The SEVIRI RGB map (Fig. 10a) shows a band of fog along the entire
701  coastal regions of the UAE with a large fog patch near BNPP. The simulated LWC highlights that
702  both the nonlocal and the local PBL schemes are able to provide reasonable spatial patterns in
703  comparison with the SEVIRI RGB map. Besides, the nonlocal PBL scheme shows higher values
704  of LWC particularly near to the nuclear site and wider fog extent than the local PBL scheme. This
705  finding is in perfect agreement with Chen et al. (2020) results.

706

707  Figure 11a presents the modeled LWC from the first three model levels (0-60m) with the different
708  PBL schemes, along with the observed LWC for the fog case on 16 February, 2021. Figure 11b,
709  shows the diagnosed model visibility for the different PBL schemes using a power law relationship
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710  that links the visibility to LWC as follows: Vis = a x LWCF. This relationship is fitted using
711 visibility and LWC observations for the twelve fog cases. The regression coefficients «, § have the
712 values 0.94641 and -0.31572, respectively (Fig. A5). The LWC and visibility observations indicate
713  that the fog started at 00:30 (LST). With the lower nighttime temperatures, the fog lasted for 4 hr
714  and 15 min until 4:45 am, burning off one hour before sunrise. It is noteworthy that even though
715 most of the fog had swiftly dissipated just after sunrise, there were still some fog patches that
716  remained until 9 am. They may have been transported by wind towards the site, where it was
717  captured by the fog droplet monitor and the visibility meter.

718

719  Asshown in Fig. 11, and for this specific fog event, we notice that the different PBL schemes used
720 in the model simulation have varying levels of accuracy in simulating the correct onset and
721  dissipation times of fog, especially between local and nonlocal schemes. Furthermore, we observe
722 that the simulated LWC in all the numerical experiments has higher values than the observations.
723 Especially for nonlocal schemes (ACMZ2, YSU), where the modeled LWC values are almost twice
724 as high. This result was also pointed out by Chen et al. (2020) and Ghude et al. (2023). Except for
725  the nonlocal ACM2 scheme, all other PBL schemes were able to simulate the fog onset time almost
726  exactly. However, they failed to capture the correct fog dissipation time as they showed earlier
727  dissipation times than those observed (with an average of 2 hours). In contrast, the nonlocal ACM2
728  scheme simulated the fog onset time 1 h late and appears to capture the fog dissipation time
729  reasonably well. Remarkably, we note that the local MYJ scheme succeeded in capturing the
730  remnant of the fog while all other PBL schemes have failed.

731

732  Here, we use meteorological output data from the WRF-MYJ model experiment to drive
733  FLEXPART in forward mode to simulate the transport and deposition of radionuclides at high-
734  spatial resolution (1 km) due to a hypothetical accidental radioactive release occurring at BNPP.
735 A radioactive release of ¥’Cs as aerosol isotope with an emission rate of 70’ Bq h™ over a 28-
736 hour duration is considered. *’Cs has a large radiological soil contamination impact due to its long
737  half-life (~ 30 years).

738

739 In order to highlight the impact of the fog deposition process on the ground deposition of
740  radionuclides, we perform two dispersion simulations for the case of the fog of 16 February, 2021.
741 The first simulation is run with the default parameters of the dispersion model, while the second
742 is run with the modification made to the gravitational sedimentation scheme as described earlier.
743 In both, FLEXPART is integrated over 48 hours from 00:00 UTC on 15 February, 2021, and the
744  radioactive release is assumed to start 20 hours after initialization. The dispersion model output
745 data is recorded every 15 minutes. Figures 12a-b show the spatial distribution of the total
746  deposition of *¥’Cs to the ground (sum of dry and wet deposition) integrated from 08:15 to 08:30
747 LT on 16 February, 2021, respectively from the baseline simulation and that carried out under
748  foggy conditions. As expected, we observe a noticeable downwind increase in ground deposition
749  caused by the fog deposition process, which will subsequently lead to higher levels of soil
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750  contamination. To gain more insight into how the fog occurrence impacts the temporal variation
751  of the ground deposition, we computed the time-variation of the contaminated land areas of *’Cs
752  for a level value of 200 Bq m. The contaminated area is calculated by counting the number of
753  land grid cells in the model domain for which combined values of dry and wet deposition are
754  greater than 200 Bg m2. Each model grid cell has an area of 1 km?. Figure 12¢ shows the temporal
755  variation of the contaminated areas for both the reference dispersion simulation and that with the
756  effect of fog deposition included. We notice that the contaminated land areas of the two dispersion
757  simulations show similar temporal variation patterns, and a gradual increase to reach their first
758  peaks around 10:00 LT, a few hours after the accidental release. Besides, the contaminated land
759  areas calculated under foggy conditions show higher values than those of the baseline simulation,
760  particularly from 00:00 to 12:00 LT where the fog event was measured at BNPP. It should be noted
761 that after the complete dissipation of the fog around 9:00 a.m. LT, the values of the contaminated
762  land region considering the fog deposition begin to gradually decrease to have values similar to
763  those of the reference simulation. In addition, to quantify the relative contribution of the fog
764  deposition process to the total ground deposition (dry and wet deposition combined) of *¥’Cs, we
765  first integrated in time the two dispersion simulations over 28 hours after the start of the radioactive
766  release. Then, we calculated the ratio of the deposition field under foggy conditions to that of the
767  simulation of reference. Figure 12d shows the spatial distribution of this ratio given in percentage.
768  Remarkably, we observe that the fog deposition contributed to the total ground deposition by 30-
769  40%, and regions with marked increases in ground deposition are located near to the source. In
770  addition, it should be noted that the effect of the fog deposition is relatively small near the edges
771  of the radioactive plume where strong gradients exist.

772

773 In this section we have performed a simple modeling simulation experiment to highlight the
774  potential impact of fog on radionuclide ground deposition. It has been demonstrated in this test
775  case that the fog deposition enhances the deposition of *’Cs radionuclide on the ground by acting
776  as a scavenging agent. The actual impact of fog on radionuclide deposition can vary widely
777  depending on the specific situation. Moreover, the solubility and chemical form of the
778  radionuclide-labeled particles can significantly influence this impact. For example, in cases where
779  the radionuclides are highly volatile or have a short half-life, fog may not have a significant effect
780  on their deposition. In other cases, the wind direction and speed can also play a role, as they can
781  affect how the fog and radionuclides are dispersed and transported. Yet, further modeling efforts
782  are needed to incorporate an accurate fog deposition scheme into the WRF model or into the
783  dispersion atmospheric model fitted to the BNPP region.

784

785

786
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Figure 11. Comparison between WRF simulations and FM-120 observations for 16 February 2021. (a) Simulated
LWC (gm™®) using the three first model levels (0-60m) for the MY J (blue), MYNN2.5 (orange), MYNN3.0 (green),
YSU (red) and ACM2 (purple) PBL schemes and that observed (black) in 15 min intervals. (b) is as (a) but showing
the model-diagnosed and observed visibility (km). The model-diagnosed visibility is obtained by fitting a power
law relationship that links the visibility to the LWC values using observations for the twelve fog cases: Vis =
a x LWCF with a = 0.94641 and B = —0.31572.
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Figure 12: Quantification of the effect of fog deposition on the total radionuclide’s deposition (combined dry and wet).
(a) and (b) spatial distribution of the total surface deposition of **’Cs integrated from 08:15 to 08:30 LT on 16 February
2021, respectively for the baseline simulation and that carried out under foggy conditions. (c) Temporal variation of the
contaminated land area for the level 200 Bg/m?. The contaminated area is calculated by counting the number of land grid
cells in the model domain for which combined values of dry and wet deposition are greater than 200 Bqm™. Each model
grid cell has an area of 1 km?. (d) Fractional contribution (%) of fog deposition to the total surface deposition of **'Cs.
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799 6. Conclusions

800 The main objective of this paper was to characterize the deposition of fog droplets around the
801  Barakah nuclear site and to perform a modeling simulation experiment to explore the impact of
802  fog deposition on the ground deposition of radionuclides in the event of a radiological emergency
803 at the site leading to the release of radioactive materials into the air.

804 State-of-the-art in-situ instruments including a ground-based radiometer, fog monitor sampler,
805 ultrasonic anemometer, and visibility meter have been deployed around the site to probe fog events
806 during the winter seasons of 2021 and 2022, and twelve cases of fog were recorded. The
807  microphysical properties for each fog event were inferred by analyzing data of horizontal visibility,
808 liquid water content (LWC), number concentrations (Nc), and median volume diameter data
809 (MVD). Analysis of the size distribution of the mean number concentration for each fog event
810 revealed that all observed fogs exhibit the same bimodal distribution shape, with modes at 4.5 and
811  23.2 um, indicating the coexistence of two distinct populations of droplets in the fog, with a high
812  proportion of small droplets compared to the number of large droplets. The size distribution of the
813  mean LWC showed also a bimodal distribution with a broadening peak at 5.5 wm and a pronounced
814  peak at 25 um. This confirmed that the greatest contribution to the LWC originates mainly from
815 large droplets, between 15 and 35 um, despite their lower number concentration. The time-varying
816  number and mass densities revealed that at the onset stage, the smaller to medium-sized droplets
817  (1-10 um) formed by condensation of water vapor contribute more to the LWC and account for up
818  to 85% of the total number of droplets. However, the large droplets (10-50 um) formed mainly by
819 the collision-coalescence process at the mature stage, representing less than 20% of the total
820  number of droplets. They account for up to 90% of the total condensed water. Moreover, the MVD
821 ranges from 20 to 26 wm in almost all cases, suggesting that the radiation fogs observed in this
822  region tend to form larger droplets.

823

824 The microphysical mechanisms of condensation, coalescence, and evaporation impact the
825  number density and size distribution of water droplets in the fog, which in turn affect the rate of
826  fog droplet deposition on the surface. This study is the first application of the Eddy Covariance
827  (EC) framework to measure the fog droplet deposition velocity to a hyper arid coastal site. The EC
828 technique was applied for three fog events recorded at the Barakah site on January 27, 2022,
829  February 4, 2022 and February 24, 2022. The LWC flux in the fog is calculated as the sum of the
830 turbulent and gravitational settling components. As expected, higher amplitudes of liquid water
831  flux are found to be attributed more to larger-size droplets. For the fog case of January 27, 2022,
832  the fog deposition is found to be primarily controlled by turbulence, with a net gain deposited
833  water for the surface of about -0.18 mm, and an average deposition velocity of 7.9 cm s™.
834  Conversely, the fog deposition was found to be largely attributed to the gravitational sedimentation
835  process for the fog events of February 4, 2022, and February 24, 2022, with net gains for the
836  surface of about -0.34 mm, and -0.19 mm, and average deposition velocities of about 3.5cm s,
837 and 2.1 cm s respectively.

838

839 The calculated net fluxes of water deposited on the surface are found to be of the same order of
840  magnitude as what has been reported in some studies using the same technique (e.g., Kowalski and

38
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841 Vong, 1999; Spirig et al., 2021, Gultepe and Milbrandt, 2007; Westbeld et al., 2009 and Weston
842 etal., 2022). Moreover, the typical values of the average fog deposition rate calculated for these
843  three fog events are of a similar magnitude to the values reported by Tav et al., (2018) for the bare
844  surface type. However, it should be noted that the EC method may not be reliable in cases where
845  the turbulence regime is not sufficiently well-developed.

846

847 In order to assess the impact of fog deposition on ground deposition of radionuclides released
848 into the air in case of an accidental radioactive release occurring at BNPP, a modeling simulation
849  experiment was carried out. The ratio of the time-integrated ground deposition of *¥’Cs under
850  foggy conditions to that of the baseline simulation, showed that the fog deposition contributed to
851 the total ground deposition of *3’Cs by 30 to 40%. This result demonstrated that incorporating the
852  fog deposition process in dispersion modeling as an additional scavenging mechanism is vital
853  under foggy conditions. This is consistent with previous findings; in France for instance and based
854  on model simulations, it has been found that the presence of a fog during a nuclear accident could
855 lead to an almost twice higher surface contamination density of *’Cs than without fog and with
856  only dry deposition (e.g., Masson et al., 2015).

857

858 Our findings are useful for future work on fog deposition and field campaigns in this semi-arid
859  region. The study will be extended by applying the Eddy Covariance technique to estimate the fog-
860  droplet deposition rates to additional fog events. It would be enlightening to plan a field experiment
861  to acquire direct measurements of fog deposition at the site by a sensitive weighing method, and
862  collection of fog water for further analysis. This will help not only to validate the EC technique
863  but also to better estimate the fog deposition parameters. Also, this would help in evaluating the
864  performance of the fog deposition scheme in the WRF model. Additionally, further modeling
865 efforts are required to efficiently account for the fog deposition as an additional removal process
866  in dispersion modeling.
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Figure A2: Attenuated backscatter profiles from Ceilometer Lidar. The profiles are shown for the (a)
27 January, (b) 04 and (c) 24 February 2022 fog events. The top plot shows the backscatter coefficient,
log (B), while the bottom plot shows the depolarization ratio (0-1).
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Figure A4: ERA-5 fields averaged over all 12 fog events. (a) Sea-level pressure (shading; hPa) and 10-
m wind vectors (arrows; m s?) (left) and precipitable water (shading; kg m?) and integrated vapour
transport (arrows; kg m™* s (right) averaged over 00-04 UTC of the 12 fog days listed in Table S1. (b)
is as (a) but showing anomalies with respect to ERA-5’s 1979-2021 monthly climatology at the respective
hour of day.
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Figure A5: Scatter plot of LWC versus visibility at BNPP. The black dashed line depicts the fitted
power law relationship that links visibility to the LWC values using observation data of the twelve fog
events: Vis = a x LWCF with « = 0.94641and B = —0.31572. Each individual observation is
shown by a filled blue circle.
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