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Frequent occurrence of fog in diﬀerent parts of northern India is common during the winter months
of December and January. Low visibility conditions due to fog disrupt normal public life. Visibility
conditions heavily aﬀect both surface and air transport. A number of ﬂights are either diverted or
cancelled every year during the winter season due to low visibility conditions, experienced at diﬀerent
airports of north India. Thus, fog and visibility forecasts over plains of north India become very important
during winter months. This study aims to understand the ability of a NWP model (NCMRWF, Uniﬁed
Model, NCUM) with a diagnostic visibility scheme to forecast visibility over plains of north India. The
present study veriﬁes visibility forecasts obtained from NCUM against the INSAT-3D fog images and
visibility observations from the METAR reports of diﬀerent stations in the plains of north India. The
study shows that the visibility forecast obtained from NCUM can provide reasonably good indication of
the spatial extent of fog in advance of one day. The fog intensity is also predicted fairly well. The study
also veriﬁes the simple diagnostic model for fog which is driven by NWP model forecast of surface relative
humidity and wind speed. The performance of NWP model forecast of visibility is found comparable to
that from simple fog model driven by NWP forecast of relative humidity and wind speed.
Keywords. Visibility; fog; Insat-3D; METARS; NCUM; north India.

1. Introduction
Fog and associated low visibility conditions over
any region cause signiﬁcant impacts on the human
activities and adversely aﬀects the economy (Gultepe et al. 2007). Thus, it is required to have
an accurate prediction of fog and visibility over
any area. The prediction of fog has long been
a challenge and success with numerical models
is also very limited mainly due to complex processes involved in the fog formation. However,
continuous eﬀorts have been made in improving
models for accurate prediction of fog and visibility.
Many researchers (Zdunkowski and Nielsen 1969;
0123456789().,--: vol V

Brown and Roach 1976; Brown 1980; Bergot and
Guedalia 1994; Duynkerke 1999) have used the
one-dimensional (1-D) models for fog prediction.
A number of 1-D models such as COBEL (Bergot
and Guedalia 1994), SSFM (Clark and Hopwood
2001), and Air Mass Transformation Model of
Holtslag et al. (1990) have achieved some success in forecasting fog. However, the utility of
these models is limited in practice as they do not
incorporate the large scale meteorological conditions that aﬀect the genesis, evolution and dissipation of fog. Thus, a three-dimensional (3-D)
model, which incorporates processes like horizontal pressure gradient, advection and diﬀusion, is
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required for predicting fog. Mesoscale models such
as Fifth-Generation NCAR/Penn State Mesoscale
Model (MM5) and Weather Research Forecasting (WRF) were developed and used to forecast
fog, especially the low visibility in fog by diﬀerent
researchers (Ballard et al. 1991; Rao and Sullivan
2003; Pagowski et al. 2004; Fu et al. 2006; Van der
Velde et al. 2010). These models use parameterization schemes to forecast fog visibility as they do
not have detailed microphysical processes. The liquid water content (LWC)/ice water content (IWC),
temperature or relative humidity is often used to
parameterize visibility in these models (Bang et al.
2008). However, the study of fog/visibility prediction using the numerical models over India is very
limited (Gupta 1987; Mohapatra and Thulsidas
1998; Roybhowmik et al. 2004; Goswami and Tyagi
2007).
Fog formation over diﬀerent parts of northern
India is a common phenomenon in winter season
every year. Most of the places observe dense fog
during peak winter months of December and January. The analysis of fog occurrence over Delhi, for
4 months (November–February) during 2002–2011,
shows the highest frequency in January (∼79%)
and December (∼78%; Swagat and Mohan 2014).
The Indira Gandhi International Airport (IGIA),
New Delhi, experienced highest number of fog
hours during the months of December and January
2008–2009, which disrupted the aviation services
severely (Jenamani and Tyagi 2011).
Thus, an attempt has been made in the present
study to understand the accuracy of fog/visibility
forecast by a numerical weather forecast model
over diﬀerent places lying in northern India. The
United Kingdom Meteorological Oﬃce (UKMO),
Uniﬁed Model (UM) (MetUM) data assimilation
system, which is being run at NCMRWF (known
as NCUM) since 2012 (Rajagopal et al. 2012), is
used for predicting the visibility.
The skill of NCUM visibility forecast is critically
dependent on visibility parameterization scheme.
Forecast of visibility depends on the relative humidity and the aerosol content, which is kept constant
in NCUM and is one of the limitations of the model.
Thus, a diagnostic method based on the values of
surface relative humidity and wind speed is also
used to detect fog. Zhou and Du (2010) utilized
liquid water content (LWC), cloud base/top rule
and surface relative humidity wind speed rule to
detect fog. However, rule based on surface relative humidity and wind speed is utilized in present
study to detect fog as the cloud base/top rule is
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good for large scale events like marine and coastal
fog and not for shallow or ground fog which builds
upward from the ground and may lie below the
lowest model level (Zhou et al. 2007).
The study is divided into diﬀerent sections. Next
section gives the details of the model and visibility
parameterization scheme used to forecast visibility.
Section 3 gives the methodology and the data used
in the present study. The performance of NCUM
in predicting the surface meteorological variables is
analyzed in section 4 and conclusions of the study
are discussed in section 5.
2. Model description
2.1 NCMRWF Unified Model (NCUM)
The main components of UKMO global forecast
suite at NCMRWF (NCUM) are (i) observation
preprocessing (OPS), (ii) four dimensional variation (4D-Var) and (iii) Uniﬁed Model (UM). OPS
is used to prepare quality controlled observations,
which are utilized by 4D-Var system to produce the
analysis. This analysis is the best estimate of the
atmospheric state and is used as initial condition
for the UM forecast. Six hourly data centered at 00,
06, 12 and 18 UTC is processed and packed using
OPS for the four data assimilation cycles (00, 06,
12 and 18 UTC cycles). The analysis is prepared
for all the cycles using the 4D-Var data assimilation. A deterministic 10-day forecast is generated
everyday based on 00 UTC analysis.
All the components of NCUM are similar to
UKMO except the data preprocessing package Met
oﬃce (MetDB). Another data pre-processing system is developed at NCMRWF, which prepares
observation data input to the OPS in ‘obstore’
or ‘bufr’ format using the observations received
at NCMRWF through GTS and various satellite
providers including NOAA-NESDIS and MOSDAC
(ISRO; Prasad 2012; Prasad and Indira Rani 2014).
The obstore data created at NCMRWF is used to
run NCUM since 2012. It includes diﬀerent types
of obstore such as surface, upper air (Sonde), aircraft, satwind, scatwinds, satellite radiances and
GPS radio occulation. The obstore data created at
NCMRWF is monitored using in-house monitoring packages and is compared with those received
from UKMO. Regular comparison of both types
of obstore revealed that even though the quantity
of data received at NCMRWF is comparatively less
for some type of observations, there is a good global
coverage in the NCMRWF obstores.
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The horizontal resolution of the NCUM is
approximately 17 km and it has 70 vertical levels.
The ﬁrst level of model is at 20 m above surface
and the model top is at 80 km. The dynamical core
of the model uses semi-implicit, semi-Lagrangian
formulation to solve the non-hydrostatic, fully compressible deep atmosphere equations of motion
discretized on a regular latitude/longitude grid
(Davies et al. 2005). The radiation scheme is the
two-stream radiation code of Edwards and Slingo
(1996) with nine bands in long wave and six bands
in short wave region. The atmospheric boundary layer is parameterized with turbulence closure
scheme of Lock et al. (2000), which is further modiﬁed as described in Lock (2001) and Brown et al.
(2008). The land surface and its interactions with
the atmosphere are modeled using JULES (Joint
UK Land Environment Simulator) surface model
(Best et al. 2011; Clark et al. 2011). A mass ﬂux
scheme based on Gregory and Rowntree (1990)
is used to represent convection and convective
momentum transport. Large scale precipitation
is represented using Wilson and Ballard (1999)
and clouds are modeled using prognostic cloud
fraction and prognostic condensate (PC2) scheme
(Wilson et al. 2008a, b).
2.2 Diagnosis of surface visibility in NCUM
Visibility forecasting is a complex issue and it is
diﬃcult to capture all of its characteristics by any
model. Visibility is one of the forecast products of
NCUM. There are some other operational models
elsewhere globally which also predict visibility. The
HIRLAM model at Danish Meteorological Institute (DMI; Petersen and Nielsen 2000) is one
of such model which predicts visibility at 2 m
height using the variables such as relative humidity,
temperature and cloud cover. The Rapid Update
Cycle (RUC) model of USA, calculates visibility from prognostic relative humidity, cloud and
hydrometeor ﬁelds (Smirnova et al. 2000). However, visibility of any region also depends on the
aerosol content of that region. In HIRLAM-DMI
constant aerosol concentration is assumed, whereas
the RUC model neglects aerosol. The rapid refresh
(RAP) model replaced the RUC model of USA in
2012 and aerosols were included in RAP.
Visibility in NCUM is calculated from the variables such as speciﬁc humidity (q), liquid water
content (qL ) using droplet growth equations and
assuming standard values for aerosol concentration, density and dry radius. The equation used
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to compute visibility in NCUM is given in terms
of fog droplet radius (r) and number density (N )
using the equation given by Clark et al. (2008)
Vis =

−ln 
βair + N r2 1.5π

(1)

where βair is the extinction coeﬃcient of clean air
taken as constant and N r2 1.5π = β (RH) is the
extinction coeﬃcient due to aerosol particles, which
become fog droplets either activated or inactivated.
Thus, visibility in NCUM depends on whether
the fog droplets are activated or not. Inactivated
droplets are the aerosol particles with small amount
of liquid water and the droplet radius is dependent
on relative humidity in terms of the equilibrium
equation (Pruppacher and Klett 1978)
⎛

⎞

B
⎜A
RH = exp ⎝ −  3
r
r

⎟
⎠

rd

−1

(2)

where B is the activation parameter (=0.14), A is
constant related to surface tension of water (1.2 ×
10−9 ) and rd is dry radius computed as follows:
rd = r0

m
m0

1/6

(3)

where m is the aerosol mass mixing ratio (a ﬁxed
value of m is used in NCUM), m0 is constant known
as standard aerosol mass mixing ratio and r0 is the
radius of standard aerosol particle.
When no activated particles are present, the
droplet radius is computed from equation (2) by
ignoring the term involving A and is given by
r = rd 1 −

B
ln (RH)

1/3

.

(4)

The radius at which dry aerosol particles become
active fog droplets is known as activation radius.
The activation radius (ract ) is computed from
equation (2), assuming that close to activation, r
becomes much greater than rd and thus
ract =

3Brd3
.
A

(5)

Activated fog droplets grow rapidly and the cloud
water content (qL ) is related to the droplet radius
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by the equation

4
qL = π r3 − rd3 ρw N.
3

(6)

Thus, radius of inactivated fog droplets is computed using equation (4) and the radius of activated fog droplets is obtained from equation (6).
The speciﬁcation of droplet radius changes from
equations (4–6) at the point of activation. The two
equations used to compute the droplet radius are
combined in one single equation as:
qt = RH(r)qs (T ) + qL (r)

(7)

where RH(r) and qL(r) are obtained from equations (2 and 6), respectively, qs (T ) is the saturation
speciﬁc humidity at temperature T . Equation (7)
is solved iteratively with Newton Raphson method
using the droplet growth equation (2) and the relationship between liquid water and droplet radius
given in equation (6).
The computation of radius of fog droplet is
dependent on relative humidity because the activation of fog droplets depends on the relative
humidity and thus the extinction coeﬃcient β(RH)
is dependent on relative humidity. The number
density of aerosol is assumed to be equivalent to
fog droplets for use in equations (1 and 7), assuming that all fog droplets are activated in later case.
The operational version of UKMO, Uniﬁed
Model (UM) uses the prognostic aerosol content
(m) to predict visibility using the parameterization scheme discussed above. However, ﬁxed value
of aerosol content is used in NCUM. The value
of aerosol content is ﬁxed according to cleaner
conditions over a site in UK. This is one of the
limitations of NCUM.
The degradation of visibility in model occurs
only when aerosol become fog droplets by absorbing water. For a given relative humidity, the aerosol
content ﬁxed according to cleaner conditions in
the model gives higher values of visibility as compared to the polluted conditions, prevalent over
northern plains of India. Analysis of long-term
measurements by Central pollution Control Board
(CPCB) India has revealed very high annual average concentrations (>150 µg m−3 , which is the
critical range according to air quality standard in
India) of particulate matter (PM10 ) in the atmosphere of major cities in the northern plains of
India (http://www.cpcb.nic.in). The more number
of aerosol particles results in the formation of more

fog droplets and causes degradation of visibility.
Sensitivity studies carried out using higher values
of aerosol content (∼10 times of the values used
in NCUM) reduce the visibility signiﬁcantly. As
the value of aerosol content is not changed in the
model, the visibility values are normalized and used
in the present study.

3. Evaluation method and data
An evaluation of visibility/fog prediction from
NCUM over northern India is carried out during the months of December and January. This
is because most of the places in this region experiences high occurrence of fog during these two
months. Spatial extent of fog over any area is
identiﬁed using the satellite observations. Ground
based and conventional observational networks
use horizontal visibility (Vis) to identify fog. If
observed visibility at a particular location is
≤1 km, then it is considered as foggy (WMO manual 2003). However, monitoring the spatial and
temporal extent of fog over large areas becomes difﬁcult with ground-based observations alone. Thus,
satellite-based techniques are widely used to detect
the real-time fog.
In the present study, both satellite imagery and
ground-based observations of visibility are used to
identify places aﬀected by fog. METAR (Meteorological Aviation Reports) visibility reports and
INSAT-3D satellite imagery for 28th December,
2014 is depicted in ﬁgure 1(a, b). Fog image at
0000 UTC from INSAT-3D satellite clearly shows
the presence of fog at most of the places in the
northern India on 28th December, 2014 (ﬁgure 1a).
METAR data report at 0000 UTC showed very
dense fog with very low visibility, ranging from 0 to
50 m, at Delhi, Lucknow and Varanasi and moderate fog (visibility range 200–500 m) at Amritsar
(ﬁgure 1b). The criteria for classiﬁcation of fog
in diﬀerent categories based on observed visibility
are given in table 1. The categories are based on
International Civil Aviation Organization (ICAO)
deﬁnition. Day-1 forecast of visibility from NCUM
based on 00 UTC 27th December, 2014 initial conditions valid for 28th December, 2014 is shown in
ﬁgure 1(c). Low visibility, in range of 0–50 m, is predicted at most of the stations including Amritsar,
Delhi, Lucknow and Varanasi which matches well
with observations. Thus, the forecast by NCUM is
able to capture the drop in visibility during a dense
fog episode in north India one day in advance.

J. Earth Syst. Sci. (2018) 127:26

Page 5 of 13

26

Table 1. Types of fog associated with general visibility range.
Fog types
Shallow fog
Moderate fog
Dense fog
Very dense fog

General visibility
range (m)
1000–500
500–300
350–200
200–50
<50

of visibility from NCUM during December
2014–January 2015 (ﬁgure 2). The trend in the
observed visibility values is well predicted at
Amritsar although the over-prediction is seen in
majority of days. Model predicted visibility of
less than 200 m, indicating dense fog, which
matches well with observations in few days (ﬁgure 2a). Large diﬀerences between the predicted
and observed values of visibility are seen over Delhi
(ﬁgure 2b) and Lucknow (ﬁgure 2c) for some days.
Predicted values of visibility are found closer to
the observations at Varanasi (ﬁgure 2d). Dense fog
conditions with visibility <200 m are predicted one
day in advance at all the stations in many days.
The performance of NCUM in predicting visibility over point locations is further analyzed by
computing the diﬀerent skill scores such as hit rate
(H), false alarm ratio (F), bias (B) and equitable
threat score (ETS). These scores are computed
using the statistical classiﬁcations based on the
threshold of visibility. As mentioned earlier, fog
at any locations is deﬁned if visibility ≤1 km
at that location. If at a given location both the
observed and predicted visibility is ≤1 km then it
is assigned as ‘hit’. If the predicted visibility ≤1
km but observed visibility >1 km, it is assigned
as ‘false alarm’. If predicted visibility >1 km and
observed visibility ≤1 km, it is assigned as ‘miss’.
If both observed and predicted visibility are >1 km
it is assigned as ‘correct negative’.
The following performance indicators are prepared using these scores

Figure 1. Observed fog from (a) INSAT-3D, (b) visibility
from METARS and (c) day-1 forecast of visibility from
NCUM on 28th December, 2014.

To analyze the performance of NCUM in
predicting fog at various locations, visibility observations at Amritsar, Delhi, Lucknow and Varanasi
from METARS are compared with Day-1 forecast

Hit Rate (H) = Hit/(Hit+Miss), which represents
the proportion of forecasted events within whole set
of observed events. It gives the ratio of number of
hits divided by the total number of events observed
and ranges from 0 to 1. The perfect score is 1.
False Alarm Rate (F) = False Alarm/(False
Alarm + Correct Negatives) gives the ratio of the
events that are not observed but are incorrectly
forecasted. It ranges from 0 to 1 and perfect score
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Figure 2. Comparison of day-1 forecast of visibility from NCUM with observations at (a) Amritsar, (b) Delhi, (c) Lucknow,
and (d) Varanasi during December 2014–January 2015.

is zero. It is sensitive to false alarms and correct
negatives. Higher values indicate either higher
number of false alarm or less number of correct
negatives.
Forecast Bias (B) = (Hit + False Alarm)/(Hit +
Miss) represents the ratio of number of forecasted
events to the observed events. Perfect score is 1.
Equitable Threat Score (ETS) = Hit-N/(Hit +
False Alarm + Miss-N)
Where N=(Hit + False Alarm)(Hit + Miss)/(Hit +
False Alarm + Miss + Correct Negative)
Positive values of ETS indicate that model has
skill, while negative values indicate unskilled
models (Zhou and Du 2010).
The scores for threshold of visibility <1 km
obtained at four stations during December 2014
and January 2015 are given in table 2. Highest hit

Table 2. Statistical scores for visibility with threshold of 1
km at four stations for December 2014 and January 2015.
Station
Amritsar
Delhi
Lucknow
Varanasi

H (%)

F (%)

B

ETS

48.0
36.0
29.0
40.0

12.0
00.0
29.0
14.0

0.59
0.36
0.41
0.48

0.21
0.12
−0.0003
0.06

rate of 50% is found over Amritsar and Varanasi.
Low values of false alarm rate, <35%, are seen at
all the four stations indicating less number of false
alarms and more number of correct negatives. Bias
values less than 1.0 (where bias ∼1 means no bias)
are obtained at all the stations. Low ETS values at
all the stations indicate the poor performance of
model. Lowest value of ETS (=0) is obtained over
Lucknow whereas the highest value (ETS = 0.31)
is obtained over Amritsar. These scores indicate
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that model performed well over Amritsar, Delhi
and Varanasi, whereas over Lucknow model missed
most of the fog events.
The reason for the higher values of visibility forecast from NCUM as compared to the observations
lies in the parameterization scheme of visibility
used in the model. The predicted value of visibility
at any location depends on two factors predicted
relative humidity and the aerosol content. A ﬁxed
value of aerosol content is used for all the locations. At a given relative humidity this limits the
formation of number of fog droplets causing reduction in visibility. However, in the real atmosphere
the aerosol content is diﬀerent at diﬀerent locations
and thus for a given value of relative humidity the
number of fog droplets may be higher at one place
as compared to the other location thereby aﬀecting
the visibility. Thus, accurate prediction of relative
humidity is another factor aﬀecting the predicted
visibility. Next section describes the performance of

Rel. Hum. (%)

(a)

Rel. Hum. (%)

(b)

Rel. Hum. (%)

(c)

NCUM in predicting relative humidity at diﬀerent
locations. A simple fog forecast method based on
threshold of certain meteorological variables is also
discussed.
4. Prediction of fog using surface
meteorological variables
High amount of surface relative humidity and light
winds are the two favorable conditions for fog formation. A simple fog forecast method based on the
threshold values of surface relative humidity and
wind speed is also discussed in the present study.
4.1 Predicted relative humidity and wind speed
from NCUM
First, the performance of NCUM is analyzed
for predicting surface relative humidity and wind
speed. Figures 3 and 4 show the observed and
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Figure 3. Comparison of day-1 forecast of relative humidity from NCUM with observations at (a) Amritsar, (b) Delhi,
(c) Lucknow, and (d) Varanasi during December 2014–January 2015.
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Figure 4. Comparison of day-1 forecast of wind speed from NCUM with observations at (a) Amritsar, (b) Delhi,
(c) Lucknow and (d) Varanasi during December 2014–January 2015.

model predicted values of 2 m relative humidity
and 10 m wind speed at the four selected stations during December 2014–Janaury 2015. A good
agreement is found between the observed and predicted values of relative humidity at all the four
stations. NCUM is able to predict the high values of relative humidity (>90%) for most of the
days except few at all the stations (ﬁgure 3). Both
predicted and observed values of relative humidity
are found >90% for majority of days over Amritsar (ﬁgure 3a) and Varanasi (ﬁgure 3d). However,
over Delhi (ﬁgure 3b) and Lucknow (ﬁgure 3c) values of relative humidity < 90% are also found in
both observations and model predictions for few
days. NCUM is able to predict the trend in wind
speed values with some amount of over-prediction
at all the stations (ﬁgure 4). Wind speed <2 m s−1
is predicted by NCUM for few days which matches
well with observations at all the stations. The best
agreement is found over Amritsar (ﬁgure 4a).

Table 3. Statistical scores for relative humidity with
threshold of 90% at four stations for December 2014 and
January 2015.
Station
Amritsar
Delhi
Lucknow
Varanasi

H (%)

F (%)

B

ETS

88.0
90.0
57.0
65.0

100.0
23.0
31.0
40.0

0.90
0.95
0.66
0.73

0.00
0.11
0.04
0.03

Table 3 gives the diﬀerent scores computed for
relative humidity with threshold of 90%. For relative humidity, highest hit rate of 90% and lowest
false alarm rate of 23% are found over Delhi. Further, the value of bias is close to 1.0 and ETS score
is highest. Thus, the relative humidity is best predicted over Delhi. Although hit rate is found higher
over Amritsar, due to zero number of correct negatives the false alarm rate becomes 100%, which
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gives very poor ETS score. Lowest hit rate (∼ 60%)
is obtained over Lucknow.
The highest hit rate for visibility prediction is
found over Amritsar, whereas the highest hit rate
for predicting relative humidity is found over Delhi.
This indicates that prediction of visibility from the
model is dependent on both relative humidity and
aerosol content.
A detailed analysis carried out by Dey and
Girolama (2010) using 9-yr (2000–2008) seasonal
climatology of shape and size segregated aerosol
optical depth (AOD) with Multiangle Imaging
Spectroradiometer (MISR) over Indian subcontinent, suggests higher values of AODs (>0.4) over
the eastern parts of the Indo-Gangetic (IG) plains
as compared to the western parts during the winter
season when aerosols are transported from west to
east due to prevailing northwesterly winds.
As the number of aerosols and hence the number of fog droplets increases from west to east over
these plains. The number of aerosols over Amritsar

F (%)

B
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38.0
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0.48
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which lies in western parts of IG plains may be less
than that over Delhi, Varanasi and Lucknow. Thus,
with the ﬁxed value of aerosol content, the model
is able to predict the visibility over Amritsar better
as compared to other stations Delhi, Varanasi and
Lucknow, where the aerosols in the real atmosphere
may be larger than the ﬁxed value of aerosol content. The number of fog droplets over Delhi may
be higher in the real atmosphere as compared to
the droplets in the model resulting in lower values
of observed visibility over Delhi as compared to the
predicted values, although predicted values of relative humidity matches well with observations over
Delhi.
Lowest hit rate for both visibility and relative
humidity over Lucknow indicates the signiﬁcance
of both the variables, relative humidity and aerosol
content, on the prediction of visibility from the
model.
The statistical scores for wind speed with
threshold of 2 m s−1 are given in table 4. Wind
speed is best predicted over Amritsar with highest
hit rate of 56% and bias of 0.58. However, at other
stations, hit rate is found to be <50%. Less number
of correct negatives at all the stations give significant false alarm rate, which result in low values
of ETS for both relative humidity and wind speed
(tables 3, 4).
The study indicates that predicted values of
visibility from NCUM are highly dependent on the

Table 4. Statistical scores for wind speed with threshold of
2 m s−1 at four stations for December 2014 and January
2015.
Station
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Figure 5. Variation of visibility, relative humidity and wind speed at Amritsar during December 2014–January 2015
(a) observations and (b) day-1 forecast from NCUM.

predicted values of relative humidity. This is due to
the fact that a ﬁxed value of aerosol content used
for all the locations, limits the formation of number of fog droplets which depends on the value of
predicted relative humidity at that location.
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Figure 6. Variation of visibility, relative humidity and wind speed at Delhi during December 2014–January 2015 (a) observations and (b) day-1 forecast from NCUM.
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Figure 7. Variation of visibility, relative humidity and wind speed at Lucknow during December 2014–January 2015
(a) observations and (b) day-1 forecast from NCUM.

4.2 Diagnostic model for fog prediction

A simple fog diagnostic model based on surface
relative humidity (RH) and wind speed used in
this study assumes the presence of fog when
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Figure 8. Variation of visibility, relative humidity and wind speed at Varanasi during December 2014–January 2015
(a) observations and (b) day-1 forecast from NCUM.

2 m RH >90% and 10 m wind speed <2 m s−1
(Zhou and Du 2010). The RH-wind rule is applied
to both the observed and predicted values of relative humidity and wind speed to detect fog in
this study. The analysis of both the observed and
model predicted values of visibility, relative humidity and wind speed suggests that the prediction of
fog using RH-wind rule with predicted values of
relative humidity and wind speed is much sensitive
to the values of relative humidity as compared to
the values of wind speed. Low visibility values less
than 500 m occur in both observations and model
predictions whenever the values of observed and
predicted relative humidity are found to be more
than 95%. Although observed wind speed is less
than 2 m s−1 for most of the days when observed
visibility is less than 500 m, the predicted values of wind speed are not necessarily < 2 m s−1
(ﬁgures 5, 6, 7 and 8).
5. Conclusions
The performance of NCUM is evaluated for predicting the fog/visibility over parts of north India
during winter months. Forecast of visibility from
NCUM, largely depends on relative humidity and

aerosol content. Day-1 forecast of visibility from
NCUM is veriﬁed against the INSAT-3D fog image
and spatial plot of visibility observations over
plains of north India for 28th December 2014, one
of the foggy days selected during a fog episode.
NCUM is able to predict the spatial extent of
fog and drop in visibility corresponding to dense
to very dense fog conditions observed on 28th
December over plains of north India. Comparison
of visibility forecast from NCUM with observations at Amritsar, Delhi, Lucknow and Varanasi
during December 2014–Janaury 2015 reveals that
NCUM is able to predict the drop in visibility
as observed for most of the days. Best agreement
between the predicted and observed values of visibility is found at Amritsar. The performance of
NCUM is analyzed for predicting relative humidity and wind speed at all the stations. It is found
that NCUM is able to predict both the increase in
relative humidity beyond its threshold values for
most of the days but the decrease in wind speed
remains higher than its threshold for majority of
days. The diagnostic fog scheme based on the RHwind rule suggests that the drop in visibility is well
predicted by setting the threshold values of RH >
95%. The visibility predicted with RH-wind rule
using the forecast of RH and wind from NCUM
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is comparable to the visibility predicted using the
parameterization scheme of visibility in NCUM.
Present study indicates that NCUM has some
skill in predicting the low visibility conditions over
diﬀerent stations. However, the predicted values of
visibility are higher compared to the observations.
This may be due to the fact that visibility scheme
in NCUM depends upon relative humidity and
aerosol content. Since the aerosol content is ﬁxed,
the values of predicted visibility depend largely on
the predicted values of relative humidity. Model
is able to predict the relative humidity reasonable
well at all the stations but a ﬁxed value of aerosol
content is used for all the locations. Improvements
in visibility scheme in terms of realistic representation of aerosols can further give better visibility
forecast.
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