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ABSTRACT 
In winter, Tribhuvan International Airport (TIA) in Kathmandu, Nepal, is badly affected by poor visibility conditions 
due to the occurrence of thick haze and dense fog. In this study, we examined the microclimatic behaviors (e.g., 
consecutive duration and onset/dispersal) of the winter fog. Alongside, we analyzed the trend in the occurrence of 
fog, dense fog, and winter haze in TIA from a historic global hourly climatological dataset (1976–2022) from TIA. 
We found that radiation fog in the valley is mostly short spells having a consecutive duration of less than an hour 
(~86% of fog, ~95% of dense fog). The onset of fog starts most favorably in the early morning (05:45–09:00 am) and 
disperses mostly before noon. To ascertain the synergetic effect of enhanced natural and anthropogenic forcing, 
urbanization, and meteorological changes on winter haze and fog, we assessed their trend for the same period. There 
was a marked change in visibility around the year 2000 together with important changes in humidity and dew point 
depression. We observed an upward trend of winter haze frequency (2.36% day/year, at 0.001 level of significance 
(α)) and fog frequency (0.46% day/year, at α = 0.05) in regime-I (1976–2000). Whereas the trend of winter haze 

flattened to 0.36% day/year (at α = 0.05) and dense fog declined at the rate of −1.28% day per annum (at α = 0.01) 
in regime-II (2001–2022). By careful examination of all plausible climatological drivers of the change (relative 
humidity, temperature, wind speed, and dew point depression), we found strong evidence of decreasing humidity and 
increasing dew point depression after the year 2000. Effective air pollution and urbanization control measures are 
imminent to lessen the adverse impact of the increased frequency of haze and fog at the country’s major international 
airport, TIA. 
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INTRODUCTION 
Haze and fog over an airport reduce visibility, making it 
difficult for pilots to land an aircraft visually (Hanesiak 
& Wang, 2005). Resulted from the suspension of 
aerosols in the atmosphere, haze reduces visibility to 
lower than 5 km under a relatively dry atmosphere (Du 
et al., 2013; Kathayat et al., 2023; Vautard et al., 2009; Wu, 
2006). Whereas, fog and dense fog—obscurity caused by 
the suspension of water droplets near the surface layer 
of the atmosphere—reduces visibility to lower than 1 km 
and 200 m respectively (Jenamani, 2007; Kathayat et al., 
2023; Vautard et al., 2009; Wu, 2006). Such low visibility 
events at the airport affect the safety, timeliness, and 
efficiency of flight operations as well as add extra 
financial burden (Gultepe et al., 2007; Jenamani & 
Kumar, 2013; Kulkarni et al., 2019; Morisset & Odoni, 
2011). Like elsewhere (Jenamani & Kumar, 2013), low 
visibility contributed many aviation accidents and 
incidents in Nepal (Kathayat et al., 2023; Regmi et al., 
2020). Typical evidence of such occurrence in Nepal is a 
runway excursion after the landing of Turkish Airlines 
wide-body aircraft (TC-JOC, Airbus-A330) at Tribhuvan 

International Airport (TIA) in Kathmandu (KTM) under 
very dense-fog conditions over the airport (AIC, 2015). 
 
Atmospheric constituents (gaseous molecules, aerosols, 
and water vapor) attenuate incoming solar radiation by 
scattering and absorption, leading to visibility reduction 
(Y. Chen & Xie, 2013; Malm, 1999; Vautard et al., 2009; 
Zhang et al., 2010) in the form of haze. Many past studies 
have reported a decline in visibility in global (e.g., Wang 
et al., 2009) and regional scale (Y. Chen & Xie, 2013; Fu 
et al., 2016; Jaswal et al., 2013; A. Singh & Dey, 2012). On 
the contrary, there has been an improvement in visibility 
in regions like Europe, the USA, and Canada (Inhaber, 
1976; Munn, 1973; Stjern et al., 2011; Streets et al., 2006; 
Vautard et al., 2009).  
 
The occurrence of fog—a complex and interesting 
boundary layer phenomenon—depends on several 
factors, such as meteorology, air pollution, land use, 
terrain, and topography (Gultepe et al., 2007; Hunova et 
al., 2020, 2021; Kim et al., 2019; Safai et al., 2019). 
Because of the high damage potential of fog to general 
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aviation, developing an intensity and duration-based fog 
microclimatic information system using long-term data 
is highly advantageous benefiting forecasters, air traffic 
controllers (ATC), airlines, and pilots (Jenamani, 2012). 
Various researchers studied various aspects of fog 
occurrences in different places in India (Bhushan et al., 
2003; Jenamani, 2007; J. Singh et al., 2007; Srivastava et 
al., 2016) and elsewhere (Hameed et al., 2000; Hunova et 
al., 2020; Liu et al., 2012; Vautard et al., 2009). Because of 
the severity of the fog problem, most of the fog studies 
in our region focus on the occurrence of fog in cities and 
airports of Indo Gangetic Plains (IGP)—a region 
stretching more than 2000 km across northern South 
Asia including eastern Pakistan, northern and eastern 
India, southern Nepal and large parts of Bangladesh.  
The region has experienced a notable increase in fog 
events over the years (Saikawa et al., 2019; Srivastava et 
al., 2016; Syed et al., 2012). Through the analysis of 
climatological data at Indira Gandhi International 
Airport (IGI) in New Delhi, India, Jenamani (2007) 
reported an alarming rise and persistence of fog at the 
airport. Another comprehensive study conducted by 
Ghude et al. (2017) at the same airport also supported it 
by finding that dense fog hours doubled over the last 
three decades.  
 
Nevertheless, our country lacks dedicated studies of haze 
and fog despite their significance in various sectors; most 
of these studies are localized within the IGP section of 
Nepal (Kathayat et al., 2023; Manandhar, 2006; Shrestha 
et al., 2018, 2023). Analyzing multi-decadal 
meteorological data, we (Kathayat et al., 2023) also found 
almost a doubling of winter fog days and a substantial 
uptrend in other fog parameters at Gautam Buddha 
International Airport (GBIA) at BWA—an airport 
located in the IGP section of Nepal. In this paper, we 
also highlighted the impact of low visibility (caused by 
haze and fog) on aviation. In KTM, a handful of studies 
have occurred regarding haze and fog occurrence (e.g., 
Larssen et al., 1997; Nakajima et al., 1980; B. Sapkota, 
2002; B. K. Sapkota, 1996; Sharma, 1997). Using 
photographs and meteorological data, Nakajima et al. 
(1980) investigated the mechanism of fog formation in 
KTM. On the onset and dispersal timing of winter fog 
over the valley, Sharma (1997) reported that fog covering 
the valley basin usually restricts visibility until 10 or 11 
am. Larssen et al. (1997) reported increased fog and the 
largest decline in visibility in winter. A study by Sapkota 
(2002) reported declining visibility (1.58 km year-1) using 
three years of data (1996, 1998, and 1999). Most of the 
papers are quite old; various factors affecting haze and 
fog including undeniable increase in regional air 
pollution level and possibly some meteorological 
changes could have happened ever since. To cater for 
this research gap, this paper uses a multi-decadal dataset 
to investigate the long-term trend of haze and fog in 
winter at TIA. We also aim to shed light on the 
microclimatic behavior of fog and its implication on 
flight operations. 
 
 
 

MATERIALS AND METHODS 
In this study, we used meteorological data (Jan 1976–Feb 
2023) obtained from the National Climatic Data Center 
(NCDC) of the National Oceanic and Atmospheric 
Administration (NOAA) for Tribhuvan International 
Airport in Kathmandu (NOAA station ID: 444540, 27° 
41' 49.1994" N, 85° 21' 32.3994", elevation: 1338.1 m). 
Our data includes 3-hourly synoptic records until 1996, 
one-hourly until 2015, and half-hourly onwards 
Meteorological Weather Report (METAR) records—
used especially for aviation use. Such historic and long-
term global hourly data are archived and publicly 
distributed (https://www.ncei.noaa.gov/maps/hourly). 
Each of them includes the measurement of surface air 
temperature, dew point temperature, visibility, wind 
speed, wind direction, and present weather among many 
other meteorological parameters. The present weather 
code gives observed weather phenomena like rain, fog, 
hail, thunder, etc. during the time of measurement. The 
station reports fog according to the definition of WMO 
(WMO, 1992). Although records in the years 2013 and 
2014 were completely missing from this dataset, more 
than 45 years of data were used in this study. This dataset 
does not include a direct measurement of relative 
humidity (RH), thus, we computed one using the 
following equation (Chang et al., 2009; J. Chen et al., 
2012).  

𝑅𝐻 ≈ 100 (
112 − 0.1𝑇 + 𝑇𝑑
112 + 0.9 𝑇

)
8

 (1) 

 

Where T & 𝑇𝑑  denote air temperature and dew point 
temperature respectively. 
 
Similar to previous studies (Du et al., 2013; Kathayat et 
al., 2023; Vautard et al., 2009; Wu, 2006), we classified 
weather types based on a threshold of observed visibility, 
RH, and precipitation.  This study considers only haze 
and fog among different weather types. They have been 
defined according to the following classification scheme:  
 

1. Haze: precipitation = 0 , visibility ≤ 5 km & 
RH ≤ 90% 

2. Fog: precipitation = 0, visibility ≤ 1 km & RH 
≥ 90%  

3. Dense-fog: precipitation = 0, visibility ≤ 200 m 
& RH ≥ 90% 

 
Microclimatic properties of fog: consecutive 
duration, onset, and dispersal 
To gain a better insight into fog occurrence timing and 
its duration in winter at TIA, this paper examines two 
important microclimatic properties, namely consecutive 
duration and onset/ dispersal of fog episodes. Because 
of the coarse and uneven time resolution of our dataset, 
we assumed that if a fog event were detected in a record, 
it would have persisted from half of the period (time 
resolution) before and after the timestamp of 
observation. For example, if the fog were observed in a 
half-hourly observation, it would have persisted from 15 
minutes before to 15 minutes after the observation time. 
Consecutive duration of fog is the cumulative period 
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when a fog event of a given intensity continuously 
occurs. According to our previous assumption, an 
isolated fog observation could last for a period equal to 
or less than the time resolution of data during that 
period. On that basis, if we observe another same-
intensity fog, then consecutive duration is the cumulative 
duration lasting less than double the time resolution, and 
so on.  Its occurrence frequency (percentage) is the 
percentage of the total number of days with a given 
consecutive duration to a total of all fog days. 
  
A fog observed in a record could have started any time 
before. When the same intensity fog is observed in the 
next record, the onset of the fog should be the first 
instance when it was recorded.  Similarly, if a fog event 
were recorded earlier but not in the successive 
measurement, it could have dispersed anytime in 
between. Their occurrence frequency is the ratio of the 
number of fog onset/dispersal during the period to total 
onset/dispersal in the whole of the study period.  
 
Long-term change in haze and fog  
In this study, we have defined a day as having 
haze/fog/dense fog, if at least one record of the day 

fulfills the respective criteria as mentioned above. Since 
our data is not uniform across our study period, in terms 
of time resolution and annual measurement frequency, 
we opted to use percentage occurrence frequency rather 
than number frequency similar to the work of Hu et al. 
(2017) and Kathayat et al. (2023). Where occurrence 
frequency (percentage) of haze/fog/dense fog in a year 
is the number of days with respective weather types to 
the total number of days of available data in the winter 
season (DJF) of that year.  To detect and quantify the 
long-term trend in the occurrence of the weather type in 
the subject, we used Mann-Kendell Test (MK Test) and 
Sen’s Slope Estimator (Sen’s Slope) similar to many 
previous studies (e.g., Kathayat et al., 2023; Shrestha et al., 
2018; Yue & Wang, 2004). These two non-parametric 
tests are particularly preferred statistical tools to detect 
the trend in climatic and hydrological time series when 
the data is inhomogeneous and/or bears some errors 
and outliers (Sen, 1968) as our data does. In the Mann-
Kendall test, the null hypothesis (H0) is that there is no 
trend in the subjected parameter over the considered 
period. Following are the governing equations of the 
Mann-Kendall test.

  
Mann-Kendall Statistics (S): 

𝑆 =  ∑  

𝑛−1

𝑖=1

∑  

𝑛

𝑗=𝑖+1

𝑠𝑖𝑔(𝑋𝑗 − 𝑋𝑖  ) (2) 

𝑠𝑖𝑔(𝑋𝑗 − 𝑋𝑖)  =  {

+1 𝑖𝑓(𝑋𝑗 − 𝑋𝑖) > 0

0 𝑖𝑓(𝑋𝑗 − 𝑋𝑖) =  0

−1 𝑖𝑓(𝑋𝑗 − 𝑋𝑖) <  0 

 (3) 

The variance of MK statistics: 

𝑉(𝑆) =
1

18
[𝑛(𝑛 − 1)(2𝑛 + 5) −∑  

𝑞

𝑝=1

𝑡𝑝 ( 𝑡𝑝 − 1)(2𝑡𝑝 + 5)] (4) 

Standardized test statistics (𝑍𝑀𝐾):  

𝑍𝑀𝐾  =  

{
 
 

 
 

𝑆 − 1

√𝑉𝐴𝑅(𝑆)
   𝑖𝑓 𝑆 > 0

0        𝑖𝑓 𝑆 =  0  
𝑆 + 1

√𝑉𝐴𝑅(𝑆)
   𝑖𝑓 𝑆 < 0 

 (5) 

 

Where n is the length of the considered time series, 𝑋𝑗  

and 𝑋𝑖 are time series observations (in chronological 

order), 𝑡𝑝 is the number of ties for the pth value and q is 

the number of tied values. Zero, positive, and negative 
values of Z respectively indicate none, upward, negative 
trend. We reject H0 when p < α (the significance level) 

or, |𝑍𝑀𝐾| >  𝑍1−𝛼/2 indicating statistically significant 

trend value. From the standard normal table, the critical 

value, 𝑍1−𝛼/2 , at α = 0.05 is 1.96. 

 
Similarly, the trend line equation of Sen’s slope (Sen, 
1968) is given by 

𝑓(𝑡) = 𝑄𝑡 + 𝐵 (6) 

 
Here, Q is the slope and B represents the intercept. 

In a time series, the slope of the ith value pair 𝑥𝑗  and 𝑥𝑘 

observed at time j and k, respectively (in chronological 
order) is 

𝑄𝑖 = 
𝑥𝑗 − 𝑥𝑘 

𝑗 − 𝑘
 (7) 

The median value of all such 𝑄𝑖  gives the Sen’s slope 
estimator Q such that:  
 

𝑄 = {

𝑄𝑁+1
2
                 𝑤ℎ𝑒𝑛, 𝑁 𝑖𝑠 𝑜𝑑𝑑

1

2
(𝑄(𝑁)/2 + 𝑄(𝑁+2)/2) 𝑤ℎ𝑒𝑛, 𝑁 𝑖𝑠 𝑒𝑣𝑒𝑛

 (8) 

 
It may take zero, negative, or positive values representing 
none, positive and negative trends, respectively. 
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RESULTS AND DISCUSSION 
Microclimatic properties of fog: Consecutive 
duration, onset, and dispersal 
Figure 1 shows the occurrence frequency of fog (dense-
fog) days having witnessed fog of a certain duration at a 
stretch and intensity. We observed that most of the fog 
(~86% of fog days) and dense fog (~95% of dense fog 
days) at TIA lasted a very brief period (< 1 hour).  Only 
~6% (~3%) of fog (dense-fog) days witness fog lasting 
up to two hours. ~4% (~1%) of fog (dense fog) lasted 
for up to 3 hours.  Although there were some days 
having fog continuously occurring for up to 6 hours, 
these were very rare for dense fog. 

 
Winter fog onset and dispersal timing are shown in 
Figure 2. In December, fog usually starts to form as early 
as 04:45 am local time (LT) until 09:45 am in and around 
TIA. A very small percentage of fog occurrences were 
even recorded at 11:00 pm too. The most favorable time 
was 05:15 am when about 23% of all fog onsets 
occurred. Whereas fog onset takes place between 03:15 
am to 09:45 in January with the most favorable onset 
time being 06:45 am when more than 16% of all onsets 
happen.

  
 
 

 
Figure 1. Consecutive duration of fog and dense fog in winter (DJF) at Tribhuvan international airport, Kathmandu 

from 1976 through 2023. The error bars represent a 95% confidence interval of a single proportion 

 
 
The fog onset window is narrow in February; it occurs 
between 04:45 am and 09:15 am, with the highest onset 
at 06:45 am. Regarding dispersion of fog, it occurs during 
05:45–10:45 LT in Dec, 04:45–12:15 LT in Jan, and 
05:45–10:15 in Feb. The most favorable times of 
dispersion of fog are 06:15 LT in Dec and 07:45 LT in 
January and February. Likewise, the onset and dispersal 
time of dense fog during winter at TIA has been shown 
in Figure 3. Dense-fog onset usually occurs in 03:45–
08:45 am in Dec, 02:15–09:15 am in Jan, and 05:15–
08:15 am in Feb. Most of the dense fog onset occurs at 
05:15 and 08:15 am in all three months. Dispersal 
timings are 04:45–09:45, 03:45–10:15, and 06:15–09:45 
am in Dec, Jan, and Feb respectively. Most of the dense 
fog dispersal takes place at 06:15 and 09:15 am in all 
three winter months. This is in line with previous 
observations of the highest percentage of dense-fog 
onset at 05:15 and 08:15 am. 
 
Our investigation of the consecutive duration of winter 
fog in Kathmandu revealed that the maximum 

percentage of fog (dense fog) events in Kathmandu do 
not last long—less than one hour. Only very few days 
witnessed fog (dense fog) lasting up to 6 h (2 h). Fog in 
Kathmandu exhibits a sharp contrast to fog in the IGP 
region. Jenamani (2012) reported having a higher 
duration fog up to 18 hours over Indira Gandhi 
International Airport (IGI) in Delhi. 
 
Persistent fog spells (also called ‘seetlahar’) lasting up to a 
few days in a stretch is a common phenomenon in the 
IGP region, including in the Terai plains of Nepal, 
during December and January.  We found that the onset 
of fog in the valley occurs in the early morning and 
dispersal occurs before noon. The onset of fog usually 
takes a longer duration, as the ambient temperature 
gradually falls overnight and reaches dew point 
temperature before the fog starts forming. However, the 
dispersal takes a shorter duration as the increase in 
ambient temperature occurs faster when the sun passes 
overhead, or the wind becomes stronger (Jenamani, 
2012).
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Figure 2. Occurrence frequency of: (a) onset, and (b) dispersal of winter fog (general) in Tribhuvan International Airport 
(TIA), Kathmandu, from 1976 to 2023. The error bars represent a 95% confidence interval of a single proportion 

 
Figure 3. Occurrence frequency of: (a) onset, and (b) dispersal of winter dense fog in Tribhuvan International Airport, 
Kathmandu, from 1976 to 2023. The error bars represent a 95% confidence interval of a single proportion 

 

Long-term change in haze and fog  
Interannual variation of frequency of haze during winter 
(DJF) over the study period (Figure 4a) reveals that haze 

occurrence in TIA atmosphere was very little (< 30% of 
winter days) up until the year 1990. This suggests 
Kathmandu had a clear sky with good visibility. The haze 
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frequency gradually rose, attaining a value (< 60%) about 
double the preceding period until the year 2000. The year 
2000 marks a sudden jump in haze frequency near its 
saturation (~ 100% of winter days). It has remained 
more or less the same (max number of haze days) since 
the year 2000.  
 
Thus, we have divided the whole data into two periods 
1976–2000 (regime-I) and 2001–2022 (regime-II), and 
further analyzed. Trend results in Table 1 also reveal a 
definitive increase in haze day frequency for our study 

period (2.36% day yr−1, α = 0.001 before the year 2000 

and 0.36% day yr−1 at α = 0.05 after the year 2000). 
However, the frequency of winter fog in TIA (Figure 4b) 
remained mostly below 20% until the year 1998, which 

rose up to 66% in the year 2001, and again declined to 
13% in the year 2006. It displayed a secondary peak value 
(57%) in the year 2015 and started declining. 
Surprisingly, only 2 days out of 88 winter days (data 
available) during the winter of 2020 witnessed fog. It 
rose to 17% in the year 2021. Again, in the winter of 
2022, we observed only four foggy days out of 90 days. 
Trend result of fog days revealed an upward trend 

(0.46% day yr−1 at α = 0.05) in regime-I. Although the 
yearly relative frequency of fog days is usually higher 
than in the previous period, there is no such significant 
trend in regime II (Table 1). On the contrary, the relative 
frequency of dense-fog days showed no trend in the 

previous period but a declining trend (−1.28% day yr−1 
at α = 0.01) in regime II.  

 

 

Figure 4. Time evolution in the percentage frequency of: (a) haze days, (b) fog days, and (c) dense-fog days in the winter 

season (DJF) at Tribhuvan International Airport (TIA), Kathmandu, from 1976 to 2023. The error bars indicate the 

Margin of Error (MoE) 

 
There was little variation (variance = 0.6%) in 
occurrence frequency up until the year 2011 (Figure 4c). 
In this period, the lowest number of dense-fog episodes 
(11 % of available winter days) were observed in the year 
1998 and the highest (40%) in the year 2000. Dense fog 
events were below 10% after the year 2016. We observed 
dense fog in only one day in the winter of 2020, two days 
in 2021, and none in the year 2022. Likewise, the annual 
fog and dense fog days over the study period have been 
shown in Figure S.1 (Supplementary material). 
 
Several previous research works (e.g., De & Dandekar, 
2001; Saikawa et al., 2019; Sarkar et al., 2006; Syed et al., 
2012) also reported increased regional haze and fog 

episodes over the years elsewhere in Hindu Kush 
Himalayan (HKH)—where the KTM valley lies. 
Kathmandu Valley is highly vulnerable to air pollution 
due to its unique bowl-shaped topography (Panday et al., 
2009), atmospheric conditions (Becker et al., 2021), and 
increased sources of local emissions (Mool et al., 2020). 
During winter, the valley’s atmosphere experiences the 
highest levels of ground-level air pollution (Aryal et al., 
2008; Becker et al., 2021; Putero et al., 2015) that makes 
KTM Valley occasionally rank as having the worst 
particulate air pollution levels worldwide (Becker et al., 
2021). Near-surface temperature and wind speed in 
KTM are the lowest in the winter months 
(Supplementary material, Table S.1). In winter, strong 
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nighttime inversions form cold air pool above the valley 
basin (Panday et al., 2009; Panday & Prinn, 2009) 
resulting in lower Mixing Layer Height (Mues et al., 2017) 
that suppresses buoyant vertical transport of air 
pollutants. Rain scarcely occurs in the valley during 

winter—making precipitation scavenging a rare seasonal 
phenomenon. All of the above factors—air pollution 
emissions and meteorological—contribute to the 
intensification of winter haze.

 
Table 1. Trend results of occurrence frequency of haze, fog, and dense fog days in winter (DJF) at Tribhuvan 

International Airport (TIA) in Kathmandu from 1976 to 2022 using Mann-Kendall and Sen’s slope estimator. CI denotes 

the confidence interval 

 

Period 

Mann-Kendall Sen's slope 

ZMK p–value 
Trend 

Q (%yr-1) 
CI 
% 

Occurrence frequency 
of haze days (%) 

1976–2000  4.79 < 0.001 2.36* [1.00, 3.69]  

2001–2022  2.01 0.044 0.36† [-0.12,1.75] 

1976–2022  7.34 < 0.001 2.34* [1.79,3.00] 

Occurrence frequency 
of fog days (%) 

1976–2000  1.92 0.055 0.46† [-0.45, 1.25]  
2001–2022  -0.91 0.364 -0.56ns [-2.78, 3.83] 
1976–2022  2.52 0.012 0.46† [-0.06, 1.04]  

 Occurrence frequency 
of dense-fog-days (%) 

1976–2000  -0.89 0.374 -0.25ns [-0.75, 0.25] 

2001–2022  -3.23 0.001 -1.28** [-1.84, 0.13] 

1976–2022  -4.07 < 0.001 -0.53* [-0.79, 0.00] 
*- 0.001, ** - 0.01, and  † – 0 .05  level of significance ; ns – non significant 

 
Through the analysis of Copernicus Atmosphere 
Monitoring Services (CAMS)-PM2.5 reanalysis data of 
Kathmandu for 2003–2019, Becker et al. (2021) revealed 
that the winter season witnessed the highest increase in 

PM2.5 levels (~ 2 µg m−3) annually. Considering 
visibility as a proxy of air pollution, our present study 
using multi-decadal data, also suggests similar 
deteriorating winter air quality in the valley. Possible 
reasons could be either an increase in wintertime-air-
pollution-activities—local and/or transboundary—or a 
meteorological impact. We could see a slight upward 
trend (0.28% /year at α = 0.05) of RH in regime-I 
(supplementary material, Table S.2), which might have 
played a contributory role in haze enhancement. In 

regime II, RH reversed the trend (−0.46 %/year at α = 
0.01); already a higher level of air pollution should have 
outplayed the role of RH in this period. Though little, 
slowing down of the wind since 2000 (-0.02 m/s/year at 
α = 0.05) might have contributed to the intensification 
of winter haze in Kathmandu in regime II. Detailed 
analysis of the increase in air pollution emission is 
beyond the framework of the current study. However, it 
is reasonable to mainly link the seen intensification of 
winter haze to the significant increase in anthropogenic 
air pollution sources in KTM ranging from road/air 
traffic, and industrial activities, to refuse burnings—
commensurate with the rapid increase in population (~ 
4% per annum) (Timsina et al., 2020) of the valley. 
Intensification of haze in the IGP region during the same 
period has been reported in tens of papers (e.g., De & 
Dandekar, 2001; Kathayat et al., 2023; Saikawa et al., 
2019; Sarkar et al., 2006). Thus, the observed haze 
uptrend in KTM can also be attributed to the 
transboundary transport of IGP haze into the valley. 
 
Tens of papers have reported increasing frequency of 
both fog types (fog and dense-fog) elsewhere in the IGP 

region (e.g., Ghude et al., 2017; Jenamani, 2007; Kathayat 
et al., 2023; Shrestha et al., 2018; Syed et al., 2012) as well 
as central and eastern China (Niu et al., 2010). Many (e.g., 
Kathayat et al., 2023; Niu et al., 2010; Sarkar et al., 2006; 
Syed et al., 2012) have attributed this to the increase in 
air pollution and thus abundance of CCN, resulting in 
more water droplets with higher optical depth (Syed et 
al., 2012). Yan et al. (2020) suggested that aerosols 
promote fog by increasing Liquid Water Content (LWC) 
and droplet concentration while decreasing effective 
droplet size. Some works of literature have also pointed 
out the possible change in land cover use and irrigation 
area (Kathayat et al., 2023; Shrestha et al., 2018) and 
regional meteorological change (Niu et al., 2010). 
 
In addition to the looking at trend of plausible 
parameters (e.g., RH and WS), we also estimated the 
trend in Dew-point Depression (Tdep)—the difference 
between ambient temperature (T) and dew-point 
temperature (Td)—similar to the work of Kutty et al. 
(2020). If dew point depression is low, the saturation of 
air is more likely, and hence the fog formation, provided 
other conditions be met. In addition to elevated air 

pollution, declining nighttime Tdep (−0.03 ℃/year at α = 
0.05) (Supplementary material, Table S.3) might have 
contributed to the observed increased trend of fog 

during 1976–2000. Whereas the decreased RH (−0.70 % 

/year at α = 0.001) and increase in Tdep (0.13 ℃ /year at 
α = 0.001) should have contributed to the decline in 
dense fog occurrence since 2000. We also observed an 

increase in average nighttime temperature (0.14 ℃ /year 
at α = 0.01) in the later period (2001–2022).  
 
Kathmandu Valley is one of the fastest-growing metro 
cities in South Asia (Timsina et al., 2020). Because of the 
increased population, agricultural land and other 
vegetation land coverage have shrunk considerably in 
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later periods. This can be visible in satellite imagery of 
Kathmandu taken 60 years apart (Supplementary 
material, Figure S.2).  This vast change in land cover use 
led to a diminished source of moisture—one of the most 
important ingredients for the genesis of fog—as 
evidenced by a decrement in RH. Decreased moisture 
content in the atmosphere results in decreased dew point 
temperature and increased dew point depression as seen 
above. This may explain the reduced occurrence of 
dense fog in the later period. 
 
CONCLUSIONS 
In the present study, we considered over four and half 
decades of climatological data measured at the TIA in 
Kathmandu focusing on the occurrence of haze and fog 
in winter that usually impair winter visibility at the airport 
making it difficult for flight operations. We studied the 
two important properties of fog, namely, consecutive 
duration and onset/dispersal timing of winter fog at the 
airport. We found that ~ 86% (~95%) of fog (dense fog) 
days witnessed fog lasting not more than one hour. 
Dense fog exceedingly more than two hours is rare in 
TIA while some fog events lasted up to 6 hours.  The 
onset of fog occurs in the early morning—usually 
between 05:00 to 09:45 am—in all three winter months 
and disperses before noon. The most favorable onset 
times for fog are 05:15 am in December and 06:45 am in 
January and February while the dense fog onset window 
is between 05:00 and 09:00 am. The highest percentage 
of dense fog onset occurs at 05:15 and 08:15 am and 
dissipates at 06:15 and 09:15 am. 
 
Haze intensifies during winter in the TIA owing to the 
intensified air pollution, weaker air-pollution-dispersion-
mechanism (colder air, slower wind, shallow boundary 
layer, and no rain), and unique topography of the valley. 
This has increased exceedingly over the study period 
mainly because of increased local air pollution. Increased 
RH in the winter season in regime and slowing down of 
wind in regime II could have partly contributed to the 
intensification of winter haze over the years. 
 
Fog events have increased in the TIA, though little, due 
to the effect of enhanced aerosols (more Cloud 
Condensation Nuclei (CCN)) in the air. However, it 
appears that dense fog may have disappeared largely in 
the recent period (regime II) because of a reduction in 
agricultural land and vegetation cover and increased dew 
point depression in Kathmandu. 
 
Increased haze and fog adversely affect aviation at TIA 
because of the reduced visibility they cause. It shall be a 
serious concern to aviation service at the country’s major 
international airport. Effective measures are imminent to 
control air pollution emissions in winter and 
urbanization of the valley. We require further 
investigation into the mechanism of winter fog in 
Kathmandu Valley by using models and the effect of 
Urban Heat Island (UHI) on fog.  
 
 
 

ACKNOWLEDGMENTS 
We are highly thankful to the Department of Hydrology 
and Meteorology (DHM), Nepal, for the historic primary 
data record and equally grateful to the National Climatic 
Data Center (NCDC), which archives and publicly 
distributes the global climatological data used for this 
study as a part of World Meteorological Organization 
(WMO) data exchange protocol. 
 
AUTHOR CONTRIBUTIONS 
B. Kathayat: Conceptualization, methodology, software, 
formal analysis, investigation, data curation, writing 
original draft, and visualization; A.K. Panday: 
Conceptualization, validation, supervision, writing, 
review, and editing; B. Pokharel: Validation, supervision, 
writing, review, and editing; N.P. Chapagain: 
Supervision, writing, review, and editing. 
 
CONFLICT OF INTEREST 
The authors declare no conflict of interest. 
 
DATA AVAILABILITY STATEMENT 
Data used in this study are publicly available at 
https://www.ncei.noaa.gov/maps/hourly/. 

 
REFERENCES 
AIC. (2015). Final Report on the Investigation of the 

Accident of TC-JOC, A330-303, at TIA, KTM on 4 
March. Accident Investigation Commission (AIC), 
Government of Nepal. https://reports.aviation-
safety.net/2015/20150304-0_A333_TC-JOC.pdf 

Aryal, R.K., Lee, B.K., Karki, R., Gurung, A., 
Kandasamy, J., Pathak, B.K., Sharma, S., & Giri, N. 
(2008). Seasonal PM10 dynamics in Kathmandu 
valley. Atmospheric Environment, 42(37), 8623–8633. 
https://doi.org/10.1016/j.atmosenv.2008.08.016 

Becker, S., Sapkota, R.P., Pokharel, B., Adhikari, L., 
Pokhrel, R.P., Khanal, S., & Giri, B. (2021). 
Particulate matter variability in Kathmandu based on 
in-situ measurements, remote sensing, and reanalysis 
data. Atmospheric Research, 258, 105623. 
https://doi.org/10.1016/j.atmosres.2021.105623 

Bhushan, B., Trivedi, H.K.N., Bhatia, R.C., Dube, R.K., 
Giri, R.K., & Negi, R.S. (2003). On the persistence of 
fog over northern parts of India. MAUSAM, 54(4), 
851–860. https://doi.org/10.54302/mausam.v54i4. 
1585 

Chang, D., Song, Y., & Liu, B. (2009). Visibility trends in 
six megacities in China 1973–2007. Atmospheric 
Research, 94(2), 161–167. https://doi.org/10.1016/j. 
atmosres.2009.05.006 

Chen, J., Zhao, C.S., Ma, N., Liu, P.F., Göbel, T., 
Hallbauer, E., Deng, Z.Z., Ran, L., Xu, W.Y., & 
Liang, Z. (2012). A parameterization of low 
visibilities for hazy days in the North China Plain. 
Atmospheric Chemistry and Physics, 12(11), 4935–4950. 
https://doi.org/10.5194/acp-12-4935-2012 

Chen, Y., & Xie, S. (2013). Long-term trends and 
characteristics of visibility in two megacities in 
southwest China: Chengdu and Chongqing. Journal of 
the Air & Waste Management Association, 63(9), 1058–
1069. https://doi.org/10.1080/10962247.2013.791 



B. Kathayat, A.K. Panday, B. Pokharel, N.P. Chapagain 

43 

 

348 
De, U.S., & Dandekar, M.M. (2001). Natural disasters in 

urban areas. Deccan Geographer, 39(2), 1–12. 
Du, K., Mu, C., Deng, J., & Yuan, F. (2013). Study on 

atmospheric visibility variations and the impacts of 
meteorological parameters using high temporal 
resolution data: An application of Environmental 
Internet of Things in China. International Journal of 
Sustainable Development & World Ecology, 20(3), 238–
247. https://doi.org/10.1080/13504509.2013.7838 
86 

Fu, X., Wang, X., Hu, Q., Li, G., Ding, X., Zhang, Y., 
He, Q., Liu, T., Zhang, Z., & Yu, Q. (2016). Changes 
in visibility with PM2.5 composition and relative 
humidity at a background site in the Pearl River Delta 
region. Journal of Environmental Sciences, 40, 10–19. 
https://doi.org/10.1016/j.jes.2015.12.001 

Ghude, S.D., Bhat, G.S., Prabhakaran, T., Jenamani, 
R.K., Chate, D.M., Safai, P.D., Karipot, A.K., et al. 
(2017). Winter fog experiment over the Indo-
Gangetic plains of India. Current Science, 12(4), 767–
784. https://doi.org/10.18520/cs/v112/i04/767-
784 

Gultepe, I., Tardif, R., Michaelides, S.C., Cermak, J., 
Bott, A., Bendix, J., Müller, M.D., Pagowski, M., 
Hansen, B., Ellrod, G., Jacobs, W., Toth, G., & 
Cober, S.G. (2007). Fog research: A review of past 
achievements and future perspectives. Pure and 
Applied Geophysics, 164(6–7), 1121–1159. https://doi. 
org/10.1007/s00024-007-0211-x 

Hameed, S., Mirza, M.I., Ghauri, B.M., Siddiqui, Z.R., 
Javed, R., Khan, A.R., Rattigan, O.V., Qureshi, S., & 
Husain, L. (2000). On the widespread winter fog in 
northeastern Pakistan and India. Geophysical Research 
Letters, 27(13), 1891–1894. https://doi.org/10.1029/ 
1999GL011020 

Hanesiak, J.M., & Wang, X.L. (2005). Adverse-weather 
trends in the Canadian Arctic. Journal of Climate, 
18(16), 3140–3156. https://doi.org/10.1175/JCLI3 
505.1 

Hu, Y., Yao, L., Cheng, Z., & Wang, Y. (2017). Long-
term atmospheric visibility trends in megacities of 
China, India and the United States. Environmental 
Research, 159, 466–473. https://doi.org/10.1016/j.en 
vres.2017.08.018 

Hunova, I., Brabec, M., Malý, M., Dumitrescu, A., & 
Geletič, J. (2021). Terrain and its effects on fog 
occurrence. Science of the Total Environment, 768, 
144359. https://doi.org/10.1016/j.scitotenv.2020.1 
44359 

Hunova, I., Brabec, M., Malỳ, M., & Valeriánová, A. 
(2020). Long-term trends in fog occurrence in the 
Czech Republic, Central Europe. Science of the Total 
Environment, 711, 135018. https://doi.org/10.1016/j 
.scitotenv.2019.135018 

Inhaber, H. (1976). Changes in Canadian national 
visibility. Nature, 260(5547), 129–130. https://doi.or 
g/10.1038/260129a0 

Jaswal, A.K., Kumar, N., Prasad, A.K., & Kafatos, M. 
(2013). Decline in horizontal surface visibility over 
India (1961–2008) and its association with 

meteorological variables. Natural Hazards, 68(2), 
929–954. https://doi.org/10.1007/s11069-013-066 
6-2 

Jenamani, R.K. (2007). Alarming rise in fog and 
pollution causing a fall in maximum temperature 
over Delhi. Current Science, 314–322. 

Jenamani, R.K. (2012). Micro-climatic study and trend 
analysis of fog characteristics at IGI airport New 
Delhi using hourly data (1981-2005). Mausam, 63(2), 
203–218. https://doi.org/10.54302/mausam.v63i2. 
1391 

Jenamani, R.K., & Kumar, A. (2013). Bad weather and 
aircraft accidents – global vis-à-vis Indian scenario. 
Current Science, 104(3). 

Kathayat, B., Panday, A.K., Pokharel, B., Kumar, V., & 
Chapagain, N.P. (2023). Four decades of aviation 
visibility at Bhairahawa airport, gateway to Buddha’s 
birthplace Lumbini, Nepal. Atmospheric Research, 288, 
106746. https://doi.org/10.1016/j.atmosres.2023.1 
06746 

Kim, C.K., Yum, S.S., Kim, H.G., & Kang, Y.H. (2019). 
A WRF Modeling study on the effects of land use 
changes on fog off the west coast of the Korean 
peninsula. Pure and Applied Geophysics, 176(10), 4623–
4640. https://doi.org/10.1007/s00024-019-02242-z 

Kulkarni, R., Jenamani, R.K., Pithani, P., Konwar, M., 
Nigam, N., & Ghude, S.D. (2019). Loss to Aviation 
Economy Due to Winter Fog in New Delhi during 
the Winter of 2011–2016. Atmosphere, 10(4), 198. 
https://doi.org/10.3390/atmos10040198 

Kutty, S.G., Dimri, A.P., & Gultepe, I. (2020). Climatic 

trends in fog occurrence over the Indo‐Gangetic 
plains. International Journal of Climatology, 40(4), 2048–
2061. https://doi.org/10.1002/joc.6317 

Larssen, S., Gram, F., Haugsbakk, I., Jansen, H., 
Olsthoorn, X., Giri, A.S., Shah, R., Shrestha, M.L., 
Shrestha, B., Shah, J.J. [editor, & Nagpal, T. [editor. 
(1997). Urban air quality management strategy in Asia-
Kathmandu Valley report. World Bank. 

Liu, D.Y., Niu, S.J., Yang, J., Zhao, L.J., Lü, J.J., & Lu, 
C.S. (2012). Summary of a 4-Year Fog Field Study in 
Northern Nanjing, Part 1: Fog Boundary Layer. Pure 
and Applied Geophysics, 169(5–6), 809–819. https://do 
i.org/10.1007/s00024-011-0343-x 

Malm, W.C. (1999). Introduction to visibility. Colorado State 
University, USA. 

Manandhar, K.B. (2006). The fog episode in southern 
Terai plains of Nepal: Some observations and 
concepts. Journal of Hydrology and Meteorology, 3(1). 
http://soham.org.np/wp-content/uploads/2006/0 
3/v3-95-100.pdf 

Mool, E., Bhave, P.V., Khanal, N., Byanju, R.M., 
Adhikari, S., Das, B., & Puppala, S.P. (2020). Traffic 
condition and emission factor from diesel vehicles 
within the Kathmandu valley. Aerosol and Air Quality 
Research, 20(3), 395–409. https://doi.org/10.4209/aa 
qr.2019.03.0159 

Morisset, T., & Odoni, A. (2011). Capacity, Delay, and 
Schedule Reliability at Major Airports in Europe and 
the United States. Transportation Research Record: Journal 



Intensifying Haze and Disappearing Dense Fog in Winter … 

44 

 

of the Transportation Research Board, 2214(1), 85–93. 
https://doi.org/10.3141/2214-11 

Mues, A., Rupakheti, M., Münkel, C., Lauer, A., Bozem, 
H., Hoor, P., Butler, T., & Lawrence, M.G. (2017). 
Investigation of the mixing layer height derived from 
ceilometer measurements in the Kathmandu Valley 
and implications for local air quality. Atmospheric 
Chemistry and Physics, 17(13), 8157–8176. https://doi. 
org/10.5194/acp-17-8157-2017 

Munn, R.E. (1973). Secular increases in summer haziness 
in the Atlantic provinces. Atmosphere, 11(4), 156–161. 
https://doi.org/10.1080/00046973.1973.9648357 

Nakajima, C., Chalise, S.R., & Shrestha, M.L. (1980). On 
the fog in Kathmandu Valley. Journal of the Japanese 
Society of Snow and Ice, 41(Special), 90–99. 
https://doi.org/10.5331/seppyo.41.Special_90 

Niu, F., Li, Z., Li, C., Lee, K., & Wang, M. (2010). 
Increase of wintertime fog in China: Potential 
impacts of weakening of the Eastern Asian monsoon 
circulation and increasing aerosol loading. Journal of 
Geophysical Research: Atmospheres, 115(D7), 
2009JD013484. https://doi.org/10.1029/2009JD01 
3484 

Panday, A.K., & Prinn, R.G. (2009). Diurnal cycle of air 
pollution in the Kathmandu Valley, Nepal: 
Observations. Journal of Geophysical Research: 
Atmospheres, 114(D9), 2008JD009777. https://doi.or 
g/10.1029/2008JD009777 

Panday, A.K., Prinn, R.G., & Schär, C. (2009). Diurnal 
cycle of air pollution in the Kathmandu Valley, 
Nepal: 2. Modeling results. Journal of Geophysical 
Research: Atmospheres, 114(D21), 2008JD009808. 
https://doi.org/10.1029/2008JD009808 

Putero, D., Cristofanelli, P., Marinoni, A., Adhikary, B., 
Duchi, R., Shrestha, S.D., Verza, G.P., Landi, T.C., 
Calzolari, F., & Busetto, M. (2015). Seasonal variation 
of ozone and black carbon observed at Paknajol, an 
urban site in the Kathmandu Valley, Nepal. 
Atmospheric Chemistry and Physics, 15(24), 13957–
13971. https://doi.org/10.5194/acp-15-13957-2015 

Regmi, G., Shrestha, S., Maharjan, S., Khadka, A.K., 
Regmi, R.P., & Kaphle, G.C. (2020). The weather 
hazards associated with the US-Bangla aircraft 
accident at the Tribhuvan international airport, 
Nepal. Weather and Forecasting, 35(5), 1891–1912. 
https://doi.org/10.1175/WAF-D-19-0183.1  

Safai, P.D., Ghude, S., Pithani, P., Varpe, S., Kulkarni, 
R., Todekar, K., Tiwari, S., Chate, D.M., 
Prabhakaran, T., Jenamani, R.K., & Rajeevan, M.N. 
(2019). Two-way relationship between aerosols and 
fog: A case study at IGI airport, New Delhi. Aerosol 
and Air Quality Research, 19(1), 71–79. https://doi.org 
/10.4209/aaqr.2017.11.0542 

Saikawa, E., Panday, A., Kang, S., Gautam, R., Zusman, 
E., Cong, Z., Somanathan, E., & Adhikary, B. (2019). 
Air Pollution in the Hindu Kush Himalaya. In P. 
Wester, A. Mishra, A. Mukherji, & A. B. Shrestha 
(Eds.), The Hindu Kush Himalaya Assessment (pp. 339–
387). Springer International Publishing. https://doi 
.org/10.1007/978-3-319-92288-1_10 

Sapkota, B. (2002). Suspended Matter in the Urban Air of 
Kathmandu Valley. 

Sapkota, B.K. (1996). Study of visibility and particulate 
pollution over Kathmandu Valley. Project Report, 
Institute of Engineering, Pulchowk Campus. 

Sarkar, S., Chokngamwong, R., Cervone, G., Singh, R. 
P., & Kafatos, M. (2006). Variability of aerosol 
optical depth and aerosol forcing over India. Advances 
in Space Research, 37(12), 2153–2159. https://doi.org/ 
10.1016/j.asr.2005.09.043 

Sen, P.K. (1968). Estimates of the Regression 
Coefficient Based on Kendall’s Tau. Journal of the 
American Statistical Association, 63(324), 1379–1389. 
https://doi.org/10.1080/01621459.1968.10480934 

Sharma, C.K. (1997). Urban air quality of Kathmandu 
valley “Kingdom of Nepal.” Atmospheric Environment, 
31(17), 2877–2883. https://doi.org/10.1016/S1352-
2310(96)00346-9 

Shrestha, S., Moore, G.A., & Peel, M.C. (2018). Trends 
in winter fog events in the Terai region of Nepal. 
Agricultural and Forest Meteorology, 259, 118–130. 
https://doi.org/10.1016/j.agrformet.2018.04.018 

Shrestha, S., Peel, M.C., & Moore, G.A. (2023). Cold 
waves in Terai region of Nepal and farmer’s 
perception of the effect of fog events and cold waves 
on agriculture. Theoretical and Applied Climatology, 
151(1–2), 29–45. https://doi.org/10.1007/s00704-
022-04262-7 

Singh, A., & Dey, S. (2012). Influence of aerosol 
composition on visibility in megacity Delhi. 
Atmospheric Environment, 62, 367–373. https://doi.org 
/10.1016/j.atmosenv.2012.08.048 

Singh, J., Giri, R.K., & Kant, S. (2007). Radiation fog 
viewed by INSAT–1 D and Kalpana Geo-Stationary 
satellite. Mausam, 58(2), 251–260. https://doi.org/10 
.54302/mausam.v58i2.1228 

Srivastava, S.K., Sharma, A.R., & Sachdeva, K. (2016). A 
ground observation based climatology of winter fog: 
Study over the Indo-Gangetic Plains, India. 
International Journal of Environmental and Ecological 
Engineering, 10(7), 742–753. 

Stjern, C.W., Stohl, A., & Kristjánsson, J.E. (2011). Have 
aerosols affected trends in visibility and precipitation 
in Europe? Journal of Geophysical Research, 116(D2), 
D02212. https://doi.org/10.1029/2010JD014603 

Streets, D.G., Wu, Y., & Chin, M. (2006). Two‐decadal 
aerosol trends as a likely explanation of the global 
dimming/brightening transition. Geophysical Research 
Letters, 33(15), 2006GL026471. https://doi.org/10.1 
029/2006GL026471 

Syed, F.S., Körnich, H., & Tjernström, M. (2012). On 
the fog variability over south Asia. Climate Dynamics, 
39(12), 2993–3005. https://doi.org/10.1007/s00382 
-012-1414-0 

Timsina, N.P., Shrestha, A., Poudel, D.P., & Upadhyaya, 
R. (2020). Trend of urban growth in Nepal with a focus in 
Kathmandu Valley: A review of processes and drivers of 
change. https://doi.org/10.7488/ERA/722 

Vautard, R., Yiou, P., & Van Oldenborgh, G.J. (2009). 
Decline of fog, mist and haze in Europe over the past 
30 years. Nature Geoscience, 2(2), 115–119. https://do 
i.org/10.1038/ngeo414 



B. Kathayat, A.K. Panday, B. Pokharel, N.P. Chapagain 

45 

 

Wang, K., Dickinson, R.E., & Liang, S. (2009). Clear Sky 
Visibility Has Decreased over Land Globally from 
1973 to 2007. Science, 323(5920), 1468–1470. https:// 
doi.org/10.1126/science.1167549 

WMO. (1992). International meteorological vocabulary, WMO-
182. World Meteorological Organization. 
https://library.wmo.int/records/item/35809-intern 
ational-meteorological-vocabulary 

Wu, D. (2006). More discussions on the differences 
between haze and fog in city. Guangdong Meteorology, 
32, 9–15. 

Yan, S., Zhu, B., Huang, Y., Zhu, J., Kang, H., Lu, C., & 
Zhu, T. (2020). To what extents do urbanization and 

air pollution affect fog? Atmospheric Chemistry and 
Physics, 20(9), 5559–5572. https://doi.org/10.5194/a 
cp-20-5559-2020 

Yue, S., & Wang, C. (2004). The Mann-Kendall Test 
Modified by Effective Sample Size to Detect Trend 
in Serially Correlated Hydrological Series. Water 
Resources Management, 18(3), 201–218. https://doi.org 
/10.1023/B:WARM.0000043140.61082.60 

Zhang, Q.H., Zhang, J.P., & Xue, H.W. (2010). The 
challenge of improving visibility in Beijing. 
Atmospheric Chemistry and Physics, 10(16), 7821–7827. 
https://doi.org/10.5194/acp-10-7821-2010 

 


