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The fog is suspended cloud particles in the air near the surface (height 1.5-2 m), which 

reduces horizontal visibility up to 1 km and less (Khrgian and Mazin, 1989). The main reasons 

of fog formation are the air mass advection, radiative cooling due to cloudless meteorological 

conditions, orography effects and anthropogenic activity. Anthropogenic activity stimulates an 

increase of cloud condensation nuclei number concentration and promotes cloud formation. The 

most complete fog forecast includes the time of fog formation and duration, its vertical extent 

and intensity. The fog vertical extent and fog duration depend on atmospheric moisture content 

and specific meteorological conditions (air stratification, wind speed, cloud amount and 

structure). Fogs along the vertical extent are divided into ground level (below 2 m), low (2-10 

m), medium (1-100 m) and high (more 100 m) fog (Khrgian and Mazin, 1989). 

The horizontal visibility (VIS) is the main characteristic of fog intensity. VIS is based on 

the Koschmieder’s formula (Koschmieder H., 1924): 

𝑉𝐼𝑆 =
−ln⁡(𝜀)

𝛽𝜆
, 

where ε is the eye contrast sensitivity threshold (usually 0.05 or 0.02) (ICAO, 2010; Stoelinga 

and Warner, 1999), β is the extinction coefficient, λ is the irradiance wavelength, which is 

usually equal to 550 nm (Trautmann and Bott, 2002). The theoretical formulation of β is based 

on Mie theory: 

𝛽𝜆 = ∫ 𝑄𝑒𝑥𝑡,𝜆𝑛(𝑟)𝑟
2∞

0
𝑑𝑟, 

where Qext is Mie efficiency factor, r is the radius of cloud droplets, n(r) is the number density of 

cloud droplets (Gultepe and Milbrandt, 2007). The Mie efficiency factor is about 2 for cloud and 

rain droplets (Koening, 1971). The theoretical equation of β is not used in the operational 

forecast. Firstly, the theoretical formulation is expensive for operational weather prediction. 

Secondly, the theoretical formulation of extinction coefficient requires a more detailed 

description of cloud droplet’s number density. The extinction parameter can also be 

parameterized using standard meteorological values or microphysical cloud characteristics. 

There are three main approaches to fog prediction using parametrization. According to the first 

approach, visibility can be forecasted using empirical relations between β and meteorological 

parameters (air temperature, dew point temperature, wind speed, air pressure) by observation. 



Empirical ratios are created for specific points (specific climate and orography) and synoptic 

situations. This method requires a preliminary analysis of meteorological conditions, since 

empirical relations are found for specific air conditions and fog physical mechanisms. 

The second approach is the use of fog forecasting techniques based on machine learning methods 

(Abdulkareem K. H. et al., 2019; Zhu et al., 2017; Oguz and Pekin, 2019). The input data is 

observed or simulated air temperature, dew point temperature, atmospheric pressure, relative 

humidity, wind speed and direction at 10 m. ML methods organize the forecast based on a set of 

air condition data. The result is the extinction coefficient or visibility. 

According to the third approach, the extinction coefficient can be calculated using β 

parametrization and numerical weather prediction results (directly in the model or in 

postprocessing). All parametrizations are obtained based on observations. There are two types of 

numerical visibility prediction: the meteorological approach and the microphysical approach. 

The extinction coefficient is based on meteorological characteristics according to the 

meteorological approach. Examples of “meteorological approach” parametrizations with its 

applications are shown in Table 1. The T is the air temperature (°C), Td is the dew point 

temperature (°C), RH is the relative humidity (%), a1-8 are constants based on measurement data. 

The main limitation of the meteorological approach is that meteorological values are not able to 

describe the cloud structure, which reduces the forecast accuracy. 

 

Table 1. The meteorological approach of extinction coefficient 

Parametrization of β and VIS, км Source Application 

𝛽 = 6000
𝑇 − 𝑇𝑑
𝑅𝐻1.75

 Doran et al., 1999 
Forecast System 

Laboratory 

𝑉𝐼𝑆 = 𝑎1 ln(𝑅𝐻) + 𝑎2 

𝑉𝐼𝑆 = 𝑎3𝑅𝐻
𝑎4 + 𝑎5 

𝑉𝐼𝑆 = 𝑎6𝑅𝐻
2 + 𝑎7𝑅𝐻 + 𝑎8 

Gultepe et al., 2009  

𝑉𝐼𝑆 = 60000𝑒𝑥𝑝 (
−2.5

80
(𝑃𝐻 − 15)) Bang et al., 2009  

 

The microphysical approach of β is based on cloud characteristics. The microphysical 

parametrizations are shown in Table 2. The Nc is the number concentration of cloud droplets 

(cm-3), Ni is the number concentration of ice particles (cm-3), QC is the liquid water content 

(g/m3), QI is the ice water content (g/m3), R is the radius of cloud droplets (m), b1-3 are constants 

based on measurement data. 



The relation (Stoelinga and Warner, 1999) is operatively used for numerical weather 

forecasting in the WRF model (Weather Research and Forecasting Model). The parametrization 

of β(Kunkel B.A., 1984) is based on (Eldridge R.G., 1966; Eldridge R.G., 1971; Pinnick et al., 

1978; Tomasi and Tampieri, 1976) works and is widely used in HARMONIE (HIRLAM 

ALADIN Research on Meso-scale Operational NWP In Europe), AROME (Applications of 

Research to Operations at Mesoscale) and is also applied to the one-dimensional fog forecast 

model COBEL. The β-description of the PAFOG fog prediction model is based on (Trautmann 

and Bott, 2002). The fog forecast in Unified Model uses the method (Clark et al., 2008). 

 

Table 2. The microphysical approach of extinction coefficient 

Parametrization of β and 

VIS, км 

Source Application 

𝛽 = 𝑏1𝑄𝐶
𝑏2 

Eldridge R.G., 1966;  

Eldridge R.G., 1971;  

Pinnick et al., 1978;  

Tomasi and Tampieri, 1976 

Kunkel B.A., 1984 

𝛽 = 144.7𝑄𝐶0.88 Kunkel B.., 1984 

COBEL (Muller M.D., 2006); 

HARMONIE (Kettler T.T., 2020); 

AROME (Philip et al., 2016);  

WRF (Creighton et al., 2014);  

Texeira et al., 2001 

𝛽 = 163.9𝑄𝐼 Stoelinga and Warner, 1999 
WRF (Creighton et al., 2014); 

HARMONIE (Kettler T.T., 2020) 

𝛽 = 230
𝑅

𝑄𝐶
 Zverev A.S., 1977 Shatunova et al., 2015 

𝛽 = 1.5𝜋𝑁𝑐𝑅
2 Clark et al., 2008 

UM (Claxton et al., 2008;  

Boutle et al., 2016) 

𝛽 = 𝑏3𝑄𝐶
2/3𝑁𝑐

1/3
 Bott and Trautmann, 2002 PAFOG 

 

The visibility forecast within the numerical weather prediction can be improved using one-

dimensional fog models (1D) and specific settings of model physics. Well-known 1D models are 

the University of Toulouse COBEL model (Couche Brouillard Eau Liquide) (Bergot and 

Guedalia, 1994; Muller M.D., 2006; Muller et al., 2007) and the PAFOG (PArameterized FOG) 

model of the University of Bonn (Bott and Trautmann, 2002; Masbou M., 2008; Mohr et al., 

2009). Thermodynamic, radiative and microphysical processes of 1D models are presented with 



higher vertical resolution, especially in the planetary boundary layer. The lower vertical grid 

spacing promotes to improve the description of turbulent fluxes and radiative cooling in fog 

conditions (Trautmann and Bott, 2002a-b). 

Thus, the operational VIS prediction is usually based only on one-moment microphysics 

results (liquid and ice water contents). However, we can also account for the number 

concentration of particles using two-moment microphysics. The two-moment microphysics 

implementation and aerosol representation lead to a more sufficient cloud description and fog. 

Finally, the detailed tuning of model physical schemes is required to improve the fog 

forecast. For example, the formation of stable atmospheric stratification is assumed for radiative 

fog formation, and this is necessary to reduce the errors of the simulated turbulent heat transfer 

(Thoma and Bott, 2011; Masbou and Bott, 2010). The time of fog formation and dispersion 

depends on the model description of radiation processes (Antoine S., 2020). Schemes of fog 

prediction, including the aerosol physical properties and dynamics and cloud-aerosol interaction, 

show more sufficient results (Vie et al., 2015; Clark et al., 2008). 

It can be concluded that the quality of fog prediction depends mainly on the model grid 

spacing and the approaches of turbulent, microphysical, radiative processes and surface-air 

exchanges. The fog prediction tasks today have two basic directions. Firstly, we need to decrease 

the model grid spacing due to the locality and spatial heterogeneity of fog events (Boutle et al., 

2016; Philip et al, 2016). And, secondly, the lower grid spacing requires a revision of model 

physics, new approaches and description of urban environment (Roebber et al., 2004; Zangl G., 

2021). 
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