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1. Introduction

Fog is defined as a suspension of water droplets and ice particles that reduce the visibility to
less than 1 km near the Earth's surface. It is also described as a formation of low status cloud
that forms near the Earth's surface. Its depth and horizontal extent depends upon surface
characteristics, micro- and mesoscale meteorological factors such as radiation and turbulent
characteristics.

Fog is a major weather hazard as it reduces visibility and can disrupt road, rail, and air
transport. Therefore, reliable fog forecasting becomes essential to prevent interruptions in
transportation (Michaelides et al., 2014; Vajda et al., 2014). Accurate fog forecasting relies on
correct parameterizations of the radiative, turbulent and surface processes as poor
parameterization lead to poor forecasting results (Westerhuis et al., 2020). Statistical
investigations of fog formation and development are also important for the climatological
background of secure aviation (Wantuch & Michaelides, 2005; Bottyan et al., 2010; Tuba &
Bottyan, 2018). Therefore, it is essential to understand the physical, chemical, and
meteorological features that lead to fog generation, preservation, and dissipation. As a result,
ground-based fog experiments are being conducted in different cities worldwide to formulate
better parameterizations for fog modelling. Ground-based fog experiments have been
conducted for example in Paris, New Delhi or Wasatch Mountain Range (northern Utah,
USA), to measure the fog events, associated thermodynamics, microphysics, and chemical
composition of gases and aerosols (Haeffelin et al., 2010; Gultepe et al., 2016; Ghude et al.,
2017).

This study consists of two main parts. First, a comparison of fog climatology among New
Delhi, Budapest, and Siofok is provided. It was done to assess the frequency and occurrence
of fog in the three cities. The second part of the manuscript describes the micrometeorological
measurement campaign in Siojut (Hungary) from 15th October 2018 till 13th December 2018.
Measuring system, main goals of the experiment and few results are presented. The
momentum (7) and sensible heat (H) fluxes were calculated based on eddy covariance
methodology using Gill sonic anemometer. Necessary corrections were applied to the raw
eddy fluxes as described in the TK3 software manual (Weidinger et al., 1999; Barcza, 2001;
Mauder & Foken, 2015 and Horvath et al., 2018). We measured the surface and soil energy
budget components together with the heat flux into the soil (G_Soil) and net radiation (Rn).
Finally, case studies of fog events are presented to show the daily variation of meteorological
variables, radiation, and surface energy budget components.
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2. Fog climatology in New Delhi, Budapest and Siofok — comparison study

Synoptic data for New Delhi (42181), Siofok (12935), and Budapest (12843) was obtained
from Meteomanz website (http://www.meteomanz.com/) for the months from October to
March. The data was obtained for the periods 2017-18 and 2018-19. The synoptic data was
used to analyse the climatology of fog and mist in the three cities and then a comparison was
made among them based on the number of fog and mist events and their duration. An event is
classified as fog or mist if continuous fog or mist was observed in the synoptic data for at
least 3 hours. Further, an event was classified as mist if the visibility was between 1 km to
5 km and as fog if the visibility was less than 1 km.
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Figure 1. Number and duration of mean monthly mist (a, ¢) and fog (b, d) events
in New Delhi, Siéfok, and Budapest for October to March season (2017-2019).
Values of mist and fog events have been averaged out over the 2-year period.

Comparing the fog climatology from 2017-2019 for the months October to March (Fig. 1)
showed that the number of fog events as well as their durations in New Delhi were around 4
to 5 times more than in Budapest and Siéfok during December and January. For November
and February, the number of events and durations of fog were 2 to 3 times higher in Delhi
than in Budapest and Si6fok. Mist events and durations in Delhi were 2 to 3 times higher than
Budapest and Siofok for the whole period. For all three cities the number of fog and mist
events, as well as their durations, was highest in December and January. The lowest numbers
for mist and fog events were recorded for October and March.

Recent events of extremely high pollution in India’s capital can be attributed to an
increased number of misty and foggy days (Liu et al., 2018). During winter, the pollutants
from several industrial sources, crop burning in villages and vehicular exhaust get locked in
the lower atmosphere due to stagnant winds. Further sand and dust generated from
construction activities form a suspension of aerosol particles allowing settling of fog and mist
droplets resulting in fog generation.
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3. Siojut field campaign

The Si6jut Fog Experiment was conducted near the Si6 Channel 6 km from Sidéfok (Lake
Balaton) with the participation of: University of Pannonia (mobile air quality lab), University
of Pécs, Hungarian Meteorological Service, and ELTE Department of Meteorology from
middle of October to middle of December 2018.

Figure 2. Micrometeorological observation pole and its instrumentation (CNR4 net radiometer,
Gill sonic anemometer, temperature, relative humidity, and wind speed gradients).
Mobile air chemistry laboratory of the University of Pannonia in the background.

Micrometeorolgical measurement pole and instrumentation are presented in Fig. 2. Soil
measurements consisted of soil temperature, soil moisture, and heat flux in the upper 10 cm
soil layer using Campbell Scientific Instruments. The instruments deployed in the field and
the description is given in Table I. CR1000 data logger was used to obtain the 1-minute
averaging data set and Raspberry computer for 10 Hz data set. Raw data from Gill sonic
anemometer was used for flux (momentum (7) and sensible heat (H)) calculation.

Surface temperature was measured based on the temperature and long wave radiation from
CNR4 sensor. Temperature and relative humidity differences between 1 m and 2.7 m were
measured with Vaisala HMP45 sensors. Leaf wetness was measured with a leaf wetness grid.
Two Vaisala (recalibrated in the laboratory) WAAI15 wind speed sensor (1.25 m and 3 m)
were used to measure the wind speed.
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Table 1: Instrumentation used on the micrometeorological experiment in Siojut, 2018

No | Instrument Height | Variables Comment

A | Raspberry 2.8 m Data collection for Gill sonic 10 Hz time resolution, daily
computer for data anemometer files, close connection with
collection the Telktonika modem

1. | Gill Sonic, 34m | Wind Speed Components Old version, no vertical wind
WindMaster (u, v, w) [m/s], speed correction

Sound Speed (¢) [m/s],
Sonic Temperature (Tsonic) [K]

B CR1000 + 1.6 m Voltage [ V], 5 s sampling rate,
Telktonika Panel Temperature (7panet ) [°C], 1 min averaging time
modem Reference Temperature (7,.r) [°C]| for all variables

2. | Vaisala WAALS 3.0m Wind Speed (U) Cap anemometer

(mean, max, std.) [m/s]
3. | Vaisala WAA15 1.25 m | Wind Speed (U) Cap anemometer
(mean, max, std.) [m/s]

4. | Vaisala HMP45 2.7m Temperature (7) [°C], and With shield from Campbell

relative humidity (Rk) [%] Scientific

5. | Vaisala HMP45 1.0m | Temperature (7) [°C], and With shield from Campbell

relative humidity (Rh) [%] Scientific

6. | Kipp & Zonen, 0.75 m | Net Radiation, shortwave and Special unit for CR1000 for
CNR4 longwave radiation components surface temperature

: 2
Net Radiometer Eﬁg,e gi)s%;)G[sI,]?ll, GIT) [W/m?], (New innovation)
Surface temperature Ty,r [°C]

7. | Leaf wetness grid, | 3 cm Leaf wetness in relative scale Campbell Scientific
237-L

8. | Soil temperature | -2 cm, | Ts[°C] Campbell Scientific
(107 thermistor) -5 cm.

—10 cm

9. Soil wetness =Scm | Sw[Trf%] Campbell Scientific
CS616

10. | 2 Soil heat flux —8cm | G _soil [W/m’] Huskeflux
plates (HFPO1)

3.1. Turbulent fluxes

We use the eddy covariance technique to calculate fluxes. Eddy covariance is a statistical
technique used in micrometeorology to measure high-speed fluxes of momentum, sensible
and latent heat, trace gases, and fine aerosol particles within the atmospheric boundary layer.
The vertical fluxes are presented as the covariance of vertical wind velocity and the given
property. The necessary corrections were calculated by our Fortran program which was tested
by comparing different flux calculation algorithms (Weidinger et al., 2002; Weidinger &
Bordas, 2007). The raw turbulent flux of given property (s) can be represented as:

Fs = prws .
where p,, is the density of the moist air; s can be used to represent horizontal velocity
components and any scalar parameter like temperature, water vapour content, or concentration

of the substance (c) in the air (¢ = p./pm) and w stands for vertical wind velocity. Flux is equal
to the mean product of air density, vertical wind velocity, and the scalar property.
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The momentum and sensible heat fluxes are calculated by deriving the covariance of
vertical wind fluctuations with horizontal wind components and temperature, respectively
with the assumption of zero mean vertical wind velocity. (The latent heat flux was estimated
as the residual term from the energy budget equation in our case). Based on Monin-Obukhov
similarity theory and eddy covariance methodology using a few assumptions, the basic
equations of momentum and sensible heat fluxes (Arya, 2001; Barcza, 2001; Foken & Napo,
2008; Burba & Anderson, 2010):

1/2

— 7 7% — —= vy _ — Ay

T=pm(uw + v'w ) =pmuf=meMa—Zh=meM%, [(N/s)/m?s]
— T — — oT o = AT

H= D, cmWT =P, omit.T. = =P, ComKn7 =P, comKn [W/m?]

where u',v',w’, T' are the fluctuations of wind velocity components and temperature
fluctuations, ¢, is the specific heat capacity of the moist air in the constant pressure, Ky,
Ky are the eddy diffusivity coefficients for momentum and sensible heat, u,, T, are the
friction (or dynamical) velocity and dynamical temperature.

3.2. Results and Discussion

A total of 24 foggy periods were recorded by the Hungarian Meteorological Service using an
on-site web camera from October 15" to December 11" 2018 in Siéjut. 15 fog events out of
the 24 started to develop in the late evening or late night and continued to last till the early
morning of the next day. The development of these fog events in the evening or night and
dissipation in the morning after the increase of global radiation suggest that these fog events
are radiation or radiation driven advection fogs.

The daily variation of half-hourly averages of net radiation (Rn), sensible (H corr.), latent
(LE corr.), and ground heat (G Soil) fluxes are shown in Fig. 3 along with foggy periods.
According to Fig. 3 from 19" November to 28" November (323-332 DOY) the values of net
radiation were practically below 100 W/m?.
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Figure 3. Observed energy budget components and fog events for Siojut Fog Experiment

from 11th November to 11th December 2018.

This could be explained on the basis of high cloudiness and precipitation events. Since the
net radiation was lower, the values of sensible, latent and soil heat fluxes were also lower
during this period. However, before and after this period, the daily maximum of net radiation
was above 100 W/ m? (on a few days more than 200 W/m?). During the whole measuring
period the net radiation, sensible, latent and heat flux into the soil ranged between —70 W/m?
to 340 W/m?, -91 to 129 W/m?, —104 to 223 W/m? and —16 to 40 W/m? respectively. It is
clear from Fig. 3 that when fog finishes (day time), the net radiation, sensible heat, latent
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heat, and soil fluxes began to rise, and during the fog, night time, their values decrease and
become very low.
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Figure 4. Observed momentum fluxes (1), friction velocity (u+) and wind speed (U(3 m))
for Siéjut Fog Experiment from 11th November to 11th December 2018.

Fig. 4 shows the daily variation of momentum flux (7), friction velocity (u+), and wind
speed (U(3 m)). The values of 7, u+ and U(3 m) range between 0 to 0.65 N/m?, 0.0 to 0.7 m/s
and 0.0 to 7.5 m/s, respectively. As the fog dissipates during the day, the value of all the 3
variables began to rise due to higher turbulence.
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Figure 5. Temperature (2.7 m) during all the fog events observed in the Sidjut Fog Experiment.
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Figure 6. Relative humidity (2.7 m) during all the fog events observed in the Siojut Fog Experiment.

The daily variation of meteorological variables like air temperature and relative humidity is
shown in Figs. 5 and 6 During the night, when the ground is wet due to fog, a parallel rise in
the relative humidity reaching 95-100% and a reduction in temperature can also be observed.
Since 15 out of the 24 cases occur during the night, it is clear that radiative heat loss from the
ground caused the temperature drop, and this cooling leads to an increase in relative humidity.
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4. Conclusions

This study tried to establish a connection between foggy events and micrometeorological
parameters with the help of high-resolution micrometeorological measurements and analysis.
First, we compared the fog climatology among New Delhi, Si6fok, and Budapest. New Delhi
had the highest number of mean fog and mist events as well as the respective durations among
the 3 cities. December and January were identified as the months with the highest number of
mist and fog events as well as their durations for the 3 cities.

We choose the eddy covariance method in order to calculate the momentum and sensible
heat fluxes. Based on the soil and radiation budget measurements the heat flux into the soil
(G _Soil) and the net radiation (Rn) were also calculated. The latent heat flux (LE) was
estimated as a residual term using the available energy (Rn — G Soil) and sensible heat flux
(H). The mean values of the Bowen ratio (= H/ LE) were also estimated (~0.51).

The daily variation of the surface energy budget components during the observation period
showed that when the fog dissipated (daytime), the values of energy budget components
increased. The variation of meteorological parameters like temperature and relative humidity
showed the same pattern. Therefore, we concluded that fog events that occurred during the
nights were radiative. As radiation components decreased during the fog events and they only
began to rise after the dissipation of the fog during the day.

The flux calculations and micrometeorological measurements results were provided to the
University of Pannonia and the University of Pecs for further analysis on fog chemistry and
numerical fog modelling (Imre et al., 2019). These measurements can help us to improve
parameterization in numerical models for fog prediction to study its evolution and structure in
detail.
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