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Abstract 

An operational model of net solar radiation flux at ground for the heating and evaporation of liquid water 
droplets in a radiative fog layer is developed in terms of parameterized liquid water droplet reflectance and soil 
albedo, as well as ground-based remote atmospheric measurements of aerosol optical depth, temperature,  
temperature gradient, temperature-inversion layer thickness and liquid water path. The forecasts of the model of 
local time of clearance of radiative fog are compatible with the visual observations and the remote sensing sodar 
observations of the disappearance of temperature-inversion layer to within half an hour during winter over Delhi. 

 
1. Introduction 

 
The formation of ground-based radiative fog at night is aided by an inversion-layer in both temperature and 

humidity, and also by the humidity being close to saturation. The formation of fog is due primarily to the role of 
two distinct physical processes, namely, radiative cooling   and convective warming of air close to the ground. The 
poor visibility observed under foggy conditions is due to the formation of liquid water droplets. The clearance of 
radiation fog commences around local sunrise. The fog dissipation is due to both the solar heating of the water 
droplets and the thermal convection generated at the surface. Reudenbach and Bendix [1] have used the model of  
based on the heating of water droplets by solar radiation using thermodynamic equations, NOAA-AVHR satellite 
data set and various other meteorological data sets. A model scheme, based on Reudenbach and Bendix [1], that 
makes use of the routine ground-based atmospheric measurements for forecasting the local time of fog clearance is 
presented in this paper. Three event studies on the computation of the local time of clearance of dense fog observed 
in winter over Delhi are presented. A comparison is made between the model-computed local time of fog clearance 
with those estimated using the remote sensing atmospheric observations by sodar, as well as by visual observations.  

 
2. Model Solar Radiation Flux 

 
The solar radiation flux dQ in one minute (Wm-2) is given by  

            dQ = J0 60 cos(z) a (1-r(z,LWP)) (1-b)          (1)     
where J0(Wm-2) is the solar constant,  z the solar zenith angle, a the atmospheric transmissivity (= exp(-aerosol 
optical depth)), b the soil albedo of  solar radiations, r(z,LWP)  the  reflectance of solar radiations  by  the liquid  
water droplets and LWP the liquid water path in the fog-layer in cm. A value of b=0.2 has been adopted in the 
present model [2]. The   liquid   water content of fog is estimated based upon the mixing of   near saturated   air 
masses at the   1m and 30m levels, with the consequent increase   and decrease in   temperature   at  the 1m  and 30m 
levels, respectively [3]. The present model calculates the solar liquid water droplet reflectance r(z,LWP) using the 
parameterization scheme of Stephens  et  al. [4]. 
 

3. Fog Clearance Model 
 

3.1 Fog Disappearance Temperature 
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The fog disappearance temperature is that to which liquid water droplets in the fog must be heated to   make   
them evaporate.  Let Ts(°C), dT/dz(°Cm-1), h(m) and LWC(kgm-3) be the measured values of surface-air temperature 
at 1m, temperature gradient, fog-layer thickness and liquid water content, respectively. The steps for computing the 
fog disappearance temperature are given below.  
(i) Compute the temperature difference across the fog layer: Tc(°C) = (dT/dz) h       
(ii) Compute the mean   fog-layer   temperature: Ta(°C) = Ts(°C) + 0.5 Tc(°C).   
(iii) Compute the saturated water vapour mixing ratio (kgkg-1) at the mean  fog-layer  temperature Ta(°C). 
(iv) Compute the saturated water vapour mixing ratio (kgkg-1) equivalent  to the liquid  water content LWC (kgm-3).  
(v) Add the saturation water   vapour   mixing   ratios in steps  (iii) and  (iv).  
(vi) Compute the temperature Tw(°C) equivalent to the  total  saturation   water   vapour   mixing   ratio obtained   in 
step (v).    
(vii) Add   temperatures Tc(°C) and Tw(°C) in steps (i)  and  (vi) to obtain the fog  disappearance temperature Tp(°C).  

 

3.2 Fog Clearance Time 
The   time of clearance of fog is obtained when the temperature within the fog-layer becomes  equal  to  the  

fog   disappearance   temperature. The local time of clearance of fog  tp 
(in hours and minutes) is given by  
                          tp = t0 + n.dt (2) 
where  t0 is the local sunrise time (in hours and minutes) and  n   the   number of time steps dt (in minutes) that 
would increase  the temperature of the fog air by dT (°C).  
 

3.3 Rise in Temperature of Fog-Layer 
 

The temperature Tt(°C) of the fog-layer at time t is given by  
                           Tt = Tt-1 + dT                   (3)  
where Tt-1(°C) is the temperature at time t-1. Initially, Tt-1 = Ts(°C). Finally, Tt = Tp(°C). 
     The rise in temperature of the fog-layer is given in terms of the solar radiation energy dQ (Wm-2) in time step dt  
of   the fog-layer  through  
                        dT = dQ n dt /  F(Ta)                   (4)      
where  F(Ta) (Jm-2K-1)   represents   the  heat capacity of both dry air and liquid water in fog-layer at the mean fog-
layer temperature Ta(K).  
 

3.4 Heating of Fog-Layer 
 

The heat capacity of fog-layer, F(Ta), consists of two parts: 
                        F(Ta)= F1(Ta) + F2(Ta)    
where F1(Ta)  and  F2(Ta)   represent   the  heat capacity of dry air and liquid water in the fog-layer, respectively. 
F1(Ta) is given by F1(Ta) = h.ρ.cp,  where  h  (m)  is the fog-layer thickness, ρ (kgm-3)  the  mean density  of dry air 
and cp (Jkg-1K-1) the specific heat of  dry air. F2(Ta) is given by F2(Ta) = h.(A-1).Lv.ew / (Rd.Ta

2), where Lv(Jkg-1) is  
the   latent  heat  of vapourization,  ew(hPa)  the saturated water vapour pressure  at temperature Tw(°C),  Rd(Jkg-1K-

1) the gas constant of dry air and A equals 1.32 [5].  
    

4. Measured Atmospheric Parameters 
  

The air temperature was measured at the 1m, 13m and 30m levels using precision, matched thermistors 
(Figure 1). The air temperature gradient from the ground to the 950 hPa level  (approximately 300m) was derived 
from 0530 h LT radiosonde measurements made at 0000 GMT (or 0530 h LT) at Delhi. However, when the fog 
formed after 0530 h LT, the   temperature  gradient  was derived from the air temperature measurements made at  the 



1m and 30m levels. The air temperature gradient was then extended to the inversion-layer thickness. The 
temperature measurements at the 1m and 30m  levels were also used to estimate mean surface air temperature and 
liquid water content in fog. The temperature inversion-layer thickness was obtained from the records of a monostatic 
sodar around 0645 h LT in the pre-sunrise period (Figure 2). This pre-sunrise inversion-layer contains the condensed 
water, which is later fed as an input to the fog clearance model. The aerosol  optical  depth  at two wavelengths, one 
in the visible band at 500 nm and another in the near IR at 1020 nm was measured  using a  sunphotometer  during   
the “clear” daytime  conditions. The mean aerosol optical depth determines the atmospheric transmissivity of solar 
radiation in the 150 to 3000 nm band. The   clearance   of    fog was    observed    by   visual observations as ewell as 
by the disappearance of  temperature-inversion layer on the sodar records. On each of these fog events studied, calm 
conditions, with north-westerly wind of less than 3 ms-1 from the north-west direction, prevailed.  
 

 
Figure 1. The measurement of temperature at the three levels of  1m, 13m and 30m with local time under dense foggy 
conditions on 2 January 2003 over Delhi.   

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  The sodar record on the night  of  1/2 January 2003.  Fog  formed  around (0300-0400)  h LT  and  cleared  
around 1000 h local time. The  record  reveals  an  elevated  stable-layer   with   base  at  120m  and  thickness  20m  
around  0645 h local time, resulting in a  temperature-inversion layer of thickness 140m, as marked in the figure. 
 

5. Results 
 

The values  of  various measured, parameterised and model-calculated atmospheric parameters for three fog 
events are given in Table 1.            

 

Table 1 

Atmospheric  parameters relevant to foggy conditions under study. The model-calculated   values of  temperature at  
which fog would disappear are also given 
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Case 
study 

Surface 
air temp-
erature 
(°C) 

Aerosol 
optical 
depth at 500 
nm 

Fog layer 
thickness         
(m) 

Temperature 
gradient 
(°C m-1) 

Liquid water 
(content, path)  
(x10-3 kgm-3, cm) 

Temperature at 
which fog 
would 
disappear (°C)    

Event 1   6.7   0.25    100    0.0100  1.35, 0.01350     10.4 

Event 2  6.4   0.85    150    0.0180  0.75, 0.01125      11.6 

Event 3   8.5         1.30          140    0.0024  1.45, 0.02030      11.0 

 

6. Model Validation 
The results of the model forecasts of   the local time of clearance of dense fog for three events are presented  in 

Table 2.  The   total   uncertainty in the model-computed  time of clearance of fog due  to  the  uncertainty  in  the 
input atmospheric  parameters is about ±25 minutes.  

Table 2 

A  comparison   of   the  local  time  of  clearance of    fog by visual observations, sodar observations and 
model forecasts for three fog events  under study 

 
                               Local time of clearance of fog 

Case study Visual observation (h,LT)  Sodar observation (h,LT) Model forecast (h,LT)   

Event 1 0830 0830 0832±25 min. 

Event 2 0930  1200 0911±25 min. 

Event 3    0930 1000 0855±25 min. 

 

7. Conclusion 
 The   present model of solar radiation flux, using routine atmospheric measurements, is  useful  to  forecast  

the  local  time  of   clearance of  radiative  type of  fog  to within half hour at  a single station. 
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