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An attempt has been made in the present study to forecast fog with a 
diagnostic method using the outputs of global NWP model. The diagnostic 
method is based on the combination of thresholds of meteorological 
variables involved in fog formation. The thresholds are computed using 
the observations during fog. These thresholds are applied to the output of a 
global NWP model for forecasting fog. The occurrence of fog is a common 
phenomenon during winter season over the northern plains of India. The 
diagnostic method is used to predict fog occurrences over three stations in 
north India. The proposed method is able to predict both occurrences and 
non-occurrences of fog at all the three stations. It is found that 94% of the 
fog events forecasted by the model using the diagnostic method have been 
actually observed at the selected stations. The performance of method in 
predicting fog is found best over Delhi with the highest accuracy (0.61) and 
probability of detection (0.60). The study signifies that diagnostic approach 
based on the output of a global model is a useful tool for predicting fog 
over a single location.
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1. Introduction

Fog formation over any region causes low visibility 
conditions leading to hazardous conditions worldwide and 
disrupting the normal life and all the modes of transport 
such as road, rail, air and marine traffic [1-5]. The aviation 
sector suffers economic losses in different parts of the 
world due to fog [6-10]. Thus, several climatological stud-
ies and field campaigns have been conducted focusing 
on some of the busiest airports around the world [11-14]. In 

addition, numerous field and numerical studies have been 
conducted worldwide [15-21,23-27] to understand the formation 
and development of fog. The studies indicated that a num-
ber of factors such as near surface radiative cooling pro-
files, topography, land surface characteristics, pollution, 
boundary layer temperature, humidity, wind speed and 
wind direction are responsible for fog formation over any 
surface. The understanding of local weather conditions 
that lead to fog, plays a major role in the operational fore-
casting of fog. Fog is a suspension of water droplets in the 
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atmosphere near the surface which are formed due to low 
temperature, high relative humidity and stable conditions. 
The water droplets condense on aerosols under polluted 
conditions. The prevalence of stable atmospheric condi-
tions over the northern plains of India during winter sea-
son aids in formation of fog. The northern plains of India 
frequently experience western disturbances (WDs), low 
pressure systems observed in midlatitude westerlies which 
move from west to east in all seasons but are most prom-
inent over Himalayas during the months of December to 
March. In winter season WDs provide sufficient moisture 
and stable conditions required for formation of fog over 
the northern plains of India [28,29]. The plains of north In-
dia are invariably affected by fog every year between the 
end of December to beginning of January due to typical 
prevailing meteorological and terrain conditions [30,31].  
The studies conducted over India suggest an increase in 
fog events over the Indo-Gangetic basin (IGB) encom-
passing northern plains of India during the last decade [32,33] 
in the winter months. The airports, road and rail networks 
located in this region of India are affected by fog in winter 
months of December and January. According to a study [34], 
Indira Gandhi International Airport (IGIA) in Delhi suf-
fered a total economic loss of approximately $3.9 million 
during 2011-2016 due to fog. Thus, the prediction of fog 
over the northern plains of India is significant for safe and 
efficient operations of all the modes of travel/transport. 
However, the accurate prediction of fog has long been 
a challenge for both the operational forecasters and the 
present numerical weather prediction (NWP) models. The 
present NWP models are not able to predict the fog due to 
lack of appropriate fog physics. The cloud schemes used 
in the operational NWP models are designed to represent 
the high-level clouds and precipitation and not the ground 
level fog. Also, the processes such as gravitational settling 
on the ground and surface layer turbulence involved in 
formation of fog are not included in the cloud scheme. 
Another reason is the coarse resolution of NWP models. 
The local weather conditions are not well represented in 
the coarse grid models and thus these models fail to accu-
rately predict fog which is a local phenomenon. The third 
reason is that operational fog forecasting is based upon 
the model post processor and is not directly obtained from 
the model. The evolution of fog is a complex process and 
is related to turbulence [35] and the impact of turbulence 
cannot be represented in model post processor. Thus, a 
fog diagnostic method based on the model post processor 
output has been developed for fog prediction. One of the 
diagnostic methods used to predict fog with model post 
processor output is visibility diagnosis method. Accord-
ing to World Meteorological Organization (WMO), fog 

is a surface weather condition and occurs when surface 
visibility is less than 1000 meters (m). Thus, the visibility 
one of the variables diagnosed from the model postproc-
essor output is used to predict fog. Most of the operational 
model uses the Kunkel [36] fog visibility formulation based 
on surface liquid water content (LWC) to determine the 
visibility during fog. The verification studies conducted 
over different parts of world such as East China, North 
America and India [37-39] indicate a low performance of 
visibility diagnosis method. The multi-rule fog diagnosis 
method [40,37,41] was developed as the visibility diagnosis 
method exhibit poor performance in predicting fog. The 
study conducted by Zhou and Du [37] used the liquid water 
content (LWC), cloud base/top rule and surface relative 
humidity (RH)-wind rule. The study concluded that RH-
wind rule with 2 m RH > 90%-95% and wind speed at 
10 m < 2 m·s–1 works better when both the parameters 
are considered together than any of the parameters LWC 
or cloud base/top on individual basis. Another study by 
Payra and Mohan [41] mentioned that cloud base/top rule 
is good for coastal or marine fog and not for shallow or 
ground fog and utilized the two-level approach using RH-
wind rule along with temperature gradient rule. Radiation 
and advection, two types of fog are generally observed 
in India. The advection fog occurs in the forward sector 
whereas the radiation fog occurs in the rear sector of a 
western disturbance. Radiation fog occurs due to radiative 
cooling of earth’s surface during nighttime with favorable 
meteorological conditions of low wind speed, high rela-
tive humidity, clear sky and stable conditions. 

The present study focuses on the prediction of radiation 
fog over the northern plains of India using the diagnostic 
method based on the threshold values of relative humidity 
at 2 m, dew point depression at 2 m and wind speed at 
10 m. The threshold values of the variables are obtained 
from the observations during fog. The output of a global 
non-hydrostatic NWP model is used in the diagnostic 
method to predict fog in winter months of 2018-2019. The 
study is divided into different sections. The next section 
describes the diagnostic method for fog forecast. Section 
3 describes the global model. Section 4 describes the re-
sults of the study and summary with conclusions is given 
in section 5.

2. Diagnostic Method for Fog Forecast 

The diagnostic method used in the present work is 
based on the combination of meteorological variables 
involved in fog formation such as temperature, humidity 
and wind speed. The study considers the following criteria 
to derive fog forecast:

Surface relative humidity over an appropriate threshold
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Difference between surface temperature and surface 
dew point temperature .i.e. dew point depression under an 
appropriate threshold

Wind speed at 10 m between two appropriate thresh-
olds.

The thresholds of these variables are obtained from the 
observations during fog during three years (2016-2019) in 
winter months at three stations Amritsar, Delhi and Luc-
know situated in north India. The presence of fog is iden-
tified based on the observed values of visibility from ME-
TAR observations at all the three sites. Fog is considered 
when the observed visibility is reported less than 1000 m. 

The analysis of visibility observations for the months of 
December, January and February during 2016-2019, sug-
gests that fog observed for 1071, 1851 and 823 hours at 
Amritsar, Delhi and Lucknow respectively. The frequency 
of dense fog hours with observed values of visibility <200 
m was highest over Amritsar and comparable over Delhi 
and Lucknow. The meteorological conditions during the 
fog hours were analyzed using the METAR observations 
of surface temperature (T), dew point depression (T-Td), 
wind speed (WS)and specific humidity (SH). The values 
of relative humidity (RH) and specific humidity (SH) are 
obtained using the following equations.
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hi. Similarly, over Lucknow the observed values of rela-
tive humidity were 95%-100% for majority of hours. The 
dew point depression (difference between the temperature 
(T) and dew point temperature (Td), T-Td) was found zero 
at all the stations for majority of hours. The analysis of 
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where x denotes any of the variable such as RH, T-Td, 
WS, T, SH and n is the total number of observations avail-
able at any station. 

The mean values indicate the highest relative humidity, 
lowest dew-point depression, temperature and specific 

humidity over Amritsar. The mean value explains the ten-
dency of the data to assume certain values and the quanti-
fication of dispersion of data is given in terms of the value 
of standard deviation. The thresholds values of T-Td, RH 
and WS required for fog formation are computed using 
the mean and standard deviation values of these variables 
at each station. The threshold of RH and minimum WS 
is obtained as mean minus standard deviation while the 
threshold of T-Td and maximum WS as mean plus stand-
ard deviation and are given in Table 2. The threshold of 
relative humidity is highest over Amritsar and lowest over 
Delhi, whereas the threshold of dew point depression is 
lowest over Amritsar and highest over Delhi. However, 
in case of wind speed the minimum and maximum wind 
speed required for fog formation is the lowest and highest 
over Delhi. 

Table 1. Mean, standard deviation for surface relative hu-
midity (RH), dew point depression (T-Td) and wind speed 
(WS) during fog hours at Amritsar, Delhi and Lucknow

Amritsar

RH 
(%)

T-Td 
(°C)

WS 
(m·s–1)

T 
(°C)

SH
(g/kg)

Mean 98.02 0.39 0.31 9.23 11.61

Standard 
Deviation

 4.81 0.96 0.76 3.46 2.73

Delhi

RH 
(%)

T-Td 
(°C)

WS 
(m·s–1)

T 
(°C)

SH
(g/kg)

Mean 92.23 1.55 1.55 11.36 12.30

Standard 
Deviation

8.37 1.67 3.22 3.19 2.21

Lucknow

RH 
(%)

T-Td 
(°C)

WS 
(m·s–1)

T 
(°C)

SH
(g/kg)

Mean 95.55 0.89 0.51 10.47 12.56

Standard 
Deviation

5.43 1.09 0.83 8.35 2.86

Table 2. Thresholds for surface relative humidity, T-Td 
and wind speed at Amritsar, Delhi and Lucknow

Amritsar Delhi Lucknow

RH (%) 93.23% 83.86 90.12

T-Td (°C) 1.35 3.22 1.97

WS10 (m·s–1) 0.44-1.07 0.21-2.88 0.32-1.33
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Thus, fog will be observed over Amritsar, Delhi and 
Lucknow whenever the values of relative humidity, dew 
point depression and wind speed will be probably equal to 
their respective thresholds. 

3. Model Details

The operational global Unified Model (UM) of NCM-
RWF, (NCUM), used in the present study is developed at 
United Kingdom’s Meteorological Office (UKMO). The 
model has a horizontal resolution of 17 km and 70 vertical 
levels with model top at 80 km. The dynamical core of the 
model uses semi-implicit, semi-Lagrangian formulation to 
solve the non-hydrostatic, fully compressible, deep atmos-
pheric equations of motion [42]. The primary atmospheric 
prognostic variables are three-dimensional (3-D) wind com-
ponents, virtual dry potential temperature, Exner pressure 
and dry density, whilst the moist prognostic variables such 
as mass mixing ratio of water vapor, prognostic cloud fields 
and other atmospheric loadings are advected as free tracers. 
The Arakawa C-grid staggering [43] is used for horizontal 
discretization of prognostic fields on to a regular latitude-lon-
gitude, whereas Charney-Philips staggering [44] using terrain 
following hybrid height coordinated is used for vertical dis-
cretization. The 4D-Var data assimilation scheme is used to 
prepare initial conditions four times (00, 06, 12 and 18 UTC) 
a day [45]. A deterministic ten-day forecast is generated daily 
based on 00 UTC initial conditions. The physical processes 
in the model are parameterized using different parameteriza-
tion schemes. The radiation scheme of Edward and Slingo [46]  
with nine bands in long wave and six bands in short wave 
region is used to parameterize the radiative processes. The 
atmospheric boundary layer is parameterized with turbulence 
closure scheme of Lock et al. [47], which is further modified 
as described in Lock [48] and Brown et al. [49]. The Joint UK 
Land Environment Simulator (JULES) surface model [50,51] 
is used to model the land surface and its interactions with 
atmosphere. Convection in the model is represented through 
a mass flux scheme based on Gregory and Rowntree [52]. The 
prognostic cloud fraction and prognostic condensate (PC2) 
scheme is used for clouds and large-scale precipitation is rep-
resented using Wilson and Ballard [53]. The details of terrain 
such as soil properties, land use, vegetation albedo and the 
distribution of natural and anthropogenic emissions at lower 
boundary are specified using ancillary files from different 
sources Walters et al. [54]. 

4. Results & Discussion
The forecasted values of relative humidity, dew point 

depression and wind speed from NCUM are utilized in the 
diagnostic method to predict fog over the three stations. 
Thus, the performance of the model is first analyzed by 
comparing these meteorological variables obtained from 
model with the observations. Secondly, the thresholds ob-
tained from the observations are applied to the output of 
model to forecast fog over a region. The output of the me-
teorological variables and the diagnostic method for fog 
forecast is verified during December 2018 through Febru-
ary 2019 over three stations Amritsar, Delhi and Lucknow.

4.1 Performance Analysis of NCUM 

The forecast of temperature, dew point temperature, 
relative humidity and wind speed from NCUM are com-
pared with observations at Amritsar, Delhi and Lucknow. 
The model output for the first 30 hours of the run is eval-
uated at each station for the fog hours during December 
2018 to February 2019. The number of fog hours reported 
at Amritsar, Delhi and Lucknow are 134, 321 and 118, 
respectively. Fog at each station is reported between 18 
UTC -23 UTC and 00 UTC- 06 UTC. Thus, the forecast 
of 18 hours to 30 hours based on 00 UTC initial condi-
tions are compared with observations at each station.

The scatter diagram for observed and predicted surface 
temperature at three sites is shown Figure 1. The temperature 
over Amritsar (Figure 1 a) and Lucknow (Figure 1c) is over 
predicted by NCUM, whereas both under prediction and over 
prediction is observed over Delhi (Figure 1b). 

Similarly, for dew point temperature the forecasted val-
ues are both over and under predicted over Amritsar (Fig-
ure 2a) and under predicted for majority of hours at Delhi 
(Figure 2b) and Lucknow (Figure 2c).

The forecast of relative humidity is highly under predicted 
at all the stations (Figure 3), whereas the forecast of wind 
speed is over predicted at all the stations (Figure 4).

The statistical scores such as bias, mean absolute error 
(MAE), root mean square error (RMSE) and correlation 
coefficient (R) are computed for each station and are giv-
en in Table 3. The scores indicate the highest correlation 
between the observed and forecasted values of tempera-
ture and dew point temperature. The values of RMSE are 
comparable for temperature, dew point temperature and 
wind speed whereas very high values are obtained for rel-
ative humidity at all the stations. 
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A positive bias for temperature with higher values 
over Amritsar than Lucknow indicates an over-prediction 
which agrees with scatter plot (Figure 1a and 1c). Simi-
larly, the lowest negative bias in temperature values over 
Delhi indicates the least under prediction. For dew point 
temperature the lowest bias is obtained for Amritsar. A 
positive bias is obtained for wind speed with comparable 
magnitude at all the stations. The values of MAE for tem-
perature, dew point temperature and wind speed are com-
parable at all the stations and lowest MAE is obtained for 
wind speed over Delhi. 

4.2 Performance of the Diagnostic Method in Pre-
dicting Fog

The diagnostic method is based on the threshold of rel-
ative humidity, dew point depression and wind speed ob-
tained from observations at three selected stations. These 
thresholds are applied to the observed and forecasted val-
ues of relative humidity, dew point depression and wind 
speed over Amritsar, Delhi and Lucknow for the fog hours 
during 2018-2019.

The diagnostic method of fog forecast is evaluated by 
computing the statistical scores such as accuracy, proba-
bility of detection (POD), false alarm ratio (FAR), success 
ratio (SR) and threat score (TS) (WWRP) [55]. These indi-
ces are computed based on the frequency of positive and 
negative occurrences such as:

Hits are the events for which both the forecasted and 
observed values of variables are within the thresholds de-
fined over any given station.

Correct Negatives (CN) are the events when both 
forecasted and observed values of variables are greater 
than or lower than the thresholds defined over the station.

False Alarms are those events when forecasted values 
are within the thresholds but not the observed values and 
Misses are the events when observed values are within the 
thresholds but not the forecasted values.

A perfect system should produce only hits and correct 
negatives (CN) and a positive event in the present work is 
represented by the correct detection/forecast of fog pres-
ence. 

The forecast of fog over Amritsar, Delhi and Lucknow 
is verified using the Yes/No forecast and the statistical 
scores. For 134 hours of fog observed at Amritsar, the 
diagnostic method gave Hits for 55 hours, Misses for 59 
hours, False Alarm for 01 hour and Correct Negative for 
19 hours. Similarly, over Delhi the fog was observed for 
321 hours and was predicted for 175 hours (Hits), not 
predicted for 119 hours (Misses), falsely predicted for 07 
hour (false Alarm) and for 20 hours the fog was neither 
observed and nor predicted. In case of Lucknow, there 
were 118 hours of fog out of which the number of Hits 
were obtained for 08 hours, Misses for 63 hours, False 
Alarm for 01 hour and Correct Negatives for 46 hours. 

Table 3. Statistical analysis of NCUM performance at three stations

Amritsar

Bias RMSE Correlation MAE

Temperature 1.93 2.77 0.88 2.28

Dew-Point Temperature 0.16 2.41 0.71 1.80

Relative Humidity –12.04 16.60 0.53 12.51

Wind Speed 1.14 1.62 0.14 1.43

Delhi

Bias RMSE Correlation MAE

Temperature –0.34 1.93 0.83 1.49

Dew-Point Temperature –2.23 2.74 0.84 2.40

Relative Humidity –11.90 15.62 0.49 12.50

Wind Speed 0.38 1.22 0.54 0.96

Lucknow

Bias RMSE Correlation MAE

Temperature 0.83 1.86 0.88 1.29

Dew-Point Temperature –1.14 2.05 0.82 1.52

Relative Humidity –11.50 14.97 0.54 12.13

Wind Speed 1.22 1.60 0.36 1.35
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The statistical scores are computed using the number of 
Hits, Misses, False Alarms and Correct Negatives over 
Amritsar, Delhi and Lucknow and are shown in Figure 
5. The highest POD (0.60), threat score (0.58) and ac-
curacy (0.61) with FAR of 0.04 is obtained over Delhi. 
The performance of diagnostic method in predicting fog 
over Amritsar is comparable to Delhi with POD of 0.48, 
threat score of 0.48, accuracy of 0.55 and FAR of 0.02. 
The scores over Lucknow indicate that diagnostic method 
failed to predict fog for majority of hours.

Figure 5. Statistical Scores at Amritsar, Delhi and Luc-
know for performance of the diagnostic method

5. Conclusions

In this study, a diagnostic method is used for forecast-
ing fog over three stations Amritsar, Delhi and Lucknow 
situated in the northern plains of India. The diagnostic 
method is based on the thresholds of relative humidity, 
dew point depression and wind speed for the formation 
of fog. The thresholds are computed at each of the station 
using the observations of winter months (December-Feb-
ruary) for three years 2016-2019 during fog. The output 
of NCUM is used to predict fog with diagnostic method 
over Amritsar, Delhi and Lucknow. The study includes 
the performance analysis of NCUM in predicting surface 
temperature, dew point temperature, relative humidity and 
wind speed at three stations. The verification of diagnostic 
method is also carried out using the Yes/No forecast for 
the winter months of 2018-2019. The main findings of the 
study are summarized as follows:

The threshold of relative humidity for the formation of 
fog is found lowest over Delhi (83.86%) and highest over 
Amritsar (93.23%). The threshold of dew point depression 
is highest over Delhi and lowest over Amritsar. For wind 
speed the minimum threshold is lowest and maximum 

threshold is highest over Delhi.
The performance of NCUM in predicting temperature, 

dew point temperature and wind speed is found compara-
ble to observations at all the stations, however the relative 
humidity is over-predicted by NCUM at all the stations.

Considering the three sites, the diagnostic method is 
able to predict fog in the 18-30 hour forecast with an over-
all accuracy of 0.54 and a probability of false detection 
equal to 0.11. The performance of the diagnostic method 
is found best over Delhi and comparable to Amritsar, 
whereas the fog is poorly predicted over Lucknow.

The averaged bias of 0.42 together with low value of 
probability of false detection indicates that the method 
produces a consistent number of missed fog events.

The average of success ratio is 0.94, which means that 
94% of the fog events forecasted by the model have been 
actually observed. 
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