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ABSTRACT

Visibility impairment in recent decades has become a serious challenge in the aviation
sector of our region. This very issue has an adverse impact on comfort, air safety, and
the overall aviation economy. Thus, quantification of the changes in atmospheric
visibility and characterization of affecting factors at major airports is highly
advantageous. Two major international airports in Nepal, Tribhuvan International
Airport (TIA) at Kathmandu (KTM) and Gautam Buddha International Airport (GBIA)
at Bhairahawa (BWA) were chosen as study sites. Over four decades of climatological
data (1976-2022) supplemented with ground measurements, remote sensing data,
reanalysis data, and satellite imagery were used. It was found that haze and fog are two
major weather types reducing visibility in Nepal, both of which displayed a significant
uptrend. At BWA, the fastest increase in haze is witnessed in the post-monsoon season
(1.46% day/ year at 0.001 level of significance («)); and winter fog is on the rise (1.05%
day/ year, a = 0.001) too. A similar upward trend of winter haze frequency (2.36%
day/year, a =0.001) and fog frequency (0.46% day/year, at o = 0.05) in regime-1 (1976—
2000) in KTM was observed. Whereas, the trend of winter haze flattened to 0.36%
day/year (at o = 0.05) and dense fog declined at the rate —1.28% per day per annum (at
a = 0.01) in regime-II (2001-2022). By careful examination of all plausible
climatological drivers of the change in KTM, strong evidence of decreasing humidity
and increasing dew point depression after the year 2000 was found. A negative power
function relationship between Aerosol Optical Depth (AOD) and visibility (VIS) at
GBIA was seen. The relationship between PM2.5 and visibility (VIS) is similar. The
best negative correlation between AOD and VIS occurred during monsoon (» = —0.66,
p <0.001) (r=—0.74, p < 0.001 between PM2.5 and VIS). The effect of aerosol water
on VIS at GBIA was also seen, i.e., reduced airport visibility at increased RH. As a first
effort to obtain sounding-based Planetary Boundary Layer Height (PBLH) climatology
in Nepal, radiosonde measurements launched from a suburban site in KTM (November
2019-30 March 2022) were analyzed. It was observed that 91.20% of all early morning
(0545 LT) soundings showed surface-based inversion, highlighting the existence of
nocturnal Stable Boundary Layer (SBL) classification. Three different temperature-
profile algorithms: Bulk Richardson method (RM) at a critical threshold (Ri.) 0f0.22,

Gradient of potential temperature method (GMgy) and Surface Based Temperature

X



inversion (SBI) method, were employed for estimating PBLH. Taking the SBI method
as a benchmark method, we found that GM, yielded an almost unbiased estimate with
a statistically significant coefficient (» = 0.99, p <0.001; R? = 0.99 and bias (AH) =
—3.57 m); RM slightly overestimated ( = 0.83, p < 0.001; R? = 0.65 and AH = 15.0
m); whereas ERAS reanalysis PBLH measurements grossly underestimated (= —0.22,
R? = —0.55 and AH = —100.94 m) stable PBL tops. The strongest and deepest
surface inversions during winter and pre-monsoon months (PBLH ~ 200 £+ 115 m in
April) and the weakest and shallowest stable boundary layer in the early morning of
monsoon (PBLH ~ 30 + 11 m in September) were found. In the valley, PM 2.5 is higher
in dry (the highest in March: 100 + 13 pg m~3) and lower in the wet season (the lowest
in August: 8.6 £ 1.2 pg m™3). Whereas, airport visibility at TIA is the best in wet (the
highest in June: 6.6 = 0.3 km) and worst during the dry season (the lowest in January:
3.9 £ 0.2 km). A positive correlation between PBLH and PM2.5 (» = 0.35, p < 0.001),
good anti-correlation between VIS and PM2.5 (r = —0.59, p < 0.001), and a poor-
negative correlation between PBLH and VIS (r=—0.16, p < 0.001) were found. The
impact of the optical properties of aerosols (specifically PM2.5) and their hygroscopic
effect on visibility in TIA was also studied. A sharp decline in visibility with an increase
in the PM2.5 extinction coefficient and mass extinction efficiency (MEE) was observed.
An exponential growth of hygroscopic growth factor (f(RH)) and a subsequent decrease
in visibility with increased RH was noticed. It was observed that increased wind speed
tends to improve visibility at the airport. Deterioration of airport visibility by the wind
with a speed of 1-2 m/s flowing from the northeast through the south direction in the
winter season was also noticed. Further, some of the salient microclimatic properties of
winter fog at both of the airports were studied, too. Visibility at both airport sites
displayed a definitive declining trend that was found to be linked with changes in air
pollution emission and different meteorological factors. These changes pose serious
adverse impacts on the aviation sector amongst many others. For the sustainable
improvement of visibility, regionally coordinated efforts on implementation of strict air

pollution-mitigation-measures are required.

Keywords: Air pollution, Aviation, Bhairahawa, Boundary layer height, Kathmandu,

Meteorology, MK-Test, Radiosonde, Trend statistics, Visibility
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CHAPTER 1

INTRODUCTION

A byproduct of economic growth and urbanization, especially in the developing world,
is the worsening of air quality because of various anthropogenic activities. Among
many impacts of worsening air quality, obscuring the sky with a grey/brown haze layer
is one of the major concerns, as it adversely affects human health, the tourism business,
the aviation industry, etc. The clarity of a scene is usually evaluated in terms of atmos-
pheric visibility, which is expressed as “the greatest distance at which an observer can
see a black object against the horizon” (Middleton, 1952). Visibility is degraded by
particulates and droplets suspended in the air whose concentration is governed by many
factors including meteorology. Thus, assessment of particulate loading in the atmos-
phere and meteorological factors is vital for gaining deeper insight into the visibility of

a place.

The unique topography and challenging weather conditions are preexisting and una-
voidable challenges to the Nepalese aviation industry, which has gained a reputation
for having bad air-safety records. The growth of population, urbanization, and industri-
alization in major cities of Nepal is rapid. Besides them, changing climatology may also
have adverse consequences on airport visibility. Having deeper insight into visibility at
major airports not only helps safer, more comfortable, and economic flight operations
but also helps policymakers invest in proper airport facilities. Thus, this study focuses
on the understanding of the status of atmospheric visibility, affecting factors and avia-
tion implications mainly at two of the major international airports inside Nepal: Tribhu-
van International Airport at Kathmandu and Gautam Buddha International Airport at

Bhairahawa.
1.1 What is Atmospheric visibility?

American Meteorological Society (2023) defines meteorological visibility in its
simplest form as the farthest horizontal distance in a given direction one can just see
and identify—with the unaided eye—a prominent dark object against the sky and
horizon (daytime) and a known light source that is moderately intense and preferably
unfocused (nighttime). Horvath (1981) defines visibility as the farthest distance at

which one can recognize the outlines of an ideally black target against the background
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horizon. In practice, either a trained observer or an automatic weather station observes
and reports visibility values. Visibility at a place is firstly determined around the whole
horizon circle before it is resolved into a single value of prevailing visibility for
visibility reporting. The traditional demand that visibility indicators be both detected
and recognized has inherent problems. If the criterion for recognition were lifted, the
visibility might be characterized as a subjective estimate of visual range since the more
precisely defined idea of the visual range excludes reference to recognition. It can now
be described in that way for the majority of practical reasons. While estimates of
visibility during the day are subjective assessments of air contrast attenuation, estimates
of visibility during the night are attempts to analyze something quite different, namely
the attenuation of flux density. As a result, visibility data must be considered to be

divided into those obtained by day and those by night.

1.2 Visibility impairment: A historical perspective

Although it seems a contemporary issue, visibility impairment induced by human ac-
tivities has indeed occurred for as long as humans possess the ability to alter their sur-
roundings. This began when humans first acquired the skill to create fire, nearly
790,000 years back, as suggested by analysis of flints at an archaeological site located
near river Jordan (Alperson-Afil, 2008). A study by Sapart et al. (2012) analyzed ice
core samples in the Netherlands and revealed a 2100-year-old chemical signature of
methane in ice samples. They attributed the methane signature to then anthropogenic
activities specifically metallurgy and large-scale agricultural activities. Emissions from
worldwide metallurgical activities certainly contributed to the enhancement of ambient
particulate concentration and subsequent visibility decline. More kilns, metal smelters,
and the burning of fossil fuels had an ever-increasing impact on day-to-day living, in-
cluding decreased visibility, as civilization and urbanization advanced. The industrial
revolution, which began in Britain, in the mid-18™ century, but quickly spread over
Europe and the United States, marked the beginning of large-scale human influence on
air quality. The worst recorded extended period of poor air quality and subsequent im-
paired visibility occurred in London in December 1952 (great smog of London) for five
days resulting from a combined effect of industrial pollution and a high-pressure
weather system (Martinez, 2019). Smog and fog brought London to a near standstill
and resulted in many thousand deaths. Visibility at Heathrow Airport was reduced be-

low 10 m for 48 h (Malm, 2016). This event marks a turning point in environmentalism
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history as it grabbed the attention of the scientific community to consider visibility as
a problem worthy enough for systemic investigation. Two decades later, Los Angeles
in the United States caught attention for its reduced visibility because of emissions from
road vehicle fleets (Tiao et al., 1975). This led researchers to put effort into investigat-
ing ways to improve visual air quality by identifying the responsible factors of visibility
impairment. Several such events of prolonged impaired visibility were documented in

many other places in Europe and the United States.

The Industrial Revolution in China and the Asia-Pacific region began in the second half
of the 20™ century. This region’s rapid economic growth from its industrial revolution
contributed to the shift of global emissions from Europe and North America to Central,
South, and East Asia (Igini, 2022). Other Asian countries, such as India and Pakistan
also undergone a huge industrialization and urbanization, turning them into recent air
pollution hotspots. Air quality and impaired visibility commensurate with urbanization

and economic growth has become one of the major concerns of our country too.
1.3 Visibility as an indicator of air quality

Visibility degradation is an indicator of the pollution one can see or visual air quality
(Hyslop, 2009; Yuan ef al., 2002). Numerous past papers (Chang et al., 2009; Wang et
al., 2009) have well-established inverse relationship between aerosol concentration in
the atmosphere and visibility. Therefore, changes in visibility can be equivalently used
as indicators of air quality (Watson, 2002). For instance, Vajanapoom et al. (2001)
estimated PM10 from visibility data in Bangkok. Based on such studies, some cities
have even developed indexes for estimating PM levels from visibility data—one such

example being, the city of Shasta in Canada (Shahzad, 2014) (Table 1).



Table 1: Air quality indexing and hourly average PM estimation from visual range (Shahzad,

2014)

Hourly average PM levels

Visibility (Miles) Level of health concern s
(ng/ m’)
>11 Good 0-38
6-10 Moderate 39-88
3-5 Unhealthy for sensitive groups 89-138
1.5-2.75 Unhealthy 139-350
1-1.25 Very unhealthy 351-526
<1 Hazardous >526

1.4 Visibility as a commercial product

Many countries in the world heavily rely on the tourism business. Enjoying views of
landscapes, mountains, sunrises, sunsets, etc. are some of the most popular activities
for tourists, as are sightseeing flights. Thus, a reduction in visibility may adversely
affect tourism and hence country’s economy in many ways. Tourists may cancel, divert,
or shorten their trip or decide not to return; Visibility degradation may also lower
property prices and reduce investment in areas affected by poor visibility. Thus,
visibility shall be considered not only as a meteorological phenomenon but also as an

economic indicator and a commercial product.
1.5 Visibility in aviation
1.5.1 How significant is visibility in aviation?

Aircraft take-off and landings at the airport, aircraft flow management, ground
movement of aircraft, and ground handling operations heavily rely on visibility.
Importance is even higher for the aircraft operating the whole flight—from take-off to
landing—under Visual Flight Rules (VFR)( APPENDIX A.1), like small twin-otter
airplanes flying in and out of dozens of remote airstrips in Nepal. VMC offers the ideal
visual conditions in terms of flight safety, air-traffic flow management, cost, comfort,
time, need for landing and navigation facilities at the airport, etc. The problem arises
whenever the visibility gets lower than those specified for VMC—called Instrument

Meteorological Condition (IMC) (APPENDIX A.1). In such conditions, aircraft can
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take off and land only up until a certain visual threshold (determined by various factors,
like landing and navigational facility at the airport, terrain, aircraft equipment and
performance, pilot training, etc.) under Instrument-Flight rules (IFR) (APPENDIX
A.1). Such condition brings more complexities to flight operation. Even though IFR
operations can bring orderly progression of taking off and landing aircraft, it typically
reduces the runway capacity and results in flight delays (Morisset & Odoni, 2011),
results in less relaxed separation between air traffic, and demands extra workload to the
Air Traffic Controllers (ATC) and pilots. Flight cancellations and diversions because of
poor airport visibility result in substantial monetary losses in the form of lost time, fuel,
and additional aircraft maintenance (Kulkarni ef al., 2019). In the worst-case scenario,
reduced visibility may lead to serious aircraft accidents and incidents too. It has been
identified as an important safety hazard in aviation contributing to several aircraft
accidents and incidents (Gultepe et al., 2015; Jenamani & Kumar, 2013; Regmi ef al.,

2020).

Many aircraft incidents and accidents that happened in the past were contributed by
poor visibility. For instance, a brand new Turkish Airlines aircraft met a runway
excursion incident in Kathmandu airport on 4 March 2015 (Accident Investigation
Commission (AIC), 2015). The accident aircraft, an Airbus A330 registered TC-JOC,
was severely damaged beyond repair when it landed in dense fog with barely 200
meters of visibility. This prevented it from utilizing the active runway for four days,

resulting in a significant loss of revenue and significant disruption to air travel.

Most of the aviation accidents in Nepal between 1952 and 2022 were caused by planes
accidentally flying into the mountains hidden behind clouds (also termed CFIT
(APPENDIX A.2) in aviation) (Dixit, 2022). According to the author, out of 818 total
fatalities during the period 92% lost their lives in CFIT type accidents. Not only small
turbo-props flying to remote airstrips in Nepal but also big jet aircraft with sophisticated
instruments have experienced the fate of CFIT crashes. On 28 September 1992,
Pakistan International Airlines (PIA) flight 268 operated by Airbus A300, impacted a
steep cloud-covered hill side (~7300 ft), Bhattedanda, killing all 167 occupants (Ranter,
1992). That was the worst air crash that happened in the Nepalese sky and also in PIA’s
history.



Most of the investigation reports of fatal CFIT crashes point toward pilots failing to
abide by VFR while flying in the mountains. Despite some inherent threats—e.g.,
turbulence because of strong convective activities, lightening, and hail of flying into
the clouds—CFIT by flying inside the clouds occurs because of the pilot failing to see
mountains behind. Eventually, visibility impairment by cloud plays the main role in

such CFIT accidents.

Globally, CFIT is also one of the leading categories of aircraft accidents with the lowest
survival ratio. One typical example is the crash of Garuda airlines flight GA 152 in
Medan Polonia international airport on 26 September 1997 while approaching in low
visibility conditions (less than 500m due to forest fire) (Ranter, 1997). The accident was
nonsurvivable; all persons on board (234) perished. According to the National
Transportation Safety Board (NTSB), statistics, visibility, and cloud ceiling alone have
contributed to ~24% of general aviation accidents between 1989 and early 1997 (Kulesa,

2003).
1.5.2 How does visibility affect the pilot’s visual perception?

There are several ways that visibility affects pilots’ visual perception. When an aircraft
flies inside a deep haze layer: Oblique visibility is—the “greatest distance at which a
specified target can be perceived when viewed along a line of sight inclined to the
horizontal” (American Meteorological Society (AMS), 2023) (Figure 1(a))—will
reduce with increase in aircraft’s height. Conversely, if the aircraft is flying above the
same deep haze-layer, flying higher increases the oblique visibility (Meteorology, 2004).
Similarly, if an aircraft is flying above a shallow fog layer (Figure 1(b)), the pilot may
be able to see the airfield clearly below him/her. However, when the aircraft descends
through the fog layer and attempts to align with the airfield for landing, the pilot may
not be able to see the airfield; looking through the horizontal extent of fog, visibility

becomes much poorer.

Pilots may experience many visual illusions while flying in low visibility conditions
imposed by different weather conditions. For example, in an aircraft descending
through shallow fog, pilots may perceive a false impression of having nose-high when
they suddenly see bright approach lights; resulting correction may lead to dangerous

situations.
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Figure 1: a) Different visibilities observed by a pilot in an aircraft, b) Seeing an aerodrome by a pilot in
an aircraft through a shallow fog layer (Meteorology, 2004)

When the aircraft flies through a heavy rainstorm, the artificial horizon of the aircraft
may move lower; the pilot may dive toward the ground if he/she believes in this illusion.
If a pilot uses a cloud for a visual horizon, the pilot may probably level the aircraft to a
datum other than the actual horizon. Similarly, heavy rain on the windscreen of a
landing aircraft can impair the depth perception of the pilot because of the refraction of

approach light by raindrops; the pilot perceives the runway to be further away.
1.6 Motivation

The main motivation for this study stems from the realization of the implications of
atmospheric visibility in the aviation sector of our nation. Transportation to many
inaccessible places in Nepal relies heavily upon air transport. Small turboprop aircraft,
which fly to such places, have to fly through narrow mountain gorges at low altitudes.
Low cloud ceilings and poor visibility add misery to such flying: risking lives, and
property and ultimately tarnishing the country’s aviation safety record. Pilots flying in
such challenging flight routes of Nepal have scarce access to crucial information like
en-route cloud ceiling and visibility conditions. Remote airports are poorly equipped,

and weather-related information is limited to the vicinity of airports only.



Despite having capricious meteorological conditions and terrain like ours, the aviation
industry in other parts of the globe can maintain a good safety record, e.g., Alaska
region of the United States. Most of the credit goes to infrastructure, a well-developed
research program, and proper dissemination of information including that of crucial
cloud ceiling and visibility to end users (aviation personnel). With the product named
Alaska (CVA-AK) Product Pilots can make vital go or no-go decisions, which is the
key to air safety. Similarly, an algorithm created by a group of Massachusetts Institute
of Technology (MIT) researchers combines data from web cameras placed by the
Federal Aviation Authority (FAA) around Alaska to automatically assess visibility in a
given area (Foye, 2019). Pilots and forecasters can exchange these visibility estimates
in real-time online. To continue in the same direction is the primary driving force for
our research. Though the development of a similar product requires a huge sum of
funding, timing, and a huge team of experts, this research is motivated to lay some
foundation stones for this very purpose. In addition, it is an area of atmospheric physics
that has received little attention in Nepal and it is hoped that this research will set the
foundation stone for future students to explore many interesting topics at the interface

between meteorology, air quality, and optics in the Nepali atmosphere.
1.7 Physics of atmospheric visibility

Understanding the physics involved in atmospheric visibility is important since the
perception of visibility by the human brain involves a complex interaction of light,
object, atmosphere, human eye, and brain (Henry ef al., 2000; Mahadev & Henry, 1999).
Our vision uses the contrast between the observed target and its background to detect
the target edges. Consequently, our eyes work more efficiently under high contrast
(Malm et al., 1983). Each human observer has a unique threshold of contrast plus spatial
visual frequency (“reception of structures per unit distance”) (Shahzad, 2014), which
brings about the difference in their visual observations from person to person. Such
difference widens in the presence of atmospheric particulates and trace gases as the
visible light coming from objects under observation disperses away from the observer

(Ross et al., 1997).
1.7.1 Interaction of visible light with the atmosphere

According to available literature (Zajonc, 1993), early mention of the interaction

between light and atmosphere dates back to 569 B.C. Atmospheric processes such as



absorption and scattering by gaseous molecules and particles, which have a diameter
close to the wavelength of light, are responsible for visibility impairment. The
impairment is determined by the total amount of scattered light and the directional
dependency of the scattering process. The image-forming light is weakened by
scattering and absorption in each elementary segment of the sight path. Ambient light
from all directions is also scattered toward the path segment to create air light, or
equivalently, path radiance. Thus, by introducing noise (in the form of scattered light)
into the signal, gas molecules and aerosols in the atmosphere lessen the contrast with
the background. Hence, the observer's ability to view the target is diminished because

the eye only receives a small amount of the real light reflected from the target.

A typical illustration of seeing a landscape feature is shown in Figure 2(a). It takes into
account the sight path between observers to a far-off natural feature, specifically an ice-
capped mountaintop, here. Light reflected from the mountaintop forms an image in the
observer’s eye whose characteristics are modified as it travels through the atmosphere.
The image-forming information is scattered out of and absorbed within the sight path.
When image-forming information is outcompeted by air light that reaches the
observer’s eye, the appearance of the image is degraded. In essence, atmospheric
aerosols absorb or scatter visible light away from the sight path obscuring the contrast
of the viewed target against the sky background (Watson, 2002). Seeing an object
involves the following main factors: optical characteristics of illumination, viewed
target, and intervening atmosphere as well as characteristics of the observer. The
amount of ambient light lost through scattering and absorption inside any path segment
is directly proportional to the light's intensity. A century ago (in 1924) Koschmieder
presented one of the most practical explanations of the interaction between visible light
and atmospheric constituents through his famous Koschmieder equation (Eq.(1)),
which is still finding its application to explain the joint effect of light extinction and
contrast on visibility.

vis = K/, (1)

ext

(Koschmieder, 1924)

Here, VIS and K refer to visibility and Koschmieder constants ( = 3.912 at 2% visual

contrast (Singh et al., 2020), depending on eye health) respectively.
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Figure 2: a) Important factors involved in seeing a scenic vista (Malm, 2016) b) Scattering of the
radiation beam by an aerosol involving reflection (A), refraction (B), internal reflection (C), and

diffraction (D) (Jacob, 1999)

The proportionality constant b,,, (km~™1) , also called extinction or attenuation
coefficient is “the fractional loss of light per unit distance along the light path” (Malm,
2016). It is solely a physical property of the atmosphere, i.e., a function of position (7)
within the sight path and the sum of individual absorption and scattering coefficients

by gaseous molecules and aerosols

bext = bscar + baps = bsg + bag + bsp + bap (2
(Malm, 2016)
Where, bscqr and bgys are scattering and absorption coefficients; bgg,bqg4, Tepresent

scattering and absorption by gaseous molecules; and by, by, represent likewise for

Sp>»

the particles respectively.

The Koschmeider model assumes cloudless sky conditions and a homogenous
distribution of aerosol in the atmosphere. After reviewing the Koschmieder model,
Horvath (1971) concluded that this model is applicable (within a 10% error) under the

following conditions:
e homogeneously illuminated atmosphere—otherwise up to 5% error may occur
e homogenously distributed aerosols—which make spatially constant extinction

coefficients over a large distance, and
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e ideally black target (zero reflectivity) is under observation—otherwise, errors

up to 50% may occur.

Despite some limitations, this model (Eq.(1)) has been extensively used for airport
visibility measurement, meteorological and environmental studies, etc. (Horvath, 1981).
It can be used to calculate visibility from scattering or extinction coefficient

measurements, and vice versa.

In between absorption and scattering light attenuation, the primary mechanism limiting
visibility in the atmosphere is the scattering of solar light by aerosols (Jacob, 1999). In
comparison, absorption plays very little role in visibility impairment. Light absorption
in the atmosphere is dependent on the chemical composition of the atmosphere. The
only gas that is typically present in the atmosphere and may absorb solar energy is NO»
(bgg =330 Mm™* at 0.55 um). Compared to red, it absorbs more in the blue region of
the spectrum, giving the sky a brownish or yellowish color. Among particles, Black
Carbon (BC) and Elemental Carbon (EC) in the atmosphere absorb the most light (J.
Wang & Martin, 2007). Normally, we ignore the contribution of absorption on visible
light total attenuation; since, absorption bears only an overall share of 5-10% in rural

settings (20—30% in urban settings due to EC) (Jacobson, 2002; White, 1990).

Since the light wavelets reflected or emitted from the viewed object are scattered in

different directions, the scattering coefficient is defined as follows:

bscat = 'l-O'(T', B) dQ 3)
41
(Malm, 2016)
Where B is the angle of scattering and d(Q is an increment of solid angle. a(r, ), the
volume scattering function, gives “the measure of the atmosphere’s ability to scatter
light in a given direction” (Malm, 2016). The sum of volume scattering by atmospheric
particles (Mie scattering, o (r, 8))) and air molecules (Rayleigh scattering, o (r, B)g)

gives the total volume scattering (a(r, B)).

O'(T', ﬁ) = O'(T, B)R + O-(ruB)M (4)

(Malm, 2016)
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Rayleigh scattering represents the way that air molecules (ambient nitrogen and oxy-
gen) scatter light. This elastic scattering process applies to spheres that are less than 10

times the wavelength of incident light radiation and is given by

2 2
4 36 n _1 \
/87TdN(—n2+2)

o(r,Pg = | | (1+ cos?(B)) (5)

-

(Malm, 2016)

Where d is molecule diameter, N is the number of molecules, [ denotes the angle
between incident and scattered radiation, and » is the index of refraction. While the
amount of scattering at 90° is half of the amount scattered either forward or backward

and polarized, the amount of scattering in both directions is equal and unpolarized.

Mie scattering, whose equations come from solving Maxwell's equation, describes scat-
tering by particles with sizes almost equal to the wavelength of light. The solution,
which yields o (r, B)y, depends on wavelength, particle size, and refractive index—a
complex number whose imaginary component describes its absorption characteristics.
The Mie scattering involves combinations of different phenomena: diffraction, refrac-
tion, phase shift, and absorption. All four of the aforementioned effects influence a par-
ticle's scattering efficiency as well as the direction of the redistribution of incident solar

radiation.

It is more convenient to express the size dependency of particle scattering and absorp-
tion in terms of the extinction efficiency factor, which is the ratio of the effective to the
actual cross-sectional area of a particle. Molecules and very small particles are very
ineffective at scattering light. Particle size increases enhance the efficiency of light scat-
tering until the size of the particles is about equal to the wavelength of the incident light.

The single-particle extinction coefficient is

bext = (T[ D2/4) Qe (niinA) (6)
(Malm, 2016)

Where D and Q, respectively denote the diameter of the particle and its extinction

efficiency; n; is complex refractive index; y (=mD/A) is size parameter. Since most of
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the atmospheric monitoring programs measure particle mass concentration instead,
equation (Eq.(6)) can be expressed in terms of extinction per unit mass or mass

extinction efficiency E (n, x, 1) as:
bex: = E (n,x,A)m (7)
(Malm, 2016)
Where m represents particle mass concentration and E (n, y, 1) is:
E(m,x,2) = 3Q.(nyx,A2)/2pD ®)
(Malm, 2016)

In which, p represents particle density. Single or same-sized particles are represented
by the aforementioned equations. Particles in the actual world are dispersed throughout
a wide range of sizes and exhibit diverse physicochemical characteristics. Thus, the
extinction coefficient associated with ith species particles expressed in terms of the

number size distribution is

T[ [o0]
bexti = 7 f D?Q, (n;, x) N;(D)d(D) 9)
0

(Malm, 2016)

Where N;(D) represents aerosol number-size-distribution of ith species. The coarse
mode (diameter: 1-100 pm) has a greater aerosol mass than the fine mode (diameter:
0.1-1 pum), however the coarse mode's scattering cross section is less. Thus, most of
the visibility impairment tends to be linked with fine particles. In terms of mass size

distribution, we can write the extinction coefficient as

Bext, = f E, (ni,x,24) fi (x)d(x) (10)

(Malm, 2016)

where E, refers to mass extinction efficiency; f; (x) is the aerosol-mass-distribution

dm . - _ D
. of the ith species; and x = In [DO].

Finally, total particle extinction associated with all particles is simply
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bext = z am; (11)

i
(Malm, 2016)

where «; is the integral mass extinction efficiency given by

a; = j E, (n;,x,1) f,(x)d(x) (12)
0

(Malm, 2016)

fi

in which, f, (x) is normalized mass distribution; and f, = “L where m; is the total
i

mass concentration of ith species. A lognormal size distribution typically represents

each of the size distribution modes as follows:

1 (InD —1nD,)"
1 |-
V2min(ogy) 2 (ln o )2

f(nD) = (13)

(Malm, 2016)

where D, denotes the mass-mean-diameter and o, refers to geometric standard
deviation. For all atmospheric particles, the minimum scattering angle is somewhere
between 90° and 140°. This explains why visibility degradation is most noticeable in
the early morning and late afternoon, and least noticeable in the afternoon (Malm,
2016).

1.7.2 How does meteorology affect visibility?

Apart from the significant contribution of atmospheric aerosols, such as sulfate and
carbonaceous, to light extinction, meteorological parameters such as temperature (T),
atmospheric pressure, precipitation, relative humidity (RH), wind speed and direction
(WD), and temperature (T) can also have an impact on visibility. They may influence
the sources and sinks of aerosols and trace gases in the earth’s atmosphere, determining
the total air pollution concentration (Deng et al., 2011; Du et al., 2013; Tsai et al., 2007,
Wen & Yeh, 2010). However, their net effect on visibility is quite complex because of
the highly interrelated nature of these variables. Yet on complex topography, they can
yield predictable outcomes, with impaired visibility found in cold air pools and other

confined air masses near the surface. Our study focuses on the impact of some major
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meteorological parameters only, namely, RH, WS, WD, and T (which is a proxy of
planetary boundary layer (PBL) height). Thus, our introduction section is limited to

only their implications on visibility.

1.7.2.1 Aerosol water

RH gives us a measure of ambient moisture. It has both direct and indirect effects on
visibility. As a direct effect, when RH reaches saturation, visibility deteriorates because
of the occurrence of special weather types, namely, fog, mist, cloud, and rain. On the
other hand, an indirect effect of RH on visibility occurs via a change in aerosol’s optical
properties—which are largely affected by RH. This is what we refer to as the aerosol
water effect on visibility. As the humidity increases, hygroscopic aerosols (e.g., SOZ~,
NO3 , NHf, sea salt, other inorganic components, and water-soluble organic com-
pounds) progressively absorb ambient water (Engelhart ez al., 2011; Pilinis et al., 1989).
Figure 3(a) shows particle growth as a function of RH for ammonium sulfate
((NH4)2S04) and bisulfate (NH4sHSO4). The ratio of the aerosol's diameter following
water absorption to its dry aerosol's diameter is referred to as D/Dy, here. Normally,
inorganic salts like them absorb and release water abruptly at an RH value called deli-
quescent or crystallization point. A sample of dry ammonium sulfate particles, for in-
stance, will not absorb water until the relative humidity (RH) reaches approximately
80%. At this stage, it grows by a factor of about 1.5 on its own by absorbing more
water; it then keeps growing as the relative humidity rises (Figure 3(a)). This process
is reversible, i.e., if RH is reduced, the inorganic salt particle starts to shrink continu-
ously until the crystallization point, when the particle spontaneously releases all ab-
sorbed water and returns to the crystallization state. However, because of contaminants
in the aerosol mixture, once the particle absorbs water in ambient settings, it usually
does not crystallize. As the RH drops, it will continue to lose water. The aerosol is said
to be in a metastable state if the absorbed water is retained below the crystallization
point (Figure 3(b)).

According to (Malm et al., 1989) and (Gebhart & Malm, 1990) scattering coefficient at
a given RH is

b, (RH)

bsp(RH) = bsp(RH = 0) m
Sp

(14
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(Malm, 2016)

=0) = _ _bep®H) (4 RHNTV .
Where bg,(RH = 0) = a; 4M; and f(RH) = by (RH=0) (1 100) with y the
hygroscopicity parameter.
Thus,
bsp,i(RH) = a;qM; f; (RH) (15)

(Malm, 2016)

Here a; 4 1s mass scattering coefficient and M; is dry mass of the ith hygroscopic spe-
cies. f; (RH) is referred to as the RH enhancement factor (Tang et al., 1981). It is cal-

culated using Mie theory based on sampling-period-by-sampling-period.

The f (RH) curves for ammonium bisulfate with two distinct mass mean diameters
(Dg = 0.2 and 0.5 pm ) differ noticeably in Figure 3(b). The difference between them
is nearly a factor of two at RH = 90%. This implies that “the same particle species will
scatter twice as much light if its dry size distribution starts with a mass mean diameter
0f 0.2 um rather than 0.5 um”(Malm, 2016). This is because, in comparison to particles
having a higher starting dry size, those with a smaller size distribution develop to a size
more efficient in light scattering. Normally, the /' (RH) (enhancement factor) of more

acidic particles is higher than that of more neutralized particles.
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Figure 3: a) Metastable and deliquescent curves (D/Do) for ammonium sulfate ((NH4).SO4) and am-
monium bisulfate (NH4sHSO4) b) Metastable /(RH) curves at two different size distributions: (i) D, =

0.2 pm, o, = 1.7 (for both), (ii) Dy = 0.5 um, g, = 1.7 (for bisulfate) (Malm, 2016)
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By calculating the mass concentration of each species, one can determine the amount
that aerosols' scattering and absorption of visible light contributes to extinction.

bext = aas[(NHy)y SO4]fas (RH) + asy[NH4 NOzlfay (RH)
+ apom[POM]fpoy (RH) + asoy[Soil]

(16)
+ Useq sait [Sea Salt]fsea salt (RH) + Acm [CM]

+ (XLAC [LAC]
(Malm, 2016)

This formula provides a good approximation of the extinction coefficient and assumes
that the total scattering of ambient light is influenced by ammonium sulfate
((NH,), SO,), ammonium nitrate (NH, NO3), soil, sea salt, particulate organic material
(POM), and coarse mass (CM). Light-absorbing carbon (LAC) contributes to the ab-
sorption. Each of them has a respective dry mass scattering (absorption for LAC) effi-
ciency factor(a). The bracketed terms in the formula refer to the corresponding mass
concentration ( m~3 ). The growth factor (f (RH))—which is a function of RH—gives

an estimate of the effect of water uptake by hygroscopic species.

1.7.2.2 Planetary boundary layer

Since planetary boundary layer height (PBLH) regulates the volume of air in the atmos-
phere available for the dispersion of all air pollutants (Kompalli et al., 2014; Oleniacz
et al., 2016) and water vapor emitted at the earth's surface (Collaud Coen et al., 2014),
it is one of the most important meteorological parameters for air quality study and mod-
eling. It has a notable effect on the accumulation and dissipation of air pollutants (Stull,
1988). Consequently, the determination of PBLH is pivotal for understanding air pol-
lution and the visibility status of the atmosphere. Elucidating the link between PBLH,
air pollution, and visibility is crucial for developing policies and strategies to address
the anthropogenic factors contributing to the reduction in visibility. It is also essential

for developing precise numerical weather/ air quality prediction models.

Significant mass, momentum, and energy transmission between the earth's surface and
atmosphere is often contained in the lowest layer of the troposphere and evolves diur-
nally depending on radiation and energy balance (Aryee et al., 2020). Large-scale tur-

bulent airflows and exchanges between the earth's surface and atmosphere (Seidel et
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al., 2010, 2012) are characteristics of this very layer, known as the PBL, which is di-
rectly impacted by the existence of the earth's surface (Seidel et al., 2010, 2012). The
PBLH is the height at which the earth's surface affects the flow and structure of the
atmosphere. Strong parameter gradients, including aerosol concentration, are present
near the top of the PBL structure.

PBLH exhibits a well-defined structure and distinct diurnal cycle (Figure 4) in fair-
weather days. It is dependent upon topography, local and synoptic meteorological
conditions, and both (Mues et al., 2017). PBL structure is classified into stable
boundary layer (SBL), convective boundary layer (CBL), and neutral boundary layer
(NBL) based on their thermodynamic stability condition (Li ef al., 2015; Liu & Liang,
2010; Zhang et al., 2018). When the sun is shining and warming the Earth's surface
during the day, it is ideal to observe CBL. There is a strong mixing of convective
turbulence and unstable stratification in CBL. CBL is kept apart from the free
atmosphere above by the entrainment zone, a stable layer that stops pollutants from
traveling vertically and reaching the free atmosphere. SBL—also called nocturnal
boundary layer—is formed by inversion stratification accompanied by ground radiative
cooling during the night and is capped by a residual layer (RL) that is separated from
the ground and may contain pollutants from the evening before. Suppressed and
sporadic turbulence, calm and stagnant air, and low mixing characterize SBL. On the
other hand, NBL refers to a residual layer that is neutrally stratified and starts at the
ground surface (Liu & Liang, 2010). This layer causes turbulence that is almost equal

in strength in all directions (Sivaraman et al., 2013).
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Figure 4: Diurnal cycle of the boundary layer during a clear convective day over land depicting three

main sub-layers: Mixed, Residual, and Stable (Stull, 1988)
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As buoyancy is almost negligible in these layers (Collaud Coen et al., 2014; Li et al.,
2021), NBL examples are typically seen in cloudy situations with strong winds and
little temperature difference between the earth's surface and air (Collaud Coen et al.,
2014). SBL and NBL usually form during the night and early morning. However, SBL
and NBL may form at any time of the day under certain meteorological conditions (Stull,
1988; Zhang et al., 2018). The diurnal evolution of PBL is less pronounced in cloudy

and rainy conditions with a lower extent of this layer (Stull, 1988).
1.8 Measurement of visibility

Perception and appreciation of visibility are somewhat subjective to the observer’s
psychology; thus, visibility measuring techniques, scales, and units are different. All
scales and units are assessed for their proximity to human perception and bear some
limitations, which are difficult to omit wholly due to the involvement of complex and
combined processes between human vision and the brain system (Henry et al., 2000).
Thus, visibility measurements by different techniques may yield values slightly
different from those obtained from human observation. Some of the techniques for

visibility measurements have been outlined in the subsections below.
1.8.1 Ground-based optical measurement
1.8.1.1 Transmissometers

A transmissometer measures the attenuation of visible light—transmitted from a
transmitter and received by a transceiver—by forward scattering over a certain distance

according to the following working principle.

In G—S) 17)
r

bext =

(Horvath, 1981)

Where, by, Iy, I, and 7’ are extinction coefficient, actual irradiance at the transmitter
and received irradiance at the receiver, and distance respectively. Transmissometers are
of two types—short-range and long-range—according to the distance between
transmitters and receivers fixed on a metallic arm. They can provide visibility
observation at lower intervals, unlike human observation. However, they are not

capable of long-range measurements (over 50 km) (Watson, 2002) and are limited by
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the use of lower-power light sources to avoid heating air in the vicinity (heated air has

different optical properties than non-heated).

1.8.1.2 Nephelometer

It gives a measurement of the scattering coefficient (bg.,.) in which, a sample of air is
filled and heated before it is exposed to light radiation of known wavelength. The
scattered light is measured at 90° to the incident light. Nephelometer finds its
application while studying all size-spectrum of aerosols by using different sizes filters
(Anderson & Ogren, 1998; Han et al., 2009). Yet, it bears some structural design
limitations that limit the instrument from measuring scattering beyond 170°.
Furthermore, readings are prone to scattering properties bias because of the instrument

being calibrated at a unique refractive index of a gas (Horvath & Kaller, 1994).
1.8.1.3 Teleradiometer

It measures the change in inherent contrast of the viewed object with background and
perceived contrast at the radiometer by focusing a telescope coupled with a photodiode
on the target (Malm ef al., 1981; Watson, 2002). Hence, the measurements of the
Teleradiometer closely coincide with human observation. Telephotometer is an
advanced form of this instrument (Horvath, 1981). The downside of these instruments
is that they require more frequent calibration and maintenance to reduce signal

attenuation.
1.8.1.4 Digital camera

Unlike costly visibility-measuring instruments mentioned in the above subsections,
ordinary low-cost digital cameras can also estimate atmospheric visibility (Bdumer et
al., 2008; Duda & Hart, 1972). In this technique, visibility is estimated by computing
the contrast of the viewed target with respect to its background employing advanced
image processing techniques. In our country too, there are many digital IP cameras
installed in various flight-critical locations across Nepal. Nonetheless, they have been
only used for capturing real-time images/videos for monitoring the weather for aviation

use.
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1.8.2 Human eye observation

Human eye observation of surface visibility is the easiest and most common method. A
well-trained human observer (e.g., trained meteorologist, Air Traffic Controller (ATC))
spots and identifies a most distant object—preferably a black target, to have better
contrast with the background—across the horizon. In our real world, finding a perfectly
black object is uncommon; thus, some common landscape targets such as mountains,
trees, natural targets, buildings, etc., are used as targets in the daytime; while, in the
nighttime, illuminated targets are used. The distance of the farthest spotted target is
taken as the visibility in that direction. Accuracy is reduced under certain atmospheric
conditions, e.g., target under the cloud, bright or dark cloud behind the target, target
roofed by snow, etc. These atmospheric conditions alter the contrast of the spotted target

against the horizon.

Different human observers may have different contrast thresholds, which gives rise to
inconsistency among the readings by different observers. Thus, this method of visibility
observation is a subjective approach, yet the most common method of observation
because of the measurement ease and low cost. In our country too, trained human
observers conduct routine estimates of airport visibility (half/one/three hours intervals)

at the airports across Nepal.

Besides the aforementioned methods of estimating visibility, various other methods
such as physical-chemical measurements (Bian, 2011; Jung et al., 2009; Malm et al.,
1994) and visibility measurement from space (Hadjimitsis ez al., 2010; Shahzad, 2014)

are used frequently elsewhere.
1.9 Objectives

The main objective of this study is to assess the role of various factors involved in the
impairment of atmospheric visibility in selected major airports in Nepal, namely GBIA

and TTA. Specific objectives are:

I.  To quantify the temporal variation in visibility at selected major airports inside
Nepal, namely GBIA and TIA, as well as some neighboring airports in the Indo-
Gangetic Plains (IGP) region.

[1.  To evaluate the impact of atmospheric aerosol on visibility.
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[1l.  To evaluate the impact of meteorology on visibility and aerosol distribution.
IV.  To assess the role of visibility change in aviation.
1.10 Significance of the study

As the upgraded GBIA airport and TIA are expected to be operating throughout the day
and night, understanding visibility limitations serves to be a key planning ingredient for
safe and efficient flight operations, as well as for decisions about investment in proper
navigation equipment at the airports. Moreover, it will be a strategic starting point for
designing policies as well as measures to address the anthropogenic origins of visibility

decline.
1.11 Limitations
We conducted this research with the following limitations:

e (oarse time resolutions of climatological data and insufficient records of

precipitation

e The upper limit of visibility recording in METAR for aviation use being 10 km
only

e Investigating radiative impacts on the evolution of fog and visibility was limited

by the lack of long-term records of solar radiation data

e Sites of air pollution measurements and climatological data sets are not

collocated
e Single ascent time of radio soundings per day

e Data gap due to irregularity in radio soundings launched during the COVID-19

pandemic period.
1.12 Thesis organization

This dissertation consists of six chapters as the main body, followed by references and

appendixes as follows:

I.  Chapter 1 provides the background (historical/ theoretical) and objectives of the

study.
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Vi.

Chapter 2 includes a detailed review of the previous works of literature relevant
to the study. This chapter aims to review advances in current knowledge on
atmospheric visibility in global and local contexts. This section attempts to

justify the objectives.

Chapter 3 gives a detailed description of the study area, data, and methodologies

used to meet the research goal.

Chapter 4 includes results and discussions of our main findings commensurate

with objectives.

Chapter 5 includes conclusions and recommendations, which highlight the main

conclusions and possible extensions of the present work.

Chapter 6 comprises a summary of the study.
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CHAPTER 2

LITERATURE REVIEW

2.1 Factors affecting visibility

Horizontal visibility is one of the key elements in regular meteorological observation.
In a pristine atmosphere, we can see up to a few hundreds of kilometers (Deng ef al.,
2011). In contrast, bad meteorological conditions or heavy air pollution greatly limit
the farthest distance we can see (Deng et al., 2011; Zhao et al., 2011). Thus, atmospheric
visibility acts as an important indicator of atmospheric optics (Chen & Xie, 2013; Doyle

& Dorling, 2002; Fu et al., 2014; Sloane, 1982, 1984; Tsai, 2005).

Visibility reduction at a given place is a complex issue, as many factors can influence
it. First, fine mass aerosols (PM2.5) in the atmosphere make a major contribution.
Second, meteorological variables like RH, WS, and PBLH affect aerosols and trace gas
concentration in the atmosphere thereby making a significant contribution. Due to their
effects on surface type and aerosol deposition, other factors like urbanization, industry,
human population, and vegetation cover also partially contribute to visibility loss
(Diederen et al., 1985).

2.1.1 Air pollution

Atmospheric aerosols have several important health and environmental impacts. They
involve respiratory health risks (Maji et al., 2018; Ratajczak et al., 2021; Ray et al.,
2019; Xing et al., 2016) and harm agriculture (Shrestha et al., 2018). Through their dual
roles as cloud formation nuclei and solar radiation scattering and absorption, they have
a direct impact on the planet's climate. Additionally, they serve as the location for

atmospheric condensed phase and surface chemistry (Jacob, 1999).

Although visibility is highly affected by prevailing meteorological conditions (e.g.,
rain, fog, mist, desert dust, etc.) and atmospheric circulation, it is mainly determined by
the loading of atmospheric aerosols under clear sky conditions (Bédumer et al., 2008;
Davis, 1991; Doyle & Dorling, 2002; Malm, 1999; Singh & Dey, 2012; van Beelen &
van Delden, 2012; Wang et al., 2009). Our visual range would be about 300 km (Jacob,
1999) in the absence of aerosols in the atmosphere. As a result, it is reasonable to say

that visibility across a region serves as a robust and trustworthy proxy for air pollution
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(Founda et al., 2016; Singh et al., 2020). Reduced atmospheric visibility is caused by
tiny particulate matter (PM), especially fine-mode PM, and water droplets suspended
in the atmosphere, which scatter and absorb visible light spectrum (Che et al., 2007;
Chen & Xie, 2013; Doyle & Dorling, 2002; Fu et al., 2014; Hu et al., 2017; Luan et al.,
2018; Schichtel et al., 2001; Sloane et al., 1991). Seinfeld and Pandis (2016) claim that
the main causes of reduced visibility are aerosol absorption and scattering by

anthropogenic emissions.

How aerosols affect visibility is quite intricate. They rely on several physical and chem-
ical characteristics of aerosols (Dayan & Levy, 2005; Sequeira & Lai, 1998), like, as
concentration, size distribution, chemical composition, and hygroscopic growth factor
by aerosol water (Pitchford et al., 2007; Watson, 2002). Particle number-size distribu-
tion, followed by their refractive indices and shapes, is the most significant element in
influencing light extinction by aerosol under dry ambient conditions (Charlson et al.,
1992; Covert et al., 1972). The aerosol concentration is governed by the strength of the
emission source and meteorology (Dayan & Levy, 2005; Sequeira & Lai, 1998; Sloane,
1983, 1984; Tsai et al., 2007; Vautard et al., 2009). Watson (2002) states that the
extinction of light by air pollutants and its subsequent effects on visibility vary based
on the abundance of air pollutants in the atmosphere and their mixing state. Sulfates,
nitrates, organics, ammonium, and minerals primarily scatter light; in contrast,
elemental carbon mainly absorbs visible light. Their relative contribution varies
spatiotemporally depending on their sources and other atmospheric processes primarily
reliant on meteorological differences (Hand et al., 2019; Seinfeld & Pandis, 2016). The
primary causes of the decline in visibility in different forms are the primary aerosols
and precursors of secondary aerosols, such as ammonium, nitrate, sulfate, organic car-
bon, etc., released by different emission sources in the atmosphere (Hu et al., 2017;
Luan et al., 2018; Quan et al., 2011; Vautard et al., 2009).

Some of the recent studies (e.g., Wang et al., 2019) have stated that the association
between air pollution concentration and visibility is negative linear at low (PM2.5 <50
ng/m’) and negative exponential with increasing pollution concentration levels. This
quantitative relationship between them changes with variation in relative humidity (Fu
et al., 2016; Liu et al., 2019). When both RH and air pollution concentration are low,
visibility is mainly affected by the latter (Liu ef al., 2019; Wang et al., 2019), i.e., when

RH < 60%, visibility is mainly affected by fine aerosol mass concentration. However,
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the effect of RH becomes dominant at high RH (Rh > 60%) which is more prominent

at low than high aerosol concentrations (Fu et al., 2016; Liu et al., 2019).
2.1.2 Meteorology
2.1.2.1 Aerosol water, wind, and ambient temperature

The role of RH in visibility is very important (Chen & Xie, 2013; Larson & Cass, 1989;
Malm, 1999; Tang, 1996; Zhang et al., 2010). As RH increases, hygroscopic aerosols
uptake the ambient water via adsorption and absorption and grow in volume, size, and
weight, eventually changing the overall particle composition. As a result, aerosols have
an increased effective cross-section and a decreased refractive index. This is because
water typically has a lower refractive index than common aerosol constituents (Harri-
son et al., 2004) do. Therefore, as RH increases, the size distribution and mass concen-
tration of aerosols in the atmosphere are drastically altered, changing the optical char-
acteristics of the atmosphere and raising the extinction coefficient (Malm & Day, 2001;
Randles, 2004). This, subsequently, results in visibility degradation (Chen & Xie, 2013;
Deng et al., 2016; Elias et al., 2009; Liu ef al., 2012; Qu et al., 2015; Zhang et al.,
2010).

With the same level of aerosol mass concentration, surface visibility worsens with
higher RH (Malm & Day, 2001). Similarly, some studies (Eck et al., 2008; Smirnov et
al., 2002) have suggested that an increase in aerosol optical depth (AOD) is also asso-
ciated with an increase in total column water vapor content (CWV). During the severe
haze episodes in Beijing in January 2013, a different study (Bi et al., 2014) found a
strong positive correlation between CWV and AOD, which they attributed to the for-
mation of large accumulation mode particles by coagulation through condensation and
gas-to-particle-conversion process. Jung et al. (2009) evaluated the contribution of aer-
osol water content to light extinction. They discovered that the increase of (NH,),SO,
and NH, NO; was the main cause of the effect of aerosol water content on light extinc-

tion and visibility impairment in the Pearl River Delta region.

Similarly, high ambient temperature enhances the atmosphere’s dispersion capability
through mechanical and thermal turbulence (Du et al., 2013), thereby improving visi-
bility and air quality. On the contrary, the lower temperature does the opposite—a shal-

low mixing layer, disrupts circulation and vertical dispersion of air pollution (Ribeiro
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et al., 2018). Moreover, temperature has a significant impact on the atmosphere's pro-

duction of secondary organic aerosols (Singh et al., 2017).

The wind carries horizontal transport of aerosols and trace gases from the source to the
downwind region, affecting their concentration in both places. In other words, wind
determines the origin, horizontal transport, and total concentration of air pollution
(Founda et al., 2016). It is the WS, which defines the horizontal transport rate. The
windy condition leads to the cleaning effect of the atmosphere by replacing polluted air
with cleaner air thereby improving visibility. However, visibility of the downwind
region worsens because of the influx of air pollution from the source region, if the latter
is polluted. This is not always the case; especially when strong wind blows over bare,
arid, and semi-arid regions, the strong wind lifts large amounts of dust and sand from
the bare surface to the earth's atmosphere obscuring the sky, e.g., during dust and sand
storm in deserts (Figure 5). Thermally generated wind circulation (e.g., sea-land
breeze, katabatic, anabatic wind) may influence local RH, temperature, and aerosol load

at a site (Liu et al., 2022; Tsai et al., 2011).

Figure 5: Reduced Visibility by dust storm in Mitiga International Airport at Tripoli, Libya, Africa on
March 19, 2022

2.1.2.2 Planetary boundary layer

Aerosols directly emitted from air pollution sources are typically trapped within the

PBL, which results in high near-surface concentrations. Sun et al. (2013) noticed a
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higher PM2.5 concentration at the bottom of a 325 m-tall tower in Beijing than at its
top. Numerous studies (Boyouk et al., 2010; Chou et al., 2007; Mues et al., 2017) have
found an anti-correlation between the diurnal variation of air pollutants and PBLH.
PM2.5 concentration at night was nearly twice the afternoon value in China as found

by (Zhang & Cao, 2015, p. 2).

Interaction among aerosol, solar radiation, PBL structure, and prevailing
meteorological conditions involve numerous complexities and uncertainties (Luan et
al., 2018). Black carbon (BC) aerosols can absorb solar radiation, change the vertical
temperature profile, and stabilize the PBL structure, as per a study by Ding et al. (2016).
By reducing solar radiation, aerosol enhancement in the atmosphere also tends to
suppress PBL growth. The repressed structure of PBL therefore inhibits the diffusion
of air pollution, leading to high levels of air pollution (Liu ef al., 2007; Quan et al.,
2013).

After analyzing more than four decades of data (1961-2003) in Southern Taiwan, Tsai
(2005) reported the negative effect of low mixing layer height (MLH), slower WS, and
high atmospheric pressure on visibility. In their study (urban Hong Kong, 1990-1992),
Sequeira & Lai (1998) found that MLH is the most important meteorological variable
affecting visibility. The local geography, weather, season, and time of day all have a
significant impact on the PBL structure (Guo et al., 2016; Zhang et al., 2013). Because
of such complexities, the accurate determination of PBLH is quite problematic (Seidel
et al., 2010) and no unique definition or criterion exists for doing so (Li et al., 2021;

Seibert ef al., 1998, 2000).
2.1.2.2.1 Estimating boundary layer height from radiosonde observation

Despite its great importance, we cannot directly measure PBLH. It is usually
determined based on measured or modeled profiles of the atmospheric state (Beyrich
& Leps, 2012). Because of its strong anti-interference capabilities and high detection
accuracy, radiosondes (RS) are one such typical profile measuring device that is
frequently used to calculate PBLH (e.g., Guo et al., 2022; Holzworth, 1964; Seidel et
al., 2010, 2012). Some of the commonly used methods for the retrieval of PBLH are:

i.  bulk Richardson’s number (RM) (Aryee et al., 2020; Collaud Coen et al., 2014;
Guo et al., 2016),
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ii.  parcel method (PM) (Collaud Coen et al., 2014; Li et al., 2021),
lii.  potential temperature gradient (GMy) (Aryee et al., 2020; Guo et al., 2016),
iv.  relative humidity (RH) gradient (GMgy) (Aryee et al., 2020; Guo et al., 2016),

v.  the base of elevated temperature (T) inversion (Beyrich & Leps, 2012; Seidel et
al.,2010), and

vi.  surface-based inversion (SBI) (Beyrich & Leps, 2012; Bradley et al., 1993;
Seidel et al., 2010, 2012; Zhang et al., 2021).

It is quite common for different methods to give a wide range of PBLH results (Beyrich
& Leps, 2012; Seibert et al., 2000; Seidel et al., 2010). Therefore, a performance
assessment of various algorithms is necessary to get a close estimate of PBLH

(Krishnamurthy et al., 2021).
2.2 Long-term trend: Use of visibility as a proxy to aerosol load

Due to many biases involved in observation procedures of visibility, many researchers
have not agreed on its use as a viable atmospheric variable (Davis, 1991). While mete-
orological variables govern atmospheric visibility in an instant, a long-term trend in it
is typically associated with the changes in the air pollution status of the place (Zhao et
al., 2011). Consequently, due to the fact that visibility observation has far longer rec-
ords than direct measurements of air pollutants, there is growing interest in the use of
visibility observation as a proxy to atmospheric aerosol load among scientific commu-
nities around the world (e.g., Zhao et al). In this line, many past studies—on a local,
regional, or global scale—have used visibility observation to investigate spatio-tem-
poral variation in the atmosphere’s optical properties related to aerosol load and emis-

sion sources.

Globally, clear sky visibility over land decreased between 1973 and 2007, according to
Wang et al. (2009). They ascribed it to global increases in aerosol emissions and the
ensuing impacts on incident sun irradiance. Throughout the course of the investigation,
they saw a significant drop in visibility over South America, Australia, Asia, and Af-
rica. They also reported enhanced visibility, after the 1980s, in Europe, and attributed
this to the effective implementation of air pollution-mitigation measures in Europe.

Vautard et al. (2009) obtained similar findings in another study conducted in Europe,
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which showed that the frequency of low-visibility days has significantly decreased
since the 1980s and that this decline was both regionally and temporally linked with
lower SO emissions. Stjern et al. (2011) observed a notable increase in visibility (by
15 km) in previously highly industrialized areas of central Europe after a reduction in
air pollution emissions from 1983 to 2008. In contrast, the previously clean area wit-
nessed visibility raised only by 2.5 km. In numerous locations across the UK, Doyle
and Dorling (2002) reported a noticeable improvement in visibility since the early
1970s; they attributed this to actions taken to mitigate air pollution. Likewise, since the
early 1980s, the proportion of good days (days with visibility greater than 19 km) has
nearly doubled in the Netherlands, according to Van Beelen & Van Delden (2012).
These results for Europe are in line with the worldwide dimming/brightening period
(Folini & Wild, 2011; Nabat et al., 2013; Streets et al., 2006), which is associated with
a decrease or increase in surface solar radiation in Europe. In the past, several visibility
studies were conducted in the USA and Canada when it was an important social issue,
especially in the 1970s and 1980s. Miller et al. (1972) found a significant decline in
summertime visibility at three non-urban airports in the USA. Similarly, Naegele and
Sellers (1981) reported decreasing visibility in 18 cities in the USA from 1958 until
1972 and increasing from then until 1979. Malm (1999, p. 199) reported a declining
summer visibility trend during 1940—1980 in the Southeast USA and attributed it to an
increase in sulfur emissions. Studies in Canada (Inhaber, 1976; Munn, 1973) also report
a substantial increase in summer haze at the airport stations of East Canada, from the

mid-1950s to the early 1970s.

In contrast to the findings in Europe, a reduction in visibilities was reported by various
similar studies conducted elsewhere in developing Asian countries (Che et al., 2007;
De et al., 2001; Fu et al., 2016; Ghim et al., 2005; Hu et al., 2017; Jaswal et al., 2013;
Singh & Dey, 2012; Wu et al., 2012). Asia’s nations, including China, India, and others,
are dealing with severe air quality issues and the ensuing reduction in visibility as a
result of their remarkably rapid economic expansion, rapid urbanization, expanding
transportation networks, and steep rise in fossil fuel usage. In China, Wu et al. (2012)
observed a declining visibility trend during the last 50 years and a strong association

between AOD and horizontal surface visibility for the period 2000-2009.
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Several past studies in India (Chandiramani et al., 1975; De et al., 2001; Mukherjee et
al., 1980; Padmanabhamurty, 1986) reported a considerable deteriorating visibility con-
dition over a long period and identified atmospheric pollutants as a responsible factor.
De et al. (2001) found that many Indian airports located in urban centers displayed a

declining trend in surface visibility.

From 1961 to 2008, Jaswal (2013) examined a long-term trend (both temporal and spa-
tial) in horizontal surface visibility at 279 stations throughout India. They reported over-
all declining visibility—annual morning poor visibility days (PVD, visibility < 4km)
increased at the rate of 3.3% per decade while afternoon good visibility days (GVD,
visibility > 10 km) declined significantly (—8.6% days per decade). Singh and Dey
(2012) found a notable decline in visibility in Delhi, India, from 1980 to 2000, associ-

ated with aerosol load.

2.3 Winter fog

Fog—obscurity caused by the suspension of water droplets near the surface layer of the
atmosphere—is a frequent occurrence during the night or early morning of the winter
season. Atmospheric visibility is less than 1 km during fog events (World
Meteorological Organization (WMO), 2023). Fog is described by Griffins et al. (1985)
as suspended water droplets in the atmosphere at or near the surface of the earth within
10% of saturation. The opacity of the atmosphere and resultant visibility in foggy

conditions is determined by the droplet concentration.

Fog, a very complex and interesting boundary layer phenomenon, occurrence, and
persistence are dependent on numerous factors like meteorology, air pollution, land use,
terrain, and topography (Gultepe ef al., 2007; Hunova et al., 2020, 2021; Kim et al.,
2019; Safai et al., 2019). Sometimes large-scale fog is driven by synoptic-scale
circulation such as the passing of western disturbances like what happens during the
formation of fog covering a very large area in the northern plains of South Asia, the

Indo-Gangetic Plains (IGP).

The Cloud Condensation Nuclei (CCN) responsible for fog formation are aerosol par-

ticles released into the atmosphere by diverse sources of air pollution (Gultepe et al.,
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2007). Some studies (such as Safai et al., 2019) also reported having a mutually de-
pendent two-way relationship between aerosol and fog, i.e., acrosol initially catalyzes

the fog formation; however, fog droplets scavenge it when droplets grow in size.

Because of the high disruption potential of fog to general aviation, developing an
intensity and duration-based fog microclimatic information system using long-term
data is highly advantageous (Jenamani, 2012). This system benefits forecasters, air
traffic controllers (ATC), airlines, and pilots by informing them about the vulnerability
of airports under various fog conditions so that they can implement mitigation plans

beforehand.

Using hourly visibility data collected at IGI for 25 years (1981-2005), Jenamani (2012)
tried to build an intensity-based climatological fog information system for December
and January. The author also computed consecutive duration and climatological timing

of fog onset and dispersal for different fog intensities.

Various authors studied various aspects of winter fog occurrences over different places
in India (Bhushan et al., 2003; Singh et al., 2007; Srivastava et al., 2016), Nepal
(Manandhar, 2006; Nakajima et al., 1980; Shrestha et al., 2018, 2023) and elsewhere
(Hunova et al., 2021; Liu et al., 2012) using long-term weather data or satellite data.
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 IGP. Previous research (Saikawa et al.,
2019; Srivastava et al., 2016; Syed et al., 2012) has reported a significant rise in fog
episodes in the area over time. 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 ef al. (2017) at the same airport also supported it by finding that
dense fog hours in the last three decades have doubled.

2.4 Visibility studies in Nepal

Rapid urbanization and population growth in big cities of Nepal, such as Kathmandu
(the capital city), and Bhairahawa (the industrial city in the mid-western region) have
already presented perceivable air quality and visibility problems. Kathmandu valley is
usually blanketed with haze layers most of the time of year and the view of mountain

ranges from the valley is obscured. Winter fog creates reduced visibility problems too.
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Bhairahawa metropolis has witnessed an even worse fate in terms of visibility status.
The aviation sector in both places has endured the adverse impact of worsening
visibility over many years. Indeed, the degradation of visibility in Nepal is a

multifaceted problem.

Despite the seriousness of the worsening visibility problem nationwide, dedicated
visibility studies in Nepal are only a handful. Visibility has been regularly recorded in
Kathmandu airport since 1969 (Larssen et al., 1997). The first literature, we could trace
back, on reduced visibility study in Nepal dates back to a winter fog study in
Kathmandu (Nakajima et al., 1980); in which, they investigated the mechanism of
winter fog formation in the valley using photographs and meteorological data. Later in
1997, Sharma reported that fog covering the basin bottom often restricts visibility until
10 or 11 am in the valley. Winter fog in the valley increased and visibility decreased in
recent decades, according to Larssen et al. (1997). The paper reported that the annual
number of foggy mornings at the airport during November—February of 1969-1993
rose from 40 to 60; whereas, the number of days with visibility > 8 km at 11:00 am and
noon in January dropped from 23 to just 1 and from 25 to 5 respectively, during the
same period. The number of good visibility days at noon remained high from March
through October. Visibility in November through February, starting early to mid-1980s,
was declining with the largest decline taking place in December and January. They
attribute the decrease in visibility at Kathmandu airport to an increased concentration
of hygroscopic aerosols—including sulfate and organic aerosols—in the valley air.
Sapkota (1996) and Kafle (1997) too known to have conducted a visibility study in
Kathmandu; though, these works of literature are not available to us. Later in 2002,
Sapkota (2002) investigated Kathmandu Valley’s atmosphere by measuring the
broadband light scattering coefficient as well as the extinction coefficient using
Nephelometer and Telephotometer instruments. The author reported that the scattering
coefficient in the valley displayed a distinct diurnal cycle especially in the winter
season—with a morning high (~ 0900 LT) and late afternoon (~ 1600 LT) low, which
was attributed to an increase in MLH (that allowed an increasing dilution of air
pollutants) during daytime by strong solar insolation. Based on the spatial variation of
the light extinction coefficient in the valley sector visibilities are lower towards the

direction of highly populated areas, brick kilns, and heavy traffic (Sapkota, 2002). The
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study also reported a declining visibility trend (1.58 km year) in the valley by

observing diurnal variation of average visibility for the years 1996, 1998, and 1999.

Moreover, we could find only one past literature (Shrestha et al., 2018) examining
visibility in winter at Bhairahawa—having a particular focus on fog occurrence. The
paper investigated winter fog events across the southern plains of Nepal (namely,
Nepalgunj, Bhairahawa, Simara, and Biratnagar airport) by analyzing historical
climatological data spanning from 1980 to 2015 for November—February. They
reported that average fog-day-frequency ranged between 24—-56 days per year and fog
hour ranged between 71-169 hr. They also observed declining winter visibility across
the studied area. They also reported an increasing trend of fog parameters, viz.,
foggy/dense-foggy days, and foggy/dense-foggy hours, at 0.1 level of significance.
About the IGP and the southern plains of Nepal, winter fog occurrences became a
regular phenomenon in 1990, according to Manandhar (2006). In the Terai plains of
Nepal, Baidya et al. (2008) observed a declining trend in the winter season's diurnal
temperature range, which they linked to a rise in the frequency of fog episodes. On the
other hand, Lumbini, a site near Bhairahawa airport, has witnessed a substantial volume
of potentially relevant air pollution research in recent years. This comprises of
identification of major air pollution sources (Islam et al., 2021; Rupakheti et al., 2018),
their optical properties (Izhar et al., 2021; Rupakheti et al., 2018; Rupakheti, Kang,
Rupakheti, et al., 2018) and chemical characteristics (Tripathee et al., 2017; Wan et al.,
2017), and temporal behavior (Rupakheti et al., 2017).

2.5 Research gap

There are large holes in our understanding of visibility provided by earlier research and
data. Past research leaves many questions not answered. Which weather type (e.g., fog,
haze, mist, rain, etc.) is most responsible for reducing visibility at the airports? How is
visibility changing in every season? What controls spatio-temporal variation of
visibility? How may PM2.5 and AOD affect visibility? What is the role of PBLH on air
pollution dilution and visibility? How do other meteorological variables—especially
RH, and wind—affect local air pollution status and visibility? Is poor visibility a result
of local air pollution sources or regional transport of air pollutants? How does winter
fog behave, i.e., when does it form and dissipate, and how long does it last? How does

changing visibility affect general aviation at these two major airports: TIA and GBIA?
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Answering such questions requires a detailed analysis of a vast dataset, which forms

the backbone of this thesis.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Background

This chapter provides a general description of the study area, various materials, and
techniques used in this thesis work. It gives a detailed overview of different
meteorological and air pollution data sets. Sources of data and corresponding analytical
methods used for estimation of boundary layer height from radiosonde sounding in
Kathmandu have been presented in detail, here, too. It also includes all other analytical

methods and techniques used to meet the objectives.
3.2 Study area

Two of the international airports—Tribhuvan International Airport (TTA) at Kathmandu
(KTM) and Gautam Buddha International Airport (GBIA) at Bhairahawa (BWA)—
were chosen as the major sites. In addition, data from three neighboring airports situated
in northern IGP, namely Gorakhpur (GOP), Lucknow (LKN), and Delhi (DEL) were
gathered to gain a comparative understanding of visibility changes across the region.
Geographic location details and some details of the used dataset are presented in Figure

6 and Table 2.
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Figure 6: Geographical location of the study sites inside Nepal and India. Acronyms of site names and

other details have been presented in Table 2
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Table 2: Geographical information as well as additional climatological data details

NOAA Station L ocation Country  Lat. (N) Lon.

Elev. Data
Site ID. identifier

(E) m)  availability

27° 30 83°24'
444380  Bhairahawa BWA Nepal 109.1 1977-2020
21.6" 57.5994"

27°41 85°21'
444540  Kathmandu KTM Nepal 1338.1 1973-2020
49.19" 32.3994"

26°44' 83°26'
423790  Gorakhpur GOP India 78.94 1944-2020
22.95" 58.9488"

26°45' 80°53'
423690 Lucknow LKN India 124.96 1944-2020
38.14" 21.6204"

28° 33' 77°6'
421810 Delhi DEL India 236.82 1996-2020
59.4" 11.1162"

NOAA station ID refers to the United States Air Force (USAF) unique catalog-station-number; Lat.,
Lon., Elev., m, N, and E stand for latitude, longitude, elevation, meters, North, and East respectively;
Location Identifiers are the three-letter geocode given by the International Air Transport Association

(IATA)

3.2.1 Kathmandu Valley

The bowl-shaped Kathmandu Valley is located in Nepal's mid-hills, between the Gan-
ges lowlands to the south and the Tibetan plateau to the north (Figure 7). This valley
is encircled by high mountains that range from 2000 to 2800 meters above mean sea
level (amsl) with five mountain passes dipping down between 1500 and 1550 meters
amsl (Panday & Prinn, 2009). The bowl-shaped topography of Kathmandu Valley
makes it more vulnerable to air pollution by restricting airflow and ventilation of air
pollution (Panday et al., 2009; Panday & Prinn, 2009). There are four seasons in a year
in Nepal's general meteorology, which is dominated by the Asian monsoon circulation
(winter: Dec Jan Feb [DJF], pre-monsoon: Mar Apr May [MAM], monsoon: Jun Jul
Aug Sep [JJAS], & post-monsoon: Oct Nov [ON]). In addition, large-scale synoptic
features as well as mountain valley circulation (Panday et al., 2009) influence the me-
teorology of Kathmandu Valley. Only during the monsoon season does the valley re-
ceive up to 90% of its yearly precipitation, which helps to maintain the valley's atmos-
phere comparatively clean through heavy convection and rain. Whereas, air pollution
is a concern during the dry season and the rest of the months. The Kathmandu Valley's
air pollution is mostly caused by changes in socioeconomic activity linked to air pollu-

tion emissions, such as exponentially increasing road traffic, and rapid urbanization.
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Figure 7: View of the Kathmandu Valley from above, showing locations of our sites: Tribhuvan
International Airport (TTA), Phora Durbar, Shankapark, and Radiosonde Launch site (RSS) at Kirtipur
(Google Earth Pro, 2023)

Research conducted in 2003 by Kitada and Regmi found that car emissions, which
make up around 60% of all emissions in the valley, are the main source of CO. Similarly,
air pollution in the valley displays a distinct diurnal pattern according to previous stud-
ies. Distinct peaks of CO levels in the morning and evening are attributed to emissions
from rush hour traffic and cooking activities (Panday & Prinn, 2009). Brick kiln emis-

sions are one of the major contributors to CO emissions in the valley.

3.2.2 Bhairahawa

In this dissertation, meteorological records of the GBIA—Iocated approximately 3 km
west of downtown BWA city—were used as one of the important datasets. Located
~265 km to the west of Kathmandu, the capital city of Nepal, BWA is a municipal city
and serves as the administrative center of the Rupandehi district (Figure 8, Table 2).
BWA is situated on the northern border of the Indo-Gangetic Plain (IGP), a vast region
spanning over 2000 km in northern South Asia that includes much of Bangladesh,
eastern Pakistan, northern and eastern Indian Territory, and the southern portion of
Nepal. One of the UNESCO World Heritage sites, the birthplace of Lord Buddha, is
situated about 14 km west of the airport.
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GoogleEarth

Figure 8: View of Gautam Buddha International Airport (GBIA) at Bhairahawa (BWA) from above,
including AERONET and PM sites at Lumbini (PM and AERONET sites are very near to each other
i.e., ~ 100 m apart). The yellow line marks the Indian-Nepal border (Google Earth Pro, 2023)

About 25 kilometers north of the city is the closest mountain foothill. The city is one of
the larger industrial centers of Nepal. The Rupandehi district has a population of 11,
21,957, as per the results of the national census held in 2021 (National Statistics Office,
2021). The district's average annual growth rate between 2011 and 2021 was 2.4%.
Near the city are numerous brick kilns, cement plants, pockets of villages, and a huge
expanse of agricultural land. The Indian side of the area conjoining the city is densely

populated; it contains agricultural fields and many industries too.

Through their study of wintertime air quality in Lumbini, Islam ef al. (2021) identified
a major source of PM2.5 OC as the burning of biomass (e.g., cow dung). Other
contributors, in decreasing order, are plastic/garbage burning, vehicle emissions, coal
combustion, and different types of Secondary Organic Aerosols (SOA). Rupakheti et
al. (2017) also noted that during the study period (April-June 2013), average 24-hour
PM2.5 and PM10 concentrations routinely surpassed WHO recommendations, putting
the region's public health in danger. The authors attributed that to the burning of
agricultural residue, local forest fires, and weather conducive to the transportation of
air pollution to Lumbini. They also reported that more than half of Black Carbon (BC)
concentrations were contributed by fossil fuel burning. They identified that the Ganges
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Valley's upwind region was the primary source of carbon monoxide (CO) through
simulation employing the WRF-STEM model.

The IGP is now a region of local, regional, and international concern due to its status
as a hotspot for air pollution (Ramanathan et al., 2007; UNEP et al., 2014; World Health
Organization (WHO), 2016). Emissions from automobiles, industries, thermal power
plants, biomass, and fossil fuels used in agriculture, burning crop residue, and forest
fires are the primary causes of air pollution in the IGP and its surrounding areas (Ru-
pakheti et al., 2017). Western disturbances, or a sequence of alternating low- and high-
pressure systems moving eastward, have an impact on the IGP region during the dry
season. These disturbances provide the perfect environment for pollutants to accumu-
late within the boundary layer over several days, resulting in severe haze and fog (Gau-
tam et al., 2007; Hameed et al., 2000).

Air pollution in this region is not limited to the area surrounding the emission source;
it can be transported to a reasonably long distance away from the emission source and
across the national boundary. Thus, to compare the findings of this study for BWA with
other neighboring stations on the Indian side of the IGP region, we have used visibility
records from airports at Gorakhpur, Lucknow, and New Delhi (Delhi). GOP, LKN, and
DEL are located about 50 km south, 266 km southwest, and 632 km northwest of BWA
respectively (Figure 6 and Table 2).

3.3 Data

To meet the objectives, various datasets ranging from in-situ measurements, remote
sensing, and reanalysis to satellites were used. Historical climatological data from both
sites for the quantification of the trend of various parameters, e.g., annual, and seasonal
trends were used. Various factors affecting visibility were also explored; their link with
visibility was determined using this meteorological data covering certain times in
conjunction with data on air pollution. Reanalysis data of air pollution and precipitation
were also used to cater to the data gap in Bhairahawa. In Kathmandu, vertical profile
data of different meteorological parameters by radio soundings (RS) were obtained and

the boundary layer height was computed from the profile dataset.
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3.3.1 Meteorological data

Department of Hydrology and Meteorology (DHM) in Nepal and the Indian
Meteorological Department (IMD) in India routinely record and transmit weather
observation at most of the major airports inside their territories—including the study
sites—as a part of the Meteorological Terminal Air Report (METAR) or Surface
Synoptic Observation (SYNOP). METAR is optimized for aviation use, whereas,
SYNOP is intended for encoding detailed weather information of interest to synoptic
analysis. The former is typically issued every hour/half-hour at the airports and the latter
is issued every 3 hours at selected stations. Given the choice, METAR reports are
preferred over SYNOP for scientific research due to their high sampling density and
hourly/half-hourly transmission. National Climate Data Center (NCDC) in the USA
stores such data and distributes quality-controlled data as a global hourly database

(https://www.ncei.noaa.gov/maps/hourly/) under the data exchange protocol of the

World Meteorological Organization (World Meteorological Organization (WMO),
1996). Such climatological data spanning more than four decades for most of the airport
sites were collected through the global hourly-public-data-archive. The majority of
records in BWA are SYNOP-type records; however, those in the rest of the study sites
are of METAR type in general. BWA dataset contains daytime-only observations at
0000, 0300, 0600, 0900, and 1200 UTC. While, older recordings at KTM have coarse
time resolution ranging from one to three hours, recordings since December 15, 2015,

are further improved to every half-hourly resolution.

Precipitation values in the decoded data set were scarce and thus were disregarded and
replaced with a reanalysis data product—ERAS (European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis v5). Hourly precipitation records since 1981

were collected from a public domain (https://cds.climate.copernicus.eu/) (Table 3).

3.3.2 Air pollution data
3.3.2.1 AERONET

Aerosol composition and their optical properties shall remain similar in two sites that
share common geographical and meteorological features on a regional scale, but located
some distances apart. In line with this, it was assumed that aerosol optical properties
measured at Lumbini could well represent that at BWA despite the 14 km distance

between them.
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Table 3: Details of precipitation and air pollution data at Bhairahawa and vicinity

Instrument/ Elev Data
Station parameter Lat. (N) Lon. (E) '

Data Source (m) period

Bhairahawa  Precipitation ERA-5 Reanalysis 27°30'21.6" 83°24'57.60" 109.1 1981-2020

CIMEL Sun-

Lumbini AOD photometer/ 27°29'24" 83°16'48" 110.0 2012-2018

NASA-
AERONET
. GRIMM EDM ]

PM2.5 site PM2.5 180/ Department  27°2922.3"  83° 16'44.7* 1100 “Pril-DeC

at BWA of Environment 2019
and ICIMOD

. bounding box (82° 14' 25.8" E, 26°
area Reanalysis 14.76" N), spatial resolution (0.5° x ~ —F€b 2020

0.625 °)

For a better understanding of the aerosol impact on visibility at BWA, AOD time-series
(level 1.5, version 3, cloud screened, and quality-controlled data) were collected for
2012-2018 from the nearest available NASA Aerosol Robotic Network (AERONET)
site of Lumbini that is available through public archive: http://aeronet.gsfc.nasa.gov/.
The NASA AERONET collaboration offers globally distributed observation on spectral
AOD, precipitable water in diverse aerosol regimes as well as inversion products. The
sunphotometer measures direct sun irradiance and sky radiance in a total of 9-spectral
channels (340, 380, 440, 500, 675, 870, 940, 1020, and 1640 nm) to determine optical
properties (e.g., scattering and transmission) of the atmosphere (Giles et al., 2019).

However, spectral channel 940 nm is not used for AOD measurement.
3.3.2.2 Mass concentration of fine and coarse particulate matter

An in-situ measurement of PM2.5 at the nearest available location to BWA airport was
also used (Table 3). The Government of Nepal in collaboration with the Department of
Environment, and the International Center for Integrated Mountain Development
(ICIMOD) manages the site and the public domain
(https://opendatanepal.com/dataset/realtime-air-quality-datasets) provides measured
data. To gain a better understanding of the interplay among visibility, PBLH, and air
pollution status over the Kathmandu valley, routinely measured hourly-average PM2.5
time-series of a nearby location—the US State Department Station at Phora Durbar
(located 4.22 km west of TIA) (Table 4), Kathmandu—were gathered from a

centralized data system maintained by AirNow (www.airnow.gov). In partnership with
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various other agencies, AirNow offers quality-controlled data from US diplomatic
missions around the world openly accessible to the public. A standardized instrument,
MetOne BAM 1020, which uses the beta ray attenuation method for the measurement,
records PM2.5 at the station. Since PM10 and PM2.5 stations were not collocated,
simultaneous in-situ measurements of particulate concentration (both PM 2.5 and
PM10) from a site (Shankapark, Table 4 and Figure 7) situated about 4.15 km
northwest of TIA were used while finding extinction coefficient, mass extinction

efficiency, and hygroscopic growth factor at TIA.
3.3.2.3 PM2.5 reanalysis data (MERRA-2)

Monthly average PM2.5 reanalysis-time-series (Jan 1980—Feb 2020) with a bounding
box centered at BWA were collected from Modern-Era Retrospective analysis for
Research and Applications version 2 (MERRA-2)—a NASA public domain (Global
Modeling and Assimilation Office (GMAOQO), 2015, https://giovanni.gsfc.nasa.gov/
giovanni). NASA atmospheric reanalysis product MERRA-2 replaced MERRA
reanalysis and began in 1980 (Rienecker et al., 2011). Using more recent microwave
sounders, hyperspectral infrared radiance instruments, and other data types, this makes
use of an enhanced version of the Goddard Earth Observing System Model, version 5
(GEOS-5, version 5.12.4) data-assimilation system (Bosilovich et al., 2015). A detailed
overview of MERRA-2 is available in (Gelaro et al., 2017). Buchard et al. (2017)

provide a detailed description of aerosol measurement techniques in MERRA-2.

Table 4: Details of radio sounding and air pollution data in Kathmandu

Station Measured Instrument/Data Lat. (N) Lon.(E) Elev. Dgta
parameter Source (m) period
Vertical Nov
RSS launch  profiles of Department of 27° 40 85° 17" 2019—
site T, RH, Hydrologyand g joen  5p5gggr 1311 March
Pressure, Meteorology ' ' 2022
etc.

MetOne BAM
Phora . 27° 42' 85° 18' 2017-Mar
Durbar PM2.5 1020/ AirNow/ US 20.16" 51.1194" 1301 2022

embassy

GRIMM EDM
PM2.5 180/ Department of ~ 27° 44’ 85°20" 1337 2019 —
Shankapark ¢ o\ Environment 4452"  33.273" 2020
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There is a notable difference in AOD values between NASA's pre-Earth Observing
System (EOS) period (1980-1999) and post-EOS period (post-2000) due to difference
in data coverage—despite best efforts to harmonize the observing systems with rigorous

quality control (Randles et al., 2017; Yao et al., 2021).

3.3.3 Boundary layer height
3.3.3.1 Radio soundings data

Up to around 32 km in height, routine Radiosonde (RS) measurements offer a fine-
resolution vertical profile of temperature (T), pressure (P), RH, WS, and WD. Because
of their high operational cost, RS are generally launched only once or twice a day at
00:00 and/or 12:00 UTC from most of the RS launch stations around the world (Seibert
et al., 2000).

Department of Hydrology and Meteorology, Nepal launches routine RS soundings
every early morning at 0000 UTC (0545 LT) from a site (marked by the name “RSS”
in Figure 7) (Table 4) located inside the premises of Tribhuvan University at Kirtipur,
Kathmandu (~6.76 km southwest of TIA). Near the launch site, there are a few
university buildings and an agricultural scene in a suburban area with minimal traffic.
The time resolution of the RS measurement is one second, which corresponds to
approximately a constant height resolution of 6 to 12 m. The strict nationwide lockdown
brought on by the COVID-19 pandemic, which began on March 24 and lasted on July
21, 2020, had an impact on DHM's RS launch. Thus, sounding data were only available
for every alternate day from 24 March 2020 to 1 April and missing up until 20
November 2020. Measurements were not regular even afterward, with many missing
days between two successive launches until 6 June 2021. Thus, there were only 460

days of data out of a total of 880 days of the study period.
3.3.3.2 Reanalysis data

Worldwide continental blended high-resolution PBLH dataset (https://zenodo.org/rec-
ords/6498004#. YsclJezMJBO0) covering the years 2017 to 2021 with a 3-hour resolu-
tion in space and time and a 0.25° resolution were collected. The dataset was created
using a machine-learning technique. The boundary layer height estimated from radio-

sonde measurements served as the learning target for the machine-learning method,
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which was configured using parameters provided by the NASA Global Land Data As-
similation System (GLDAS) and the ERA5 reanalysis as inputs. Once the model is
trained, it is then used to predict PBLH in other grids across the globe with ERAS and
GLDAS input parameters: lower tropospheric stability, surface wind speed, and stand-
ard deviation of orography (extracted from ERA 5 reanalysis), latent and sensible heat
flux, transpiration, evapotranspiration, downward long and short wave radiation, pre-

cipitation rate, near-surface pressure (extracted from GLDAS).

3.4 Methodology

As an initial step, a vast climatological dataset was processed rigorously with the help
of programming languages: python and R. A classification scheme for various weather
types was also customized, and the trend analysis was carried out using widely used
statistical tools in our field. Then, the influence of optical properties and the
hygroscopic effect of ambient aerosol on visibility were investigated. The applicability
of different well-established techniques of finding boundary layer height was verified
from radio-sounding data, and later validation of their performance was performed.
Lastly, further implications of aerosol and meteorology on visibility were investigated;
regression equations for visibility forecast in TIA were developed and validated. The
onset and consecutive duration of winter fog and their implication for aviation were
also studied in both of the sites. Figure 9 illustrates the overall flowchart of the adopted
methodology with major research inputs and outputs; succeeding subsections describe

them in detail.
3.4.1 Meteorological data processing

Firstly, the entire encoded meteorological data were decoded in compliance with the
decode procedures mentioned in the corresponding decoding manual (NCDC, 2010).
Here, all the records where the variable of prime interest—visibility— was missing
were omitted. Among many, only those weather types that affect visibility (e.g., haze,
rain, fog, and mist) were decoded from the “present weather” feature of the dataset.
These records do not have direct measurements of RH, one of the important

meteorological variables of the study.
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Figure 9: Schematic representation of entire methods used in this research with major inputs and

outputs

With the help of the following formulas from other studies (Chang et al., 2009; Chen
et al., 2012), RH time series were computed utilizing the available variables: surface
air temperature (T (°C)) and dew point temperature (T, (°C)) from the METAR/
SYNOP dataset

(18)

112 - 0.1T + Td>8

RH ~ 100( 112+ 097

(Chang et al., 2009)

3.4.2 Weather-types

Earlier studies have classified prevailing weather according to different thresholds of
RH, precipitation, and visibility. However, there have been some overlapping
conditions while transitioning from one to another condition. The following
classification scheme has been followed in this thesis:

I.  Poor-visibility event: visibility <5 km (Hu et al., 2017) and precipitation = 0
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Il.  Haze: visibility < 5 km (Vautard et al., 2009), RH < 90% (Wu, 2006), and pre-

cipitation = 0 (Du et al., 2013)

[1l.  Mist: 1 km < visibility < 2 km (Quan ef al., 2011; Vautard et al., 2009), RH >
90% (D. Wu, 2006), and precipitation = 0

IV.  General-fog: visibility < 1 km (Jenamani, 2012; Shrestha et al., 2018; Vautard
et al., 2009), RH > 90% (D. Wu, 2006), and precipitation = 0

V.  Dense-fog: visibility <200 m (Shrestha et al., 2018), RH > 90%, and precipita-
tion=0

VI.  Rain: precipitation > 0

VII.  Normal: Other than all above

Meteorological data frequency was non-uniform across the study period—having fewer
records in earlier than recent years. Thus, the use of percentage occurrence was opted
over frequency, as done in some of the past pieces of literature (Hu et al., 2017). Since
BWA consisted of daytime observation only, the occurrence frequency refers to the

daytime occurrence percentage.

Hourly occurrence frequency of each weather type at BWA was computed to identify
and quantify their respective contribution over the study period. For this, firstly the time
resolution of NCDC and ERAS5 datasets were matched (approximated) to a common 3-
hourly resolution. For analytical purposes, assumptions were made that a weather type
observed in a particular recording persists from 1.5 h before to 1.5 h after the
observation time. Lastly, the hourly occurrence frequency of a weather type was defined
as the ratio of its total occurrence hours to the total occurrence hours of all-weather

types combined.
3.4.3 Trend analysis

The annual occurrence frequency of any weather type defined in sub-section 3.4.2 for
a considered temporal scale (e.g., season, year) is the percentage of total reported

visibility observation in that year which fits respective criteria.

In the IGP region, widespread winter fog normally lasts from November to February.
In this thesis, the terms ‘general fog” and ‘fog’ were used interchangeably. As men-
tioned above, because of the coarse three-hourly time resolution of our data at BWA, it
was assumed that if we observe a fog event in one observation, it could have persisted

from 1.5 h before to after the observation timestamp. The occurrence frequency of fog/
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dense fog is a percentage of total days (hours) in Nov—Feb that witness fog/ dense fog.
Wintertime meteorological conditions in IGP offer one of the most favorable conditions
for poor quality and poor visibility. To gain a comparative understanding of long-term
change in visibility among northern IGP airports, all station’s time series were
resampled to match with that of BWA, i.e., daytime observation from 0000 to 1200
UTC.

3.4.3.1 Statistical tests

To investigate trend values of different meteorological variables from the decadal time
series that we have, some of the widely used statistical tests, namely, the Mann-Kendell
Test (MK Test) and Sen’s Slope Estimator (Sen’s Slope) were chosen. The interface to
these tests is provided by the pyMannKendall package in Python (Hussain & Mahmud,
2019). The first test detects the trend and the second quantifies it. To compare their
trend results with the well-known linear regression method, the Ordinary Least Square
(OLS) regression test was employed from the Statsmodels Python package (Seabold &
Perktold, 2010). The former two tests are effective tools for estimating the trend results
from large time series with many missing values, errors, and outliers (Mann, 1945; Sen,
1968). Thus, to cater especially to the inhomogeneity in the large dataset with a lot of
missing values, these tools were opted for—like many other researchers in the past
(Kahya & Kalayci, 2004; Shrestha et al., 2018; Tabari & Marofi, 2011; Van Belle &
Hughes, 1984; Yue & Wang, 2004).

3.4.3.1.1 Mann- Kendall Test

MK Test is a well-established non-parametric tool for testing randomness against the
trend in hydrological or climatological time series (Yue & Wang, 2004). According to
this approach, the variable of interest has no linear trend over time (Ho), whereas the
alternate hypothesis (H1) holds that there is a linear trend. The following formulas
provide the Mann-Kendall Statistics (S), its variance (VAR(S)), and, lastly, the
standardized test statistics (Z,x) (Ahmad et al., 2015; Shrestha et al., 2018).

n—1 n
S = Z Z sig(X; — X;) (19)
i=1 j=it+1
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+1if(X; —X;) >0
—1if(X; - X)) < 0

q
VAR(S) =1i8 n(n—l)(2n+5)—z tp (t, —1)(2t, +5) Q1)
p=1
(22 irs>o0
IIMR@)l
ZMK:{ 0 ifS=20 (22)
|2*L  rs<o
\/VAR(S)

Here, n indicates the duration of observation, t,, indicates the number of ties corre-
sponding to the pth value, and g indicates numerous tied values. X; and X; are time se-
ries observations of variables of interest X, in chronological order. Positive value of
Zyk stand for upward trend, negative means declining and zero value indicates not hav-
ing any trend. If |Zyg| > Z;_4/, or p-value < significance level (a), Ho is rejected.

The critical value of Z;_4/, (at = 0.05) is 1.96 from the standard normal table.
3.4.3.1.2 Sen’s Slope estimator
This non-parametric test considers a linear equation of trend line as:
f®)=Qt +B (23)
(Sen, 1968)

Here, t is the variable of interest; Q is the slope and B represents the intercept; and ith

value pair’s slope in the distribution is given by:

.X'j — Xg

Qi = Tk (24)

(Sen, 1968)

Where, x; and x are observation at time j and k in chronological order.

The median value of all Q;, which is the necessary Sen's slope estimator, is as follows:
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Qn+1 when, N is odd
2

Q= (25)

1 .
> (Q(N)/z + Qv+2)/2 )When, N is even

(Sen, 1968)

Here, Q assumes zero, negative, or positive values representing no, decreasing, and

increasing trends over time respectively.
3.4.3.1.3 Ordinary least squares (OLS) regression

OLS, a parametric test, is the most common and powerful statistical method when it
comes to estimating trends in time-series data (Hess et al., 2001). Nevertheless, there
are some prerequisites, like, non-autocorrelation, normality, and homoscedasticity of
residuals before applying this method (Helsel & Hirsch, 1992). This method looks for
a linear trend by analyzing the following relationship between the time t and the

variable of interest X:
Xi=Pothiti +& (26)

Where, X; corresponding to time t; with 1 < i < n, and n as the length of time series;
Bo, b1 and g; represent intercept, slope, and random error, respectively. The errors are

considered independent and identically distributed.

For a given value of ¢, the fitted line gives the corresponding predicted value of X, it
minimizes the sum of squared error (difference between predicted and observed values

in y-direction). Thus, the intercept and slope of the regression line are:

Bo= X— Pt 27

b = it = DX = X)
e ?:1(ti - f)

(28)

Where, X and £ denote expected values of response and predictor variable respectively.

Similarly, the following equation gives the standard error or the regression line’s slope.

el - j (= ho— i) o)

(m—2) X, (t;— )2
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This model tests a null hypothesis.Hy: f; = 0 using t-statistics (t;) with n-2 degree of

freedom.

t5=ﬁ—1,\
se(B1)

(30

If tg > critical value of two-tail t-distribution at a level significance level (&) or, p-value
< a,or,0 (B + t “lan-2] se(B,)), Hy is rejected; where, t “lan—2] Tepresents

t *multiplier at the significance level ( @ ) and n-2 degree of freedom.
3.4.4 Relationship between air pollution, aerosol water, and visibility

Firstly, Angstrdm exponent (AE) (a) between two spectral channels: 340 and 1020 nm
were computed using the below-given formula as used by previous works of literature

(Kumar et al., 2020; Liu et al., 2012):

AODs3,,
log( /A0D1ozo)

31
log(340/1020)

AE = —

(Kumar et al., 2020)

Afterward, to compute AOD at 550 nm—the wavelength in the visible spectrum that is
most sensitive to human vision—from AOD at 500 nm the following formula (Nabat
et al., 2013) was used:

550\ ¢
) (32)

AODSSO = AODSOO (%

(Kumar et al., 2020)

AOD—a measure of the attenuation of sunlight (photon) while passing through a
vertical/ slant atmospheric column—is a vertical entity. Contrarily, visibility is
horizontal. Nevertheless, many previous studies (e.g., Baumer et al., 2008; Founda et

al., 2016) have attempted to explore the relationship between them.

From the definition of AOD (7),

Zj
T= f bey: dz (33)
0
(Baumer et al., 2008)
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Where, z represents mixing layer height. Similar to the previous researchers (e.g.,
Béumer et al., 2008; Founda et al., 2016), it was also assumed that the mixing layer
(specified by height z;) traps all the aerosols in the atmosphere above a site and the

extinction of light is uniform across it.

Combining equation (33) with the working formula of visibility, i.e., Koschmieder
relation given by equation (1) yields the required functional relationship between

visibility (VIS) and AOD (7) as
VIS = 3912 z; 771 (34)
(Baumer et al., 2008)

Additionally, an effort was made to look into how RH and AOD together affect visibil-
ity. The feedback among visibility, RH, and PM 2.5 was also looked upon.

3.4.5 Estimation of boundary layer height

It is not possible to measure the mixing layer height (MH/MLH) or, more accurately,
PBLH using conventional meteorological methods. According to Seibert et al. (2000),
the metric in question lacks specificity and presents challenges in both definition and
estimation. Radiosoundings are one of the most common data sources for the opera-
tional evaluation of MH. Sounding data are taken only once or twice daily at most of
the stations at specified synoptic times (0000 UTC, 1200 UTC). The horizontal dis-
placement of sonde can reach up to 200 km. To neglect the effect of horizontal displace-
ment of RS and avoid confusion with free tropospheric features for the top of PBLH
different researchers have limited the highest PBLH estimates to slightly different
heights. For instance, Seidel ef al. (2010) and, Wang and Wang (2014) used 4 km; Col-
laud Coen et al. (2014) used 3.5 km (corresponding to ~12 minutes of balloon ascent );
Beyrich et al. (2012) used 3 km as the highest limit of PBLH. In line with this, analysis
of RS profiles was limited up to 3 km into the atmosphere. PBLH estimates exceeding
3 km were also omitted. In line with the findings of Li et al. (2021), any RS readings
that had a nearby height difference of more than 200 meters were eliminated to increase
the accuracy of the results. Since RS data used in this study acquired the PBL profile in
the early morning (0545 LT) only, vital boundary layer profile information was lacking

for the rest of the day, especially, the convective mixing layer at noon.
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3.4.5.1 Boundary layer classification

At first, boundary layer types that may have existed during the radiosonde launch were
identified by examining the RS profile. PBL structure is classified, according to its ther-
modynamic properties as mentioned in sub-section 1.7.2.2., by evaluating the differ-
ence in potential temperature (PTD) between different sample points of an RS profile
(Liet al., 2021; Liu & Liang, 2010; Zhang et al., 2018) such that

PTDs_, >0.1 K & PTD5_, >0 = SBL (H. Li et al., 2021)

PTDs_, <-0.1 K= CBL (H. Liet al, 2021)
Rest = NBL (H. Liet al., 2021)

In the RS profile data, the PTD between the third and first sample points is denoted by
PTD5_; and the PTD between the fifth and second sample points from the earth’s sur-
face by PTDs_,.

3.4.5.2 Boundary layer estimates

Because of various complexities, the accurate determination of PBLH is quite
problematic (Seibert ef al., 1998; Seidel et al., 2010; Stull, 1988) and no unique
definition or criterion exists for doing so (e.g., Liet al., 2021; Seibert et al., 1998, 2000).
Different methods use different algorithms to estimate PBLH from the profiles directly
measured by RS or profile of parameters deduced from RS profile data. The right choice
of approach relies on several variables, including the boundary layer type and time of
day. It is quite common for different methods to yield a wide range of PBLH estimates
(Beyrich & Leps, 2012; Seibert et al., 2000; Seidel et al., 2010). Therefore, a
performance assessment of various algorithms is necessary to get a close estimate of
PBLH (Krishnamurthy et al., 2021). We can anticipate the presence of surface-based
inversion, a definite sign of SBL, in most of the situations because the RS data was
obtained from the early morning launch. Thus, the following three widely accepted 7-

profile-based methods were used.
3.4.5.2.1 Bulk Richardson’s number method (RM)

The dimensionless ratio of turbulence creation by wind shear to turbulence suppression
by buoyancy is known as the bulk Richardson number (Ri) (Seidel et al., 2010, 2012).
This method of estimating PBLH was originally proposed by (Vogelezang & Holtslag,
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1996) and is believed to be applicable for both stable (Zhang et al., 2021) and convec-
tive boundary layers. This method is independent of the vertical resolution of soundings.

The bulk Richardson number (Ri ) is given by

(g/<Tv))( sz - st)(z - Zs)
(uz - us)z + (vz - vs)z + (buZ)

Ri (z) =

(35

(Wallace & Hobbs, 2006)

Where s is the surface of the radiosonde launch, 6, is the virtual potential temperature,
(T,) is the average virtual temperature across the layer Az, u and v are components of
wind speed, b is a constant, and u, is the surface friction velocity. Finally, z is the
height. From the RS data u, is not known. Thus, b = 0 is set, neglecting the effect of
surface friction as is done in the work of Seidel ez al. (2012) and Vogelezang & Holtslag
(1996).

The primary PBLH metric is the lowest level (z) at which interpolated (Ri ) crosses a
critical value (Ri. ). Different literatures have proposed different values of Ri, , typi-
cally between 0.2 and 1.0. Higher values can also be found in some works (Seibert et
al., 1998; Stull, 1988). According to the study by Stull (1988), the choice of Ri. depend
on the characteristics of the data being analyzed (e.g., the vertical resolution, measured
vs. modeled profile, etc.). Collaud Coen et al. (2014), however, found that the estimate
of PBLH is mostly unaffected by the precise threshold value. In this study, two different
critical values 0.22 for unstable (convective) and 0.33 for stable conditions respectively,
have been used, similar to the previous works (e.g., Collaud Coen et al., 2014; Jericevi¢

& Grisogono, 2006; Szintai, 2010).

Firstly, Ri profile were computed from the vertical profile of 8,,, u, and v; setting b =
0 and estimate z(Ri.) by scanning the Ri profile upward from the surface. If the
boundary layer were CBL or NBL, the first level with Ri > Ri. were identified. A
linear interpolation between this layer and the adjacent upper level was carried out. The
average height of these two consecutive layers provides the required estimate of (Ri. ),

i.e., the PBLH.

During night, Ri at the ground level might be greater than Ri. because of a stable 6
profile, which introduces complexities in detecting PBL by this method (Collaud Coen
et al., 2014). For SBL cases, the profile of Ri is just opposite to that of convective
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cases—the highest near the ground. Thus, to find the PBLH, this method was
improvised by finding a first level at which Ri < Ri.. Like in CBL/NBL cases, the
average height of this layer and a layer just above it gives the required PBLH estimate.
Low-level cloud—even when exists during the particular sounding—has not been
considered in the analysis. This method was used for estimating PBLH from all

sounding profiles irrespective of their classification.
3.4.5.2.2 Gradient of potential temperature method (GMy)

Profile of the potential temperature (6) (in Kelvin, K) indicates static stability of the
atmosphere and significantly affects the diffusion of air pollutants (Wang & Wang,

2014). It is one of the basic atmospheric parameters and is given by

0.285
Ps ) 36)

0(2) = T(2). (p s

(Wallace & Hobbs, 2006)

Where z is the geometric height, T is the air temperature (in K), p is the air pressure (in

hPa), and index "s™ indicates the surface value.

When there is convection, the highest vertical gradient in potential temperature signals
a change in temperature from the less stable layer below to the more stable layer above.

It is defined as the average height of that layer between subsequent RS data points

. . A6 L . . .
where the potential temperature gradient (E) attains its maxima. It gives the estimate

of PBLH and is one of the most common operational methods.

Nonetheless, there is a transition between a stable surface layer and a neutral residual
layer in the atmosphere when surface-based inversion occurs. In such a case, the top of

the SBL (SBLy,) also gives the estimate of PBLH that can be detected by vanishing 6

gradient (% = O) (Collaud Coen et al., 2014).

Thus, from the gradient of potential temperature (%) profile, the first height in the pro-

file at WhiCh(% < O) have been checked. The average height between this level and

the adjacent level above it provides the required estimate of PBLH, in our case, stable

boundary layer height (SBLH).
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3.4.5.2.3 Surface-based inversion method (SBI)

A surface-based temperature inversion, when exists in RS measurement, is an obvious
indicator of a stable boundary layer (SBL). Collaud Coen et al. (2014) reported that the
residual layer (RL) height is retrieved by humidity and wind turbulence profiles; hence,
the only way to determine the nocturnal steady boundary layer (SBL) height from the
RS profile is through the vertical profile of temperature (T). In SBL cases, the top of
the inversion layer (SBI,) marks the PBLH—more specifically, SBLH (Bradley et al.,
1993; Li et al., 2021; Seidel et al., 2010, 2012; Zhang et al., 2021). Where, SBly, is

the height of the surface-based temperature inversion layer after which T starts to

) ) . A
decrease with the height, i.e., A—Z =0.

According to the study (Stull, 1988), turbulence decreasing from the surface upwards
nearly ceases at SBl;,. Whenever embedded isothermal layers occur, they have been

considered as part of the overall inversion.
3.4.5.3 Inter-comparison and validation

Different techniques estimate PBLH differently since they employ different algorithms
and PBL does not have a well-defined textbook structure. Inter-comparison and
validation of different estimate techniques—7-profile methods—were performed on
early morning PBLH at Kathmandu, on a set of 417 days of vertical profile data. Later,
the performance assessment and validation were extended for ERAS reanalysis PBLH
on a set of 365 days of data. Surface-based temperature inversion was detected in 91.2
percent of the sounding profiles. Seidel et al. (2010) also firmly advocated the use of
only the SBI method whenever surface-based temperature inversion exists in the
soundings. Hence, the SB/ method was picked as the reference method for the validation
purpose because of its reliability and wider application while computing PBLH from
SBL (or, SBLH). This comparison to the reference method allows us to estimate the

reliability of the other methods.

While performing inter-comparison of the estimates yielded from different estimation
techniques, various statistical metrics, such as Pearson’s correlation coefficient () at
99% confidence interval, bias, mean absolute error (MAE), and root mean square error

(RMSE) (APPENDIX B) were employed.
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3.4.6 Influence of optical properties and hygroscopic effect of aerosol on visibility

The key to comprehending PM's impact on visibility in urban areas is to understand its
optical properties, which are dependent on both ambient relative humidity and other
intrinsic PM characteristics (Kotchenruther et al., 1999; Markowicz et al., 2003). These
properties are specific to certain atmospheric conditions (Cheng et al., 2017). There-
fore, knowing how RH and PM characteristics affect its optical properties is very help-
ful in getting accurate estimates for visibility impairment (Malm et al., 1996; Pitchford
et al., 2007) and direct radiative forcing of ambient aerosols (Carrico et al., 1998, 2000;
Randles, 2004). Thus, we may better understand the impact of aerosols on visibility
impairment by utilizing the extinction coefficient (bext), mass extinction efficiency
(MEE), and extinction hygroscopicity (f (RH)) of PM2.5.

3.4.6.1 Extinction coefficient of PM2.5

The total extinction coefficient (bex, 550 nm) (Mm™1) of PM2.5 in KTM were com-
puted from the particulate mass concentration time series (PM2.5 & PM10) recorded at
Shankapark (Table 4). As with earlier studies (e.g., Cheng et al., 2017; Shin et al.,

2022), a modified Koschmieder formula was used for this, as follows

3912
Doyt (PMys) = S 0.6(PM;, — PM, <) — 10 — 0.33(NO,) (37)

(Cheng et al., 2017)

The first term represents the overall extinction coefficient, which is derived from visi-
bility (km) using the Koschmieder formula. The second term denotes the coarse particle
extinction contribution, with PM2.5 and PM10 measurements expressed in pg/m?®.
Likewise, the third term represents light extinction contribution by Rayleigh scattering
of air molecules and the last term corresponds to absorption by ambient NO> molecules
(ppb). Because of the unavailability of the NO; dataset in TIA matching the study period,

its contribution was omitted as is done in previous works (e.g., Shin et al., 2022).

3.4.6.2 PM2.5 Mass Extinction Efficiency (MEE) and Growth Factor

One important metric for calculating the light extinction intensity per unit mass con-
centration in the atmosphere is the mass extinction efficiency (MEE) of PM2.5 (Shin et

al., 2022). Cheng et al. (2017) state that the mass extinction efficiency and hygroscopic
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growth factor (f(RH)) of PM2.5 are related to the ambient extinction coefficient in ad-
dition to the absolute values of mass concentration and relative humidity. The chemical
composition and size distribution of PM2.5 predominantly influence these quantities,
i.e., MEE and f (RH). The light extinction by ambient particulates is primarily related
to hygroscopic deliquesce (Ding & Liu, 2014; Zhao et al., 2019), while MEE is propor-
tional to RH due to the enhancement of water absorption capability of aerosols (Hyslop,

2009; Liu et al., 2011).

PM2.5 MEE (m?/g) was estimated by dividing fine mass concentration (PM2.5) from

its extinction coefficient—obtained from (Eq. (37))—as:

bext(PMZ 5)
MEE = -2 257 38
PMys G9

(Cheng et al., 2017)

Similarly, the hourly average f (RH) of PM2.5 was calculated as the ratio of the extinc-
tion coefficient of PM2.5 at ambient RH (b,x¢(wery(PM,5)) to that at dry conditions

( bext(dry) (PMZ.S))-

bext(wet) (PMZ.S)
bext(dry) (PMZ.S)

f(RH) = (39)

(Malm, 2016)

Here, bext(wet)(PMy5) is given by Eq. (37) while the byt (ary)(PM;5) is obtained by
applying RH corrections to the former as previously done in the work of Hassoon et al.

(2018). Following are the equations converting ambient to dry extinction coefficient:

b PM
bext(ary)(PMys) = e’“(wgtg(s 25) RH < 30% (40)
(Hassoon et al., 2018)
bext(wety(PMa5)
bext(aryy(PMys) = 0.053(’;?;6_ 307 + 0.6 30 < RH < 40% 41)
(Hassoon et al., 2018)
b PM
bext(ary) (PMas) = extwen) (PMz5) 40 < RH < 50% (42)

0.05(RH —40) + 0.90
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bext(ary) (PMzs) = 0_01596();;-‘;?);2?153.95
bext(ary)(PMz5) = 0.0gte();?tgv‘e—t)égg/[isi.oo
bext(ary)(PMz5) = O.OZe();gvi);I:)?isi.OS
bext(ary)(PMzs) = 0.0Z?);zvi)gzl)wisi.ZO
bext(ary) (PMs5) = 0_0’5’2’;2“?533”153.40
bext(dry) (PM,5) = bext(wet) O es)

0.29(RH — 85) + 1.65

(Hassoon et al., 2018)

50 < RH <60% (43)

(Hassoon et al., 2018)

60 <RH <70% (44)

(Hassoon et al., 2018)

70 < RH < 75% (45)

(Hassoon et al., 2018)

75 < RH < 80% (46)

(Hassoon et al., 2018)

80 < RH < 85% 47)

(Hassoon et al., 2018)

85 < RH < 90% (43)

(Hassoon et al., 2018)

Additionally, in line with earlier studies (Cheng et al., 2017; Liu et al., 2008; Zhang et

al., 2015), the relationship between f (RH) and RH was fit to an empirical convex func-
tion that characterizes the monotonic rise of f (RH) with RH (Eq.(49)).

FRH) = ao+ ay(1=Ypp)” + a(1=Ypp)™

(49)

(Deng et al., 2016)

Where, the parameters a,, a;and a, were derived from the fitting of the curve.
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3.4.7 Microclimatic properties of winter-fog

Because of its high damage potential to aviation, developing intensity-cum-duration
based fog’s micro-climatic information from multiyear data is highly advantageous
(Jenamani, 2012). Various users like Air Traffic Controllers (ATC), pilots, airlines, and
forecasters may benefit from such systems giving information about the persistence of
fog, favorable time of formation and dissipation of fog, etc. They can understand the
vulnerability of airports to different fog conditions and implement prior mitigation-
measures, e.g., CAT- I/II/IT ILS for runways (APPENDIX A), training ATCs and pilots,
planning winter schedules, etc. In this research, the wintertime onset, dispersal timing,

and consecutive duration of fog at KTM and BWA airports were investigated.

Depending on the coarse and uneven time resolution of the dataset, it was 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 min before
to 15 min after the observation time. Consecutive duration of fog represents the
cumulative period for a fog event of a given intensity. According to the 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. The ratio of the number of
fog onsets and dispersals during the study period to the total number of onsets and

dispersals during the entire study period is their occurrence frequency.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Atmospheric visibility at BWA
4.1.1 Reduced visibility by different weather types

The occurrence frequency of different weather types, according to different visibility
thresholds, at BWA from 1981 to 2020 has been shown in Figure 10. Among all, haze
occupies the highest percentage (26.7 + 0.3%) of the entire duration; fog accounts for
(7.9 £ 0.2%), followed by rain (7.2 = 0.2%) and mist (3.9 = 0.1%) (Figure 10(a)). This
indicates that besides the rain—a result of many complex regional and local
processes—BWA is prone to frequent occurrences of haze, fog, and mist in decreasing

order. These weather types result in impaired visibility at the airport.

Figure 10 (b & c) shows season-wise-annual-occurrence-frequencies of haze and fog
at BWA.

rain
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Figure 10: Occurrence of reduced visibility by different weather types at BWA (1981-2020): Hourly
frequency (a), annual occurrence frequency (d); Occurrences of haze (b) and fog (¢) in different

seasons (Kathayat et al., 2023)
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Haze is most common throughout the winter, then during the post-, pre-, and monsoon
seasons. Fog occurs primarily in the winter and occasionally in the post-monsoon.
Trend results (Table 5 and Figure 10(d)) of different weather types affecting the
airport’s visibility reveal a marked increase in the occurrence of fog (0.215% yr~1) and
haze (0.556% yr~1) over four decades. Meanwhile, the occurrence of clear visibility
(normal) conditions declined notably (—0.931% yr~1). Hence, fog and haze have been
singled out as the two main visibility-reducing weather types because of their
occurrence frequency, trend, and aviation implications. The detailed discussions in

succeeding sub-sections also cover the discussions on the results of this subsection.
4.1.2 The trend of poor-visibility events, haze, and winter fog

Figure 11 shows the trend of poor-visibility-events (a—d) and haze (e-h) in different
seasons at BWA and Table 6 includes corresponding results using the statistical tools,
described above. The highest frequency of poor-visibility-events was observed in
winter, which reached ~100% since 2007 with an overall trend of 1.02% yr~?! (a =
0.001). In the early years pre-monsoon, the occurrence of poor-visibility-event was
quite rare and increased sharply towards the middle of the data period. Poor-visibility-
events at BWA in pre-monsoon displayed a marked upward trend of 0.84% yr~? (a =
0.001) and little but significant positive trend in the monsoon season (0.42% yr~1, o =
0.001) either. Poor visibility occurrence were the lowest (median = 13%) and varied the
least (standard deviation () = 8%) among the rest of the seasons, indicating persistently
better seasonal visibility. On the contrary, the steepest upward trend (1.57 % yr~1, a =
0.001) and largest variation (¢ = 19.8%) was seen in post-monsoon season. A positive
trend (0.94% yr~1, o = 0.001) in interannual variability of poor-visibility-events was

also observed. Similarly, across all seasons, the winter season in BWA witnessed the

largest number of haze days (70.8%) (

Figure 10(b)) with the second highest annual trend (0.75 % day yr~1, a = 0.001)
(Figure 11 (e-h) & Table 6). An alarming positive trend (1.46% day yr~1) is found in
the post-monsoon season. The pre-monsoon season also witnessed increased haze days
(trend = 1.09 day yr=! at a = 0.001) with a rise of ~80% over the last 44 years. While
haze scarcely occurs during monsoon (Figure 10(b)); though, its annual trend is the
smallest (trend = 0.31 day yr~? at « = 0.05). Similarly, winter fog days have witnessed
a notable rise over the years in BWA (Figure 12).
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Table 5: Trend results of annual occurrence frequency (%) of different weather types affecting visibility at BWA airport (1981-2020). Bold-faced values are statistically

significant values at a defined significance level (a) (Kathayat et al., 2023)

Mann-Kendall Sen's slope OLS regression
Trend
Trend [CI] A [95% CI]
Zyk p—Vvalue O <rre1 0 By 0 t, p -value>|t|
Q (/0 yr ) % (% yr—l) %
Haze 4.41* 1.0 x 1075 0.57* [0.213, 0.926] 0.57*+0.09 [0.374, 0.759] 5.97 0.000
Mist 3.13% 1.7 x 1073 0.087 [0.031, 0.138] 0.08 1 £ 0.02 [0.033, 0.131] 3.41 0.002
Weather-
type
Fog 4.60* 418 x 107° 0.22* [0.064, 0.354] 0.20* £ 0.03 [0.127, 0.263] 5.80 0.000
Rain 3.76* 1.7 x107* 0.18* [0.027, 0.322] 0.16* £ 0.04 [0.082, 0.234] 4.20 0.000
Normal  —5.34* 8.9 x 1078 —0.94* [-1.351, —0.462] —0.90* +0.11 [-1.118, —0.673] —8.15 0.000
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Figure 11: Time evolution of occurrence of poor-visibility events (a—d) and haze (e-h) in different
seasons at BWA from 1977 to 2020. Here, the error bar means a 95% confidence interval; solid lines
represent fitted linear regression lines (OLS) and dashed lines are boundary lines corresponding to their

95% confidence interval; and R? represent goodness of linear fit (Kathayat et al., 2023)

Other fog parameters, namely, fog hours, dense fog days, and hours, also displayed
some uptrend during the same period. Air pollution begins to build up significantly over
the IGP atmosphere early in the post-monsoon season, giving the atmosphere an

opalescent appearance and reduced visibility—what we call haze.

It occurs mainly because of the suspension of aerosols coming from the agro-residue
burning after rice crop harvest in large swathe of the region (Khanal et al., 2022;

Saikawa et al., 2019) besides other regular emission sources. This intensifies in winter

(Dey & Di Girolamo, 2010).

Some additional emission sources are active, especially in the dry season only; these
include burning fossil fuel (especially in urban areas) and wood (especially in rural
areas) for residential heating in winter which is very common in IGP (Kedia et al., 2014;

Ramachandran et al., 2015), and operation of brick kilns. From a meteorological
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viewpoint, winter months in the BWA region are characterized by slower wind,
adequate moisture content (RH) in the atmosphere (Table 7), and frequent low-level
temperature inversion resulting in a shallow PBL suppressing buoyant vertical transport
of pollutants (Tare et al., 2006) which eventually induces and intensifies haze. The
slower wind too results in reduced horizontal dispersion of air pollution. A recent study
(Islam et al., 2021) at Lumbini reported that a significant proportion (20 £ 6%) of total
PM2.5 composition is composed of secondary inorganic ions (e.g., SO37,NO3 , NH}).
Under sufficiently high levels of aerosol water (>60%) in the BWA atmosphere, which
is mostly observed during winter months (Table 7), the optical properties of such
hygroscopic secondary aerosols are altered resulting in enhanced extinction efficiency

that i1s manifested as haze with reduced visibility.

Winter haze and fog are strongly coupled systems over IGP. A sufficient amount of
ambient moisture, cloud condensation nuclei (CCN) onto which moisture can condense,
and a temperature below the dew point are the essential components for the develop-
ment of fog (Gultepe et al., 2007). Winter season in BWA fulfills these prerequisites.
Similar to the rest of the IGP, radiation fog forms over the BWA due to cooling near-
surface air under stable, stagnant clear skies (Syed et al., 2012). Many earlier literary
works have pointed out that Western disturbances and synoptic-scale processes provide
the prerequisites for large-scale radiation fog production across IGP quickly (Saikawa
et al., 2019). The low-pressure system first introduces moisture into the boundary layer
during the western disturbances. The low-pressure system is then replaced by the high-
pressure system, which has slow wind, surface radiative cooling, and temperature in-
version (Pasricha et al., 2003). According to Jenamani (2007), apart from ambient
moisture introduced by western disturbances, moisture originating from winter crop
irrigation of large areas of agricultural fields in Punjab, Haryana, and Uttar Pradesh,
India could contribute to the widespread winter fog in northern IGP. Irrigation of winter
crops in large agricultural fields in and around the BWA region introduces some more
moisture over the BWA atmosphere. The worst seasonal visibility condition occurs in
the form of haze and fog during winter at BWA because of the synergetic effect of the
highest air pollution level and meteorological conditions—low temperature, tempera-

ture inversion, high RH, and slow wind.
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Table 6: Trend results of different weather types at BWA (1977-2021) using three different statistical techniques. Trends represent linear fit between variables of interest and

years. Boldface values are statistically significant trend values at a given significance level (a) (Kathayat et al., 2023)

Mann-Kendall Sen’s slope OLS regression

0 p-

Zux p-value 'IO'/rend_l [gl] _ Trend [95{;’ cll ts value

¢ Ghyr™) ; (B (% yr) ° 1t

Winter 5.90* 3.71x107° 1.02* [0.582, 1.481] * 1.1*+0.1 [0.886,1.355] 9.66 0.000

Occurrence fre-  PTé-monsoon 3.57* 4x107* 0.84* [0.079, 1.576] * 0.8*+0.2 [0.396,1.173] 4.08 0.000

quency of poor- - sone50n 419*  2.83x 1075 0.42% [0.108, 0.780] * 0.45%+0.09  [0.264,0.626]  4.97 0.000
visibility events

(%) Post-monsoon 6.50*  7.85x 107! 157* [1.069,2.076] * 16%+01  [L277,1.839] 11.18  0.000

Annual 5.74* 9.27 X 107° 0.94* [0.524,1.273] * 0.9*+0.1 [0.699,1.094] 9.17 0.000

Winter 4.58* 4.6 x107° 0.75* [0.218, 1.137] 0.7*+ 0.1 [0.416,0.927] 5.31 0.000

Occurrence fre-  Pre-monsoon 4.02* 592 x 10°° 1.09* [0.274,1.795] * 0.9*+0.4 [0.584,1.388] 4.95 0.000
quency of haze

days (%) Monsoon 3.71% 2.11x107* 0.31% [0.021, 0.668] 0.44+£0.1 [0.209, 0.682] 3.80 0.000

Post-monsoon 5.96* 2.56 x 107° 1.46* [0.806,2.106] 1.4* +0.2 [1.103,1.778] 8.618 0.000

fog days 4.95* 7.58 x 1077 1.05* [0.518,1.577] * 1.1*+0.2 [0.809,1.311] 8.52 0.000

Occurrence fre-  dense fog days 5.37* 7.84 x 1078 0.51* [0.253,0.776] * 0.5*+0.1 [0.354,0.645] 6.91 0.000

quency of fog
parameters (%)  fog hour 4.62* 3.80 x 10°° 0.55* [0.229, 0.862] * 0.5*+0.1 [0.363,0.677] 6.67 0.000
dense-fog hour 4.06* 5.00 x 1075 0.20* [0.054,0.387] * 0.20*+ 0.08 [0.112,0.287] 4.61 0.000

*0.001, 1 0.05 - level of significance
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Table 7: Monthly averages of selected meteorological variables in BWA airport from 2013 to 2018. Bold-faced values represent the highest and the lowest monthly

averages

Met

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
parameter
Visibility 19402 2.7+ 4.5 53 6.1 6.3 73 6.9 6.3 4.8 33 2.1
(km) =Y 0.1 £02 +0.1 +0.1 +0.1 £0.2 +0.2 +0.2 +0.2 +0.2 +0.1
g,ecr;]perat“re 1‘:)'1* 202404 254+05 302+05 31.8+03 319403 30503 30.6+03 303+03 27904 23404 17'§j
Relative 8341 710415 S75+1.6 470417 561+13 683412 786+410 796+1.0 781+1.0 741+14 678+17 5%
Humidity (%) 14
Wind Speed 23+ 2.4+ 35+ 48+ 42+ 34+ 38+ 3.0+ 3.1+ 2.6+ 2.0+ 22 +
(m/s) 0.2 0.1 0.2 0.3 0.2 0.2 0.3 0.1 0.2 0.4 0.1 0.2
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Figure 12: Time evolution of occurrence frequency of different fog parameters at BWA for the period
1977-2020: (a) fog days, (b) dense fog days, (c¢) fog hours, and (d) dense fog hours. Here, the error
bar means a 95% confidence interval; solid lines represent fitted linear regression lines (OLS) and
dashed lines are boundary lines corresponding to their 95% confidence interval; and R? represent

goodness of linear fit (Kathayat et al., 2023)

At BWA, Jan is the coldest and most moist month of the year (Table 7) which causes
winter- haze and fog to peak in intensity and duration impairing visibility to the yearly
lowest. As the winter months advance from January to February, a sharp rise in
temperature causes the PBLH to rise, improving the vertical dispersion of CCN aerosols.
In addition, an increase in dew-point depression and reduction of ambient moisture
(Table 7) slightly weakens winter haze and fog occurrences leading to visibility

improvement.

The temporal trend in fine mass concentration (PM2.5) was investigated to explain the
observed seasonal trend in visibility. Figure 13 illustrates the interannual change in
average PM2.5 during Jan 1980-Feb 2021. A sudden jump in MEERA-2 reanalysis
PM2.5 values is seen between NASA’s pre-EOS period (1980-1999) and post-EOS
period (after the year 2000). Possible causes could range from significant changes in
emissions/ policy implementation, and algorithm changes used for data assimilation, to
data assimilation changes. Several previous literatures (e.g., Buchard et al., 2017;
Randles et al., 2017; Yao et al., 2021) have also pointed this out as one of the major
caveats of the MEERA-2 dataset that occurred specifically due to the difference in data
coverage (availability of observational data) before and after the assimilation of EOS.
MEERA-2 reanalysis product incorporates observational data into model simulations.
Any changes in the availability, quality, or types of observational data being assimilated

into the model can cause noticeable shifts in the reanalysis outputs as observed in
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Figure 13. According to Rienecker et al. (2011), this reanalysis product is quite
sensitive to observing system changes, dealing with which is the most pressing
challenge for the next generation of reanalysis. Despite some deficiencies, many
previous studies (e.g., Buchard et al., 2017; Randles et al., 2017; Yao et al., 2021) have
demonstrated that this aerosol assimilation system exhibits considerable skill in
simulating numerous observable properties of aerosol and is hence reliable to use. In
light of this caveat of the MEERA-2 dataset, we only considered data from the year
2000 to 2021 while calculating the trend of PM2.5 to avoid the bias discussed above.

Since the IGP region has become undeniably one of the major global air pollution
hotspots, the increased air pollution in the region shall result from a gamut of
anthropogenic activities associated with rapid population growth, urbanization, and
industrialization as agreed by scientific communities. There is an increase in RH
(0.36% yr~! at a = 0.001) and a slight decline in wind speed (—0.009 m/s yr~* at «
=0.1) at BWA during the same period (Table 8). Irrigation areas in BWA have expanded
manifold (MoF, 2020) in the last few decades possibly resulting in an observed increase
in wintertime RH. As for why persistent and extensive fog has become more common
in IGP in recent decades, scientists cannot agree on a single explanation (Saikawa et
al., 2019). This study suggests that the increasing trend of fog intensity and frequency
at BWA and northern IGP regions may result from increased air pollution, RH, and the
slowing down of wind. A body of literature has reported an increasing frequency of fog
elsewhere in IGP (e.g., Ghude et al., 2017; Jenamani, 2007; Mohan & Payra, 2014;
Shrestha et al., 2018; Syed et al., 2012). This fact also agrees with the general
perception of residents of Terai regions about the main climatic variation during winter
“fog occurs more frequently and is denser” and “cold spells are getting more intense”
(Smadja et al., 2015). The increasing trend of poor visibility in winter is, hence, the
result of an increase in fog and haze frequency as discussed earlier. It was observed that
the surface warming effect of aerosols at BWA that daily minimum temperature (T;,i,)
has increased over the last four decades (trend = 0.020°C yr~1)similar to other studies
at BWA (Baidya et al., 2008; Shrestha et al., 2017; Shrestha et al., 2018). Among the
rest, the absorbing aerosols (BC in particular) trap solar energy in the daytime and heat
the atmosphere eventually warming the earth's surface. This atmospheric heating
counteracts the loss of long-wave solar insolation at night. Thus, increased occurrence

of winter haze and fog at BWA may contribute to surface warming as indicated by an
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increase in T,,;,. Ramachandran and Rupakheti (2022) also reported a notable positive
trend in wintertime Biomass Burning (BB) aerosol type at Kanpur city (located ~313
km southwest of BWA). A body of literature (Jaswal et al., 2013; Kaskaoutis et al.,
2012; Saikawa et al., 2019; Sarkar et al., 2006; Srivastava et al., 2012) also suggests

increasing winter haze elsewhere in IGP commensurate with increased air pollution.

In pre-monsoon season, visibility deterioration takes place in the form of haze resulting
from the accumulation of aerosols from different regular and season-specific sources.
One such season-specific source in IGP is wind-blown-desert-dust originating as far
from the Thar Desert (Dey & Di Girolamo, 2010; Gautam et al., 2009; Hegde et al.,
2007; Ram et al., 2010). Pandithurai et al. (2008) reported the influence of such desert
dust on visibility over IGP. From a meteorological standpoint, the atmosphere over
BWA turns drier, warmer, windier, and more turbulent in pre-monsoon (Table 7); PBL
elevates slightly higher due to the atmosphere getting warmer. Dispersion of air
pollution may occur horizontally and vertically over a large area. The level of aerosol
water in the atmosphere is usually below the deliquescent/crystallization point
indicating negligible impact of light extinction by hygroscopic aerosol species. These
conditions contribute to improved visibility than in the winter season despite having

higher levels of seasonal air pollution.
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Figure 13: Interannual variation of average PM2.5 in a bounding box centered at BWA (MERRA-2
Model M2TMNXAER v5.12.4; Spatial Coverage: 82.2405°E, 26.516°N, 84.9651°E, 28.0541°N; Temporal
coverage: Jan 1980—Feb 2021; Spatial resolution: 0.5° x 0.625°, Temporal resolution: 1 Month) (Global

Modeling and Assimilation Office (GMAO), 2015)

70



Table 8: Trend results of PM2.5 (2000-2020) and different meteorological variables at BWA (1977-2020) using three different statistical techniques. Trends represent linear

fit between variables of interest and years. Boldface values are statistically significant trend values at a given significance level () (Kathayat ef al., 2023)

Mann - Kendall Sen's slope OLS regression
2, »value Tr((;:‘i 1()Q) [ci] Tr(e;rd_ El)ﬁ) [95% CI] ts value>7t|
Winter 0.55 0.58 0.17 [—0.80, 1.29] 0.22+0.2 [-0.270,0.717] 0.95 0.354
PM2.5 Pre-monsoon 0.51 0.61 0.13 [1.21, 1.33] 0.08+0.24 [-0.419,0.594] 0.36 0.722
(gm™)  Monsoon 0.94 0.35 0.18 [—0.81, 1.08] 0.19+0.22 [-0.268,0.644] 0.86 0.399
Post-monsoon 1.97% 0.04 0.92+ [—0.81, 2.16] 0.88++ 0.3 [0.247, 1.502] 2.92 0.009
Winter 4.16* 3.22x107° 0.36* [0.084, 0.646] 0.38* +0.07 [0.230,0.523] 5.20 0.000
RH (%) Pre-monsoon 228f  2.28x1072 0.15+% [—0.093, 0.441] 0.27+0.1 [-0.025,0.365] 1.76 0.086
Monsoon 0.65" 5.03x 107! 0.029" [-0.107, 0.179] 0.30™+ 0.04 [-0.053,0.112] 0.73 0.471
Post-monsoon 1.22m 2.20x 1071t 0.062" [-0.132, 0.291] 0.08™+ 0.06 [-0.046,0.199] 1.258 0.215
Winter —-17** 8.74 x 1072 —0.009**  [-0.032, 0.009] —0.010"+0.006  [-0.023,0.001] -—1.78 0.082
WS (mis) Pre-monsoon —-12  228x107! —0.009™  [—0.034, 0.016] —0.012"+ 0.007 [-0.023,0.007] —1.12 0.268
Monsoon —0.63" 5.30x 107! —0.004"™  [-0.013, 0.006] —0.003™+ 0.005 [-0.014,0.008] —0.59 0.556
Post-monsoon —-1.18" 2.31x107! —0.006™  [—0.015, 0.003] —0.006™+ 0.005 [-0.017,0.005] -—1.14 0.261
Winter 2.41% 1.57 x 1072 0.020% [0.004, 0.036] 0.019+ £ 0.008 [0.003,0.035] 2.40 0.021
T 0 Pre-monsoon 1.62™ 1.05x 1071 0.016" [—0.004, 0.034] 0.018++ 0.008 [0.001, 0.34] 2.15 0.038
min Monsoon 327t 1.06x 1073 0.0167 [0.007, 0.223] 0.014++ 0.004 [0.008,0.022] 4.16 0.000
Post-monsoon 4.13% 3.53x107° 0.0327 [0.019, 0.046] 0.030%+ 0.008 [0.014,0.047] 3.75 0.001

71

*0.001, 1 0.05, **0.1 -level of significance; ns: non-significant




Based on the analysis and literature, the increasing trend of hazy days and overall poor-
visibility events at BWA in the pre-monsoon season is attributed to a combination of

worsening seasonal air pollution and enhancement of aerosol water (Table 8).

South Asian summer monsoon brings the seasonal highest rainfall from June through
September in the BWA region resulting in scavenging of air pollutants through
processes like rainout (capturing of aerosols inside the cloud as CCN) or washout
(capture of aerosols and gaseous pollutants by falling raindrops below the cloud). The
amount of rainfall peaks in July and gradually declines. Certain major air-pollution
sources like brick kilns shut down during this season; power cuts are less frequent
because of more hydroelectric generation leading to lesser emission from fossil-fuel
generators. The major meteorological change while advancing from pre-monsoon to
monsoon season is the rain. Because of efficient rain-scavenging and decreased
emissions, air pollution is lower during the monsoon, which ultimately results in the
best seasonal VIS. Because of higher surface temperature, the boundary layer height is
elevated making more room for available particulates and gaseous pollutants to disperse
vertically. Higher-speed wind also helps disperse the pollutants across large areas
horizontally. These help pollutants get uniformly mixed in the atmosphere. Dey and
Girolamo (2010) also suggested that monsoon-visibility impairment occurs by the
extinction of solar radiation by cloud and rain droplets or by aerosols during the

occasional haze, which occurs during monsoon break.

As the post-monsoon season progresses visibility gradually declines (Table 7) with the
increase in air pollution in the atmosphere, fall in rainfall, temperature, and slowing
down of wind at BWA. Brick kilns, a major air pollution source, started operating across
IGP after the cessation of the rainy season. Paddy residue burning after rice harvest
occurs across large agricultural areas situated in the upwind region of IGP such as
northern Pakistan, and north Indian states (Punjab and Haryana) (Jethva ef al., 2019;
Kulkarni et al., 2020). Air pollutants thus produced build-up and transported to
downwind sites giving a hazy appearance to the atmosphere. Kulkarni et al. (2020) also
reported the effect of such paddy residue burning in Delhi’s atmosphere. After a
thorough analysis of the Lumbini atmosphere during the post-monsoon, it was found
that a considerable portion (about 40% of the total Organic Carbon) came from Biomass
Burning (BB) (Wan et al., 2017). This finding validated the impact of burning agro-

residues in IGP on the aerosol concentration of BWA in the region. Together with a fall
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in temperature, the boundary layer shrinks, restricting vertical transport of air pollution.
Slower wind in this season shall not be strong enough to disperse air pollution over a
larger area in a short time. Active scavenging of air pollution is lacking in this season
since there is little to no rain. Thus, with the advancement of the season, air pollution
intensifies, and VIS declines. Steep rise in inter-annual air pollution (PM2.5) (0.92

3 yr') (Table 8) shall result in the all-season highest trend of haze

pgm-
(1.46 % yr~! ata = 0.001) and poor visibility events (1.57 % yr~! ata = 0.001)

at BWA.

Although, this is beyond the scope of this thesis, the observed abrupt drop in poor
visibility since pre-monsoon of 2020 may be attributed to lesser air pollution emissions

due to COVID-19, which started in March 2020.

4.1.3 Comparison of the trend of winter-poor-visibility and fog among northern

IGP airports

Temporal variation of the occurrence of poor-visibility-events across selected northern
IGP airports reveals that BWA experienced major visibility impairment quite later than
GOP, LKN, and DEL (Figure 13(a—d) & Table 9). The minimum frequencies of poor
visibility events are yet very high in GOP (91.5 + 2% in 2019), LKN (79.6 £ 2% in
2005) and DEL (94.7 £ 1% in 1998). Poor visibility in the winter season already peaked
before the study period and exhibits lesser variation. Thus, its trend in the study period
is small—none for LKN, only 0.01 % yr~! (a = 0.001) for GOP and 0.06 % yr~! (a =
0.01). In contrast, BWA witnessed a gradual visibility impairment with a significant
upward trend of 1.02 % yr~! (a = 0.001). However, each airport station witnessed an
obvious rise in the number of foggy days in winter (Figure 14(e-h) & Table 9); the
steepest trend occurred in DEL (1.29% day yr~! at a = 0.001), followed by BWA
(1.19% dayyr~! at o = 0.001), LKN (0.93% dayyr~! at a = 0.05), and GOP
(0.62% day yr~ at o = 0.05).

During winter, all of the airports involved in the comparative study share similar

meteorological features.
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Figure 14: Trend of poor-visibility events (a—d) and foggy days (e—h) in winter at BWA, GOP, LKN,
and DEL airports from 1977 to 2020. Here, the error bar means a 95% confidence interval; solid lines
represent fitted linear regression lines (OLS) and dashed lines are boundary lines corresponding to their

95% confidence interval; and R? represent goodness of liner fit (Kathayat et al., 2023)

The only feature that distinguishes BWA from the rest is the level of local air pollution
and proximity to major emission sources in the IGP upwind sector. BWA is
comparatively a smaller city inside Nepal with a lesser industrial setup and population,
even from the beginning of the study period, suggesting lesser local air pollution
emission and better visibility conditions initially. The city and its immediate
neighborhood witnessed rapid industrialization and urbanization lately, which resulted
in air pollution-emission manifold in recent decades degrading winter visibility.
However, the rest of the neighboring megacities of northern IGP: DEL, LKN, and GOP
witnessed the worst winter visibility from the beginning because of having higher local

air pollution emissions.
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Table 9: Trend results of winter-poor-visibility-events and winter fog across BWA, GOP, LKN, and
DEL airports of northern IGP (1977-2020). Boldface values are statistically significant trend values at
a given significance level () (Kathayat ef al., 2023)

Mann - Kendall Sen's slope
Data pe- Trend (Q)
Site . P Zyk p-value [CI1](%)
riod (% yr™1)
BWA 1977-2020  5.98* 2.27 x107° 1.02* [0.523, 1.506]
Occurrence
GOP  1977-2020 3.72 1.97 x 10™* 0.01* [0.000, 0.020]
frequency of
[—0.061,

poor visibility LKN  1977-2020 —0.58 0.563 0.00

0.010

events (%) ]

DEL  1996-2020 2.85** 434 %1073 0.06** [0.005, 0.210]

BWA 1977-2020  5.44* 5.28 x 1078 1.19* [0.573, 1.723]
Occurrence

GOP  1977-2020 3.07 2.17 x 1073 0.62 [0.261, 0.979]
frequency of

LKN  1977-2020 5.20 1.99 x 1077 0.93 [0.630, 1.212]
fog -days (%)

DEL  1996-2020 3.32* 8.95 x 10~* 1.29** [0.000, 2.798]

*0.001 level of significance, ** 0.01 level of significance

4.1.4 Relationship between air pollution and visibility

Daily averages of visibility (VIS) and AOD (t) for each day of the year aggregated for
2013-2018 have been shown in Figure 15(a). It shows that the daily average AOD in
winter gradually increased and peaked in February (0.80 £ 0.02). Unlike the empirical
relation between AOD and visibility (Equation (34)), visibility was better in February
(2.7 £ 0.2 km) than in January (1.9 = 0.2 km) and December (2.1 + 0.1 km) at BWA
(Table 7), despite higher AOD values. Seasonal association between AOD and VIS was
weak (r =—0.36, p <0.001) in winter. Aerosol loading in the BWA atmosphere starts
increasing concurrent with improvement in VIS as the pre-monsoon season advances;
both of them peak in May ( 7 =0.75+0.01 & VIS=6.1+£0.1 km).In this season, AOD
and VIS display an inverse association; however, the correlation is weaker (» = —0.23,
p <0.001). A marked improvement in VIS and plunge in AOD occurs with the onset of
south Asian monsoon (7 = —0.66, p < 0.001); the seasonal highest VIS (7.4 + 0.2 km)
and lowest AOD (0.21 + 0.01) was observed in July. Towards the end of monsoon
season, AOD is found to rise and VIS starts to decline gradually again. A sharp
enhancement in AOD and gradual reduction of VIS occurs over post-monsoon months

(r=—0.42, p < 0.001).
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Figure 15: (a) Daily average visibility at BWA Vs. AOD (T, at A = 550 nm) at Lumbini site, from 2013
to 2018 (b) Visibility (VIS) at BWA as a function of AOD ( t) at Lumbini during the monsoon of
2013-2018, (c) Visibility (VIS) at BWA as a function of PM2.5 during April-December 2019. Points in
plots (b) and (c) are color-coded for RH (Kathayat et al., 2023)

Figure 15(b) is a graphical representation of the association of VIS with AOD and
relative humidity (RH) for 2013-2018 in which, the best-fit curve (brown line)

complies with the above empirical relation (Eq. (34)). The fitted curve has the goodness
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of fit (R?) (APPENDIX B) of ~0.55, indicating that during monsoon season 55% of
the variability in VIS can be explained by the variability of AOD alone. Here, the effect
of aerosol water (RH) on VIS can be seen; the higher the aerosol water (RH) level, the
lesser the VIS. Below 60% of RH, its influence on VIS is negligible at BWA;
concentration of aerosol (AOD) governs VIS. In contrast, aerosol water (RH) governs

VIS when RH > 60%.

A similar negative power-function relationship between in-situ PM2.5 measurements
and VIS at BWA, with a better anti-correlation (» = —0.74, p < 0.001) (Figure 15(c))
was witnessed. For RH < ~50%, BWA witness generally a good VIS condition; lower
VIS occurs when fine mass concentration (PM2.5) is high in the BWA atmosphere.
When RH increases beyond this, VIS tends to worsen with higher PM2.5. A threshold
VIS for aviation use (VIS = 5 km) corresponds to PM2.5 ~48 ugm>.

According to studies by Sharma et al. (2014) and Rupakheti et al. (2018), the BWA
region's AOD is maximum during the winter. The low correlation between air pollution
and VIS (r = —0.36) between AOD and VIS, however, raises the possibility that the

VIS drop cannot be entirely explained by aerosol loading in the atmosphere.

The observed weaker relationship between air pollution and visibility in pre-monsoon
(r = —0.23 between AOD and VIS) suggests that besides aerosols, meteorology also
plays a key role in pre-monsoon visibility. Yet in the pre-monsoon season, most of the
atmospheric aerosols are trapped within a relatively thin mixing layer making aerosol-
columnar-distribution non-uniform. This shall explain, to some extent, the poor anti-
correlation between AOD and VIS—as the equation relating them (Eq. (34)) assumes
aerosol’s uniform distribution. The strongest anti-correlation between them during the
monsoon season implies that the amount of atmospheric aerosols during this time of
year significantly influences VIS. The monsoon season is distinguished by greater
scavenging, advection, and vertical mixing of air pollution due to its higher annual
rainfall, hotter atmosphere, and quicker wind (Table 7). These meteorological
conditions shall explain why there is the best anti-correlation between VIS and
PM2.5/A0D. Based on in-situ measurements Baumer et al. (2008) detected a similar
power function relationship between AOD and VIS in south-west Germany. Similarly,
Lin et al. (2011) reported a good anti-correlation (r = ~—0.75) and exponential

relationship between AOD and VIS over 200 locations across Asia. Having a generally
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humid atmosphere during monsoon (RH > 60%), we observed evidence of the

hygroscopic effect of aerosols on visibility.
4.1.5 Implication to Aviation in Nepal

The occurrence of poor visibility in various forms holds numerous serious implications
for the air transport system at BWA. Widespread and persistent winter fog and regional
haze in the rest of the season impose major challenges in flight operations at
Bhairahawa Airport. In Figure 16(a), a significant decline in the airport’s visibility
condition when aircraft are able to land using Visual Flight Rules (VFR) (APPENDIX
A) was seen. It also shows an increase in the fraction of time when the airport shall
operate in Instrument Flight Rules (IFR) (APPENDIX A) and airport closure time
solely due to visibility. Currently, available navigation systems that aid aircraft’s
landing at BWA—Visual Omnidirectional Radio Range (VOR) (APPENDIX A) and
Required Navigation Performance (RNP) (APPENDIX A)—enable aircraft landing up
until hazy conditions; but, they are unable to guide aircraft to make a safe landing at
the airport in foggy condition, let alone the dense fog—due to their precision on guiding
capability. Closure of airport operations in low-visibility conditions causes
inconvenience and financial burden to all stakeholders especially when BWA has
started international operations. TIA at KTM and GBIA are highly unlikely to serve as
alternate airports to each other in winter when poor visibility is the major challenge to
both international airports (Figure 16(b), Table A.2). Thus, one of the major motives
for upgrading BWA to an international airport is yet to materialize under currently
operating navigational and guidance facilities. However, BWA airport has already
installed a precision landing guidance system (CAT -I Instrument Landing System (ILS)
(Table A.1) (CAAN, 2022) and waiting for operational permission from the Indian
authority. Once it starts operating, the airport will be able to operate even in foggy
conditions. GBIA was expected to serve as the nearest suitable alternate international
airport to the major international airport TIA. One of the primary investment objectives
for GBIA airport's international upgrade would be justified if the airport made
additional investments in upgrading to a higher category ILS (CAT — II/Ill) and in an
Advanced Surface Movement Guidance and Control System (A-SMGCS). This would
enable the airport to operate effectively in extremely low visibility conditions, such as

dense fog.
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definition has been given in A PPENDIX (b) Interannual hourly frequency when BWA and KTM
airport cannot serve as each other’s alternate (Kathayat et al., 2023)
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4.2 Atmospheric visibility at Kathmandu
4.2.1 Estimates of boundary layer heights

Firstly, existing boundary layer types were confirmed based on the thermodynamic
properties of the atmosphere during the launch of RS instruments. Overall, the
occurrence of SBL, NBL, and CBL account for 91.20%, 7.03%, and 1.54%,
respectively, suggesting that SBL dominates in Kathmandu valley during detection time
(0545 LT), i.e. early morning irrespective of the season of a year. This finding indicates
that for the majority of the RS observation, the atmosphere of the valley is stable. This
finding can be attributed to the diurnal cycle of solar radiation. The formation of SBL
is facilitated by low heat flux caused by long-wave radiation cooling of the earth's
surface at night (Nieuwstadt, 1984; Poulos et al., 2002; Stull, 1988). Radiative cooling
in the Kathmandu Valley basin is further aided by cold katabatic wind flowing
downslope from the valley rim (Panday & Prinn, 2009). Occasional cases of NBL were
observed in the radiosonde observations when there were overcast conditions in the

valley.

The vertical structure of the atmosphere has been studied through the RS profile. Figure
17 shows a typical demarcation of different atmospheric layers according to their

thermodynamic property on 14 Jan 2020.
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Figure 17: Vertical profile of ambient temperature (T) and structure of PBLH—represented by
different colored layers— as detected by radio soundings profile at 0000 UTC (05:45 LT) on 14 Jan (a)
and 15 Jan (b) 2020 in Kathmandu. Where, z, SBL, RL, CI, and FA stand for height (a.g.l.), Stable
Boundary layer, Residual Mixed Layer, Capping Inversion Layer, and Free Atmosphere, respectively.

Different layers have been determined according to the temperature inversion method.
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The top of Surface-Based Inversion (SBI) (SBIy;,) was observed at a height of 77 m and
a thin (40 m) residual layer (RL) was noticed on the top of the SBL. While there was a
thick, (511.5 m) capping inversion layer (CI) with its top at 628.5 m. Surface-based
inversion occurs when solar radiation from the earth's surface surpasses that of the
incoming radiation from space. The thickness of this inversion increases gradually as
the surrounding atmosphere cools. Thus, the lower the surface temperature, the deeper
the inversion layer is (Bradley et al., 1992). Due to the subsidence above, synoptic
factors such as a clear sky, anticyclonic conditions, and low wind speed are typically
linked to the deepest SBI and elevated inversions (Busch et al., 1982). Using continuous
Ceilometer measurement (Mar 2013—Feb 2014) of MLH at Bode, Kathmandu Valley,
Mues et al. (2017) reported a median MLH of 150 m in the winter mornings.

The findings of this study on winter morning PBLH are consistent with the observations.
Panday et al. (2009) reported that the thickness of the valley’s cold air pool reaches the
height of mountain passes at approximately the same height as the average SBLH that

was obtained in winter.

Figure 18 shows the SBL heights (early morning PBLH) deduced by each T-profile
method from soundings of 0000 UTC performed in Kathmandu on 14 January 2020.
Generally, all methods detect the SBL height with very little variation in height
estimates. PBLH estimates by RM, GMy and SBI is 77 m, 74 m, and 77 m, respectively
indicating having a very shallow boundary layer. The SBL top was marked by a sharp

gradient in vertical profiles of potential temperature gradient (g) (Figure 18(b)) and

temperature (7)) (Figure 18(c)), indicating a sudden change in atmospheric properties
between the SBL and the nocturnal residual layer (RL). The vertical profile of wind
speed (Figure 18(c)) also shows of having light wind conditions (~ 0.5 m/s) during that
morning. Firstly, all SBL heights were estimated by the SBI method, and all CBL/NBL
heights by using the RM method as done in previous studies. SBL heights ranged
between ~16.0 mto ~768.5 ma.g.1.; NBL heights ranged between ~1.5 m to ~146.5 m;
and CBL heights ranged between ~2.5 m to ~14. 5 m.
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Figure 18: Detection of the SBL from RS T-profiles of 0000 UTC in Kathmandu on 14 January 2020
determined by Bulk Richardson number method (RM) (a), Gradient of potential temperature method

(GMg) (b) and Surface-based inversion method (SBI) (c), where z, 0,,, Ri, Ri., 0, % , T & WS stand

for height above ground level, virtual potential temperature, Bulk Richardson number, Critical Bulk
Richardson number, Potential temperature, Potential temperature gradient, Ambient temperature, and

wind speed respectively

This indicates that convective conditions are very weak during the early mornings.
PBLH from all sounding profiles was separately estimated by all three T-profile
methods. PBLH estimates obtained by using SBI methods on real-time RS
measurement (PBLHgp;) in the early morning at Kathmandu were very much scattered
in between 12.5 m and 768.5 m with a large standard deviation (SD) of 160.43 m and
an interquartile range (IQR) of 71.5 m. Similarly, the Bulk Richardson Number
technique (RM) yielded PBLH between 1.5 m and 768.5 m with SD of 147.94 m and
IQR of 82.5 m., PBLH detected up by RM was typically indicated by a shift in wind
direction, a decrease in wind speed, or both. PBLH estimates by GMy ranged between
surface level (0 m) and 1997.0 m with IQR of 71 m and SD of 174.27 m. It was found
that PBLH estimates obtained by GMy were zero only when the thermodynamic
condition of the atmosphere was either convective or neutral. The variation in PBLH
obtained from various techniques can be ascribed to disparities in the boundary layer

height parameters, which serve as the foundation for the study.
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4.2.2 Inter-comparison and validation

PBLH from different T-profile methods were estimated out of the same RS data for the
whole study period. The GM, method gave the closest estimates (near to unbiased) of
PBLH to SBI with very small bias (—3.57 m), both coefficients of determination
( R?) with the 1:1 line and regression slopes ~ 1 (Figure 19 [(a) & (c)], Table 10). The
interquartile range (IQR) of the difference in PBLH (AH) is 0.5 m only. All other error
metrics (APPENDIX B) are the lowest too (MedAE = 3.0 m, MAE = 4.75 m, and
RMSE = 15.49 m). Similarly, RM also shows a good agreement with the results of SBI,
having a bias of —14.28 m, RMSE ~89 m, and IQR of the difference in PBLH (AH) ~
32.0 m. RM versus SBI has a regression slope of ~ 0.83 and a coefficient of
determination ( R?) ~ 0.65 with their regression fit (Figure 19 [(a) & (b)], Table 10).
This method slightly underestimates PBLH by SBI. Reanalysis data could only be
compared on a reduced data set (328 cases) because of reanalysis data availability. Since
the reanalysis of PBLH uses an entirely different algorithm and detection methods, its

comparison with the RS-SBI method revealed large variations.
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Figure 19: (a) Box plots of difference in PBLH estimates ( AH) detected by two T-profile methods,
i.e., RM and GMy, using radio soundings profiles (Nov 2019—Mar 2022) and ERAS reanalysis data
(Nov 2019-Dec 2021) w.r.t. PBLH from SBI method at 0545 LT in Kathmandu; (b—d) their respective
Scatter plots. Here, Z¢y,, Zgy and Zgg, , represent PBLH by GMg , RM and SBI methods

respectively; Zggas represents PBLH from ERAS reanalysis data
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Table 10: Linear regression metrics for performance assessment of early morning (0545 LT) PBLH
from radiosoundings data (Nov 2019—Mar 2022) detected by two T-profile techniques, i.e. RM
and GMy, and ERAS reanalysis PBLH data—w.r.t. reference method (SBI) for inter-comparison, in
Kathmandu. Where, r, R?, MedAE, MAE and RMSE denote Pearson’s correlation coefficient,
coefficient of determination, median absolute error, mean absolute error, and root mean square error
between the PBLH estimates from two different methods; and N denotes a total number of considered

data pairs. Details of the regression metrics have been given in APPENDIX B

Methods , R2 Bias MedAE MAE RMSE N
(m) (m) (m) (m)

RM / SBI 0.83* 0.65 —14.28 15.0 42.09 88.66 417

GM, / SBI 0.99%* 0.99 -3.57 3.0 4.75 15.49 417

ERAS/ SBI —0.22* —0.55 —100.94 44.4 118.981 203.59 328

*0.001 - level of significance

With respect to SBI-PBLH estimates, reanalysis PBLH has a slope of — 0.05,
correlation coefficient (r) of —0.22, large bias (—=100.94 m), and a very high RMSE
(203.59 m). Their goodness of fit ( R?) is —0.55, suggesting that they cannot be linearly
related. IQR of difference in PBLH (AH) (Figure 19(a)) and the rest of the error
metrics is the highest of all comparisons. This comparison of PBLHggss to the
reference PBLHgp,; suggests that PBLH from reanalysis data have a strong negative bias
i.e. PBLHgR 45 under-estimates PBL height during early morning in Kathmandu. This
behavior is not only limited to a season; it is observed throughout the year. PBLH yields
produced from RM are generally higher than those retrieved from other methods under
the SBL classification, according to a comparison of PBLH yields obtained from other
approaches. In China, H. Li et al.(2021) also reported similar results while comparing
PBLH estimates from different methods for SBL cases using RS measurements (Jan—

Dec 2019) of 0000 UTC at nine sites across China.

Under SBL classifications, SBI and GMg are more effective than RM, however, results
from RM are quite consistent and reliable. The conclusion of this study also agrees with
Aryee et al. (2020)'s findings, which show that GMg is better performing than RM and
other approaches, including SBL situations. A body of literature (e.g., Li et al., 2021;
Seidel et al., 2012) negated the use of RM to estimate PBLH from SBL classifications
since turbulence is weak in surface-level inversion. RM finds its wider application in
CBL cases. Unlike many studies, reliable estimates of PBLH by RM were obtained in

SBL cases, which became possible by reversing the use of critical Richardson’s
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number (Ri.) while estimating PBLH as mentioned in the methodology section
(3.4.5.2.1). Based on the performance assessment, GMy and SBI method are
recommended as primary methods for estimating PBLH from SBL classification, while
RM might be used, either. With the preceding optimization statement, it was decided to
use PBLHgpg; as the representative PBLH, if SBL was observed in the particular day
sounding profile. Likewise, PBLHpg,, were selected for CBL or NBL classifications.

4.2.3 Effect of boundary layer on air pollution dispersion and visibility

Figure 20 and Table 11 show the seasonal variation of PBLH, ventilation coefficient
(VC), PM2.5, and some key meteorological parameters in Kathmandu at 0545 LT
measured between Nov 2019 and Mar 2022. The highest early morning average PBLH
(206.28 + 115.81 m) was observed in the pre-monsoon month of April, gradually falling
as the season advances to monsoon season. The lowest value (34.52 £ 10.77 m) was
observed in September, it again starts rising and gains another secondary peak (205.27
+ 51.43 m) in December. Interestingly, early morning PBLH in winter months (DJF) is

generally higher than during summer months (JJAS).
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Figure 20: Box plots of seasonal variation of (a & d) PBLH (Zs) and Ventilation Coefficient (VC)
from radiosonde soundings profile (b) PM2.5 and (c) Visibility (VIS) in Kathmandu at 0545 LT from
Nov 2019 to Mar 2022
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Table 11: Monthly average values of different parameters, namely, PBLH and VC (Ventilation Coefficient) in Kathmandu, PM2.5 at Phora Durbar, and visibility,

temperature, relative humidity, and wind speed in Tribhuvan International Airport (TIA) in Kathmandu at 0545 LT from Nov 2019 to Mar 2022. The bold-faced values are

the highest and lowest monthly averages

Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
160 + 140+ 110+ 200+ 60+ 60+ 40+ 50+ 30+ 42+ 120+ 210+
PBLH (m)
44 36 32 115 16 14 10 14 10 8 40 51
140+ 120+ 110+ 200+ 40+ 40+ 30+ 30+ 40+ 44+ 100+ 190+
VC (m?s™1)
51 40 39 135 10 17 18 11 16 11 37 58
89+ 82+ 100+ 80+ 30+ 16+ 13+ 8+ 15+ 29+ 51+ 68+
PM2.5 (ug m™3)
8 6 13 15 4 3 7 1 2 2 3 4
o 3.9+ 4.3+ 5.0+ 5.2+ 5.9+ 6.6+ 6.0+ 6.4+ 6.5+ 6.1+ 5.4+ 4.9+
Visibility (km)
0.2 0.3 0.2 0.4 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2
5.1+ 6.6+ 1.1+ 12.6+ 16.8+ 20.4+ 21.0+ 21.0+ 20.2+ 16.6+ 9.8+ 5.4+
Temperature (°C)
04 0.5 0.5 0.6 0.6 0.3 0.2 0.2 0.3 0.7 0.5 0.5
96.5+ 94.8+ 89+ 86+ 93+ 96+ 98.0+ 98.0+ 97.5+ 96.3+ 96.9+ 96.9+
Relative Humidity (%)
0.6 0.7 1 3 2 1 0.6 0.7 0.6 0.7 0.5 0.5
1.7+ 1.5+ 1.6+ 1.7+ 1.8+ 1.5+ 1.7+ 1.6+ 1.8+ 1.4+ 1.4+ 1.9+
Wind Speed (m/s)
0.3 0.2 0.2 0.2 0.4 0.2 0.6 0.2 0.3 0.2 0.1 0.6
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Typically, sunrise in Kathmandu varies between ~0500 and ~0700 LT: 0500-0630 LT
in pre-monsoon, 0500-0600 LT in monsoon, 0510-0550 LT in post-monsoon and
0630-0700 LT in winter season (Mues et al., 2017). The variations in early morning
PBLH estimations between seasons are in line with the seasonal variations in soil heat
capacity and surface air temperature (Table 11). Because of the late sunrise and
enhanced cooling of the earth's surface in the winter season, a strong surface inversion
layer forms over the Kathmandu Valley overnight through the early morning. As a
result, in winter, heights that correspond to the top of the surface inversion layer—that
is, early morning PBLH, as identified by RS in this instance—are often higher than in
other seasons. However, daytime PBLH shall follow the opposite suit, with higher
PBLH in warmer summer months than winter months since daytime PBLH corresponds

to the CBL type.

Shrestha et al.(2015b) reported MLH of 80 m at 0500—-0600 LT at a central location of
valley basin, Sanothimi, Bhaktapur on 12 March 2013 (pre-monsoon) by using
monostatic flat array Doppler SODAR (Sonic Detection and Ranging) data. Similarly,
Shrestha et al. (2015a) found an early morning MLH of ~520 m during their SODAR
measurement campaign from 11 to 24 June 2013 at a western low-mountain pass of
Kathmandu Valley, Aindanda. Contrary to this result, MLH obtained by Ceilometer
measurements at Bode, Kathmandu valley, Mues et al. (2017) reported a higher
nighttime/ early-morning MLH in monsoon and post-monsoon rather than pre-
monsoon and winter seasons. The highest deviations of these results (PBLH < 60 m)
from theirs (median MLH = 220-370 m) occur in monsoon season. They attributed
their findings to the higher seasonal average temperatures in monsoon and post-
monsoon seasons. Since early morning is mostly characterized by a stable boundary
layer, higher PBLH was expected when the average seasonal temperature is low—
commensurate with the findings. Rather, the observed opposite seasonal variation of
early-morning RS-PBLH and ceilometer MLH at two different measuring sites located
within Kathmandu Valley shall be attributed to different techniques employed for their
respective measurement. Mues ef al. (2017) used a gradient-based algorithm in which
attenuated-back-scatter profiles of the laser beam transmitted from the ceilometer are
looked for gradient minima that mark the aerosol layers top (Miinkel, 2007). They
assumed that aerosol concentration is nearly uniform vertically across ML and higher

than above, (Steyn ef al., 1999). In that respect, the lowest seasonal early-morning-

87



MLH in winter as reported by Mues et al. (2017), and the highest PBLH as observed
by us have the same physical meaning. According to the algorithm used in this study,
the higher the PBLH the stronger the SBL that suppresses the vertical mixing of
aerosols. Thus lowest MLH (as reported in (Mues et al., 2017)) is equivalent to the
highest PBLH (reported in this study) and vice-versa.

The peak level of monthly average PM2.5 (97.77 + 13.31 uyg m~3 in March) was
witnessed during premonsoon, which fell to its lowest point (8.65 + 1.20 ugm~3, in
August) during the summer monsoon period. It again rises and reaches a higher level
during winter. As a result, compared to the wet season (monsoon), the fine mass
concentration (PM2.5) level is higher during the dry season (winter, pre/post-
monsoon). Likewise, seasonal visibility is worse in winter and best during monsoon at
TIA. The best (6.59 £ 0.27 km) visibility condition was witnessed in June and the worst
(3.90 £ 0.24 km) in January.

To describe the vertical transport of pollutants in Kathmandu, it was attempted to
establish the correlation between PM2.5, PBLH, and VIS in the early morning. A weak
correlation between PBLH and PM2.5 (» = 0.35, p < 0.001) and a similar weak
correlation of PBLH with VIS (r=—0.16, p <0.001) (Table 12) were found.

VIS and PM2.5, however, have a strong anti-correlation (» = — 0.59, p < 0.001). It was
attempted to examine the relationship between visibility and PBLH under different RHs
since a higher level of aerosol water could have favored corresponding enhanced ex-
tinction by hygroscopic aerosol species that need higher PBLH for better vertical trans-
portation to have better visibility. However, variation in early morning RH is very small

around the year.

Analyzing PBLH, PM2.5, and VIS relationships independently during fog-haze mixed
events and haze occurrences in Beijing (Jan 2014-Mar 2015), Luan and colleagues
(2018) observed that there was a negative exponential association (R? = 0.80) between
PM 2.5 and VIS. They also observed an inverse linear correlation between PM2.5 and
PBLH in the case of haze events, and a negative exponential relation in the case of fog-

haze mixed events.
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Table 12: Results of Pearson’s correlation coefficient among fine particulate mass (PM 2.5), planetary
boundary layer height (PBLH), and ventilation coefficient (VC) from radio-sounding profiles, and early
morning (0545 LT) visibility (VIS) at TIA in Kathmandu.

PBLH vs. PM2.5 PM2.5 vs. VIS PBLH vs. VIS VC vs. VIS

r=0.35, p<0.001 r=-—20.59, p<0.001 r=-—0.16,p<0.001 r=-20.13,p<0.001

They also found a positive linear correlation between PBLH and VIS (R? = 0.35 (for
haze events) and 0.56 (for fog-haze mixed events)). In contrast, Lou et al. (2019) in
China also noticed a positive correlation between PM2.5 and PBLH in SBL cases

utilizing four years of L-band radiosonde data (2014-2017).

Apart from PBLH, WS also plays a role in regulating the amount of air pollution. WS
determines the horizontal diffusion capabilities of pollutants whereas PBLH governs
the vertical diffusion. The combined effect of these two entities (PBLH * WS) yields a
ventilation coefficient (VC). This is frequently used as an index to assess how well the
atmosphere can disperse air pollution. The ventilation coefficient (VC) was the highest
(200 = 135 m? s™1) in April and the lowest (30 £ 18 m? s™1) in July.

4.2.4 Relationship between air pollution, meteorology, and visibility

Figure 21 shows a typical monthly snapshot view of variation of visibility, other related
meteorological parameters (RH, WS), and PM2.5 in Kathmandu. In general, the diurnal
variation of visibility is concurrent with the temperature variation (T); as the day
progresses, surface temperature rises and peaks at about 3—4 pm when net solar flux is
maximum and visibility follows suit. It is also evident that higher WS, low RH, and
low PM concentration are typically linked to greater VIS. Due to rain on 16 and 17 Jan,
high RH was observed, lower peak visibility than other days, and lesser diurnal
variation in VIS. These two days witnessed fog, mist, and haze limiting visibility at the
airport. Visibility less than 1 km is associated with the occurrence of winter fog over

the airport.

From Figure 22(a), it was seen that high RH is strongly correlated with low visibility.
As RH increases, the occurrence of good visibility (VIS > 10 km) drops and that of
poor visibility (VIS < 5 km) rises. When RH is greater than 70%, the occurrence
frequency of poor visibility category (1 <VIS <2 km) increases.
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Figure 21: Time series of visibility (VIS), PM2.5, RH, Temperature (T), and wind speed (WS) in TIA
for January 2020

The occurrence of the poorest visibility category (VIS < 1 km) increases sharply when
RH exceeds 90%, which should probably be because of rain, mist, and fog and partly
by the aerosol effect on ambient aerosols in the Kathmandu atmosphere. The frequency
distribution of RH at TIA reveals the airport having a high level of moisture (> 90%)
for the highest period (~28% of the time) (Figure 22(a)). The valley witnessed a dry
atmosphere (RH < 40%) for only ~7% of the period. The results of this study are
consistent with many previous works (e.g., Malm & Day, 2001; Sequeira & Lai, 1998;
Zhang et al., 2010) which showed visibility reduction under high RH.

Analyzing the relationship between visibility and wind—a factor that defines air pollu-
tion transport—is necessary in order to comprehend variations in visibility at a given
location. TIA witnessed a higher occurrence of very low visibility (VIS < 1 km) in calm
wind conditions (WS < ~1 m/s) (Figure 22(b)). These conditions generally correspond

to winter fog, heavy rain, or extreme haze.
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Figure 22: Occurrence frequency of visibility (VIS) at TIA, Kathmandu, in relation to RH (a) and WS
(b) for 1973-2020

A high occurrence (~38%) of good visibility conditions (VIS > 10 km) was observed
under calm wind conditions, which correspond to very little air pollution in the valley’s
atmosphere. With slight speeding up of wind (0.5 < WS <1 m/s), the occurrence fre-
quency of good visibility sharply declines to less than ~5%. This suggests that a slow
transport of aerosols originating from local emission sources near the airport shall occur
towards the airport, which disperse away quite slowly from the airport leading to im-
paired visibility at the airport. Further faster wind (WS > 1.5 m/s) causes moderately
good (5 < VIS <10 km) to good visibility occurrence to rise and poor visibility occur-
rence to drop. There is very little (~ 10%) chance of poor visibility (VIS < 5 km) when
the wind is blowing faster than 2.5 m/s. This indicates that the faster the wind, the better
the horizontal dispersion of air pollutants in the valley. It was also found that TIA wit-
nesses the highest frequency of wind in the speed range of 1-1.5 m/s (~ 27.5%) (Figure
22(b)).

Figure 23 presents the distribution of visibility in TIA in relation to wind direction and
-speed in different seasons. These bivariate polar plots enable particulate source
apportionment and provide an efficient graphical representation of emission sources
with wind speed and direction. KTM exhibits distinct dominant wind direction from
the western quadrant in all seasons. The fastest and slowest wind occurs in pre and post
—monsoon, respectively. A very little dependence of wind direction on visibility was
found in all seasons except for the winter—when the slow easterly wind (1-2 m/s);

more specifically from Northeast to south is seen to cause poor visibility at TIA.

91



Monsoon (JJAS)

Post-monsoon (ON)

Winter (DJF)

Figure 23: Seasonal visibility (VIS) distribution at TIA, KTM relative to wind speed and direction
(1973-2020)

The precise reason for this directional dependence, particularly in winter needs

extensive investigation of the location of emission sources, which is beyond the scope
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of the study. Kathmandu Valley has a distinct geographical behavior.
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4.2.4.1 Influence of optical properties and hygroscopic effect of aerosol on

visibility
4.2.4.1.1 Extinction coefficient of PM2.5

Figure 24(a) presents the relationship between ambient extinction coefficient and vis-
ibility at TIA. It was found that the average extinction coefficient of PM2.5 and VIS at
TIA was 621 + 4 Mm™! and 6.91 + 0.02 km respectively. Here, a sharp decrease in
VIS with an increase in bex; Was seen; they exhibit a power-function relationship. Ad-
ditionally, a notable rise in the extinction coefficient was noticed because of the parti-
cles' hygroscopic growth, which is not depicted in this figure. These results point to
having a high atmospheric aerosol load in the area. Then, a power law function relating
these two parameters was fitted. The fitted model is highly consistent with the ob-
served/computed VIS-bex relationship (R*= 0.91). The link between bex and PM2.5 is
shown in Figure 24(b), where the mass extinction efficiency of PM2.5 (6.45 m2/g) is
indicated by the slope of the regression line.

4.2.4.1.2 Mass extinction efficiency and hygroscopic growth factor

The PM2.5 MEE, in the current study, ranged from 5.93 to 116.19 m*/g (Figure 25 (a)).
The observed MEE values are quite large and much scattered when compared with the

results from other works conducted elsewhere (e.g., Cheng et al., 2017; Shin et al.,
2022).
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Figure 24: Relationship between: (a) visibility (VIS) and wet extinction coefficient (bex) of PM2.5 and
(b) wet extinction coefficient (bex) of PM2.5 and PM2.5—in TIA, Kathmandu for Jan—Dec 2020
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Figure 25: The relationship between (a) daily average mass extinction efficiency (MEE) and relative
humidity (RH), and (b) daily averages of hygroscopic growth factor f (RH) and RH—at TIA, Kath-

mandu in 2020. Here, R? represents the coefficient of determination of fitted curves

The relative mass ratio between the three primary PM2.5 constituents—organic,
inorganic, and crustal—had the greatest impact on the MEE values (Pitchford et al.,
2007). Prior studies (Cheng et al., 2017), for example, showed that the corresponding
MEE value increased with the mass percentage of secondary inorganic and
carbonaceous species in PM2.5. The higher value of MEE in TIA can be attributed to
this reason. The goodness of fit of the PM2.5 MEE-RH relationship curve is quite small
(R? = 0.29). Similarly, regression results of the hygroscopic growth factor were
presented in Figure 25 (b). The hygroscopicity of PM2.5 is often measured using a
value of f (RH) when RH = 80% (Cheng et al., 2017; Liu et al., 2008; Pan et al., 2009).
It was found that /' (RH = 80%) in TIA is ~1.52 falls in similar ranges of other previous
studies (Cheng et al., 2017). The main contributors to hygroscopicity in PM2.5 are the
concentrations of hydrophilic species such as sea salt, ammonium, sulfate, and nitrate.
This differs slightly from the factors that affect MEE. Although some water-soluble
organic carbon has some hygroscopicity, the hygroscopic effect of carbonaceous
species is thought to be much weaker than that of inorganic ions. The regression
equation in Figure 25(b) is very much able to model the relationship between /' (RH)
and RH, with a high R? value (0.86). Hygroscopic growth, thus, has a significant
influence on the VIS-PM relationship.
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4.2.5 Visibility regression model development and validation

Visibility forecasting is extremely difficult for both numerical and statistical models
because it involves numerous intricate processes related to radiation, droplet micro-
physics, aerosol chemistry, surface conditions, and turbulences (Chmielecki & Raftery,
2011; Doran et al., 1999; Gultepe et al., 2007; Herman & Schumacher, 2016; Smith et
al., 2002). Nevertheless, after examining the effects of numerous environmental and
meteorological variables on atmospheric visibility at TIA, a numerical model was cre-

ated for visibility forecasting.

In order to have a more profound understanding of the various elements that influence
visibility, a Pearson correlation analysis between visual information, air pollutants
(PM2.5), and meteorological variables (T, WS, and RH) (Figure 26) was performed. A
positive correlation between T and VIS (r = 0.62, p < 0.001); a negative correlation
between RH and VIS (r=—0.39, p <0.001), and PM2.5 and VIS (= —0.65, p <0.001);
and a very small positive correlation between WS and VIS (r = 0.04, p < 0.001) were
seen. The strongest anti-correlation found between PM2.5 and VIS suggests that atmos-
pheric air pollution is the primary determinant of visibility. Air pollutants in the atmos-
phere increase air light in the sight path thus obscuring visibility through attenuation of

light.

vis | 65 -39 4 /m/ '

RH — 1 /m/ -3 -39 -28
PM, s / 1 4 65 -69

Figure 26: Correlation matrix showing the relationship between different meteorological variables

PM,
RH
ws

VIS

measured in Tribhuvan International Airport (TIA) and fine mass concentration (PM2.5 (ug/m?)) meas-
ured at US Embassy, Phora Durbar, Kathmandu, in the year 2020. Where T, VIS, WS, and RH denote
ambient temperature (°C), atmospheric visibility (km), wind speed (m/s), and relative humidity (%)
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While ambient temperature (7) governs the diurnal cycle of boundary layer height
(BLH) in the atmosphere. The increased temperature destroys static stability and ele-
vates BLH, making more room available for air pollutants to mix vertically which
brings about the VIS improvement. Whereas, the impact of RH on VIS is rather a com-
plex phenomenon. It varies with the level of ambient pollution. With the increase in RH,
hygroscopic aerosols greatly increase PM concentration and light extinction capability
that eventually impairs VIS. Likewise, increased wind speed promotes horizontal dif-
fusion of pollutants reducing the pollution concentration near the surface resulting in

improved VIS.

To examine the relationships between VIS and two of the major factors (PM2.5 and RH)
affecting it, scatter plots and fitted regression functions of their hourly averages for one
year (2020) have been visualized (Figure 27). Here, RH was classified into four ranges:
RH < 60%, 60% < RH < 80%, 80% <RH <90%, and RH > 90 %. We observe that as
PM2.5 concentration rises in each RH range, VIS drops exponentially. Thus, a func-

tional relationship between the two can be reasonably presumed, i.e.:

VIS = f(PM,5) (50)

RH = 60%

60 = RH = 80%
80 <RH=90%
90 = RH = 100%
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Figure 27: Hourly mean visibility (VIS) vs. hourly average PM2.5 concentration at TIA, Kathmandu
in 2020 according to different relative humidity (RH) categories. Data points are color-coded by RH.
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Initially, VIS decreases sharply with increased PM2.5; however, when PM2.5 concen-
tration exceeds certain levels (e.g., 100 ng/m*)—different for different RH ranges—the
change in VIS is not as sensitive as a change in PM2.5. A lower correlation between
PM2.5 and VIS was also observed with increasing RH (Table 13). This suggests that
even with low PM2.5 concentration, VIS is lower at greater relative humidity (> 80%).
In this scenario, abundant water vapor covers the particle surfaces, increasing aerosol
scattering efficiency and severely reducing visibility. Furthermore, when RH increases,

the maximum visibility decreases for various RH ranges.

A single-parameter regression equation like the above (Eq. (50)) cannot forecast VIS
in other locations or times. It does not include the effect of other environmental varia-
bles, like, NO», O3, CO, T, WS, etc. Nevertheless, the above exponential relationship
between PM2.5 and VIS shall form the basis of the forecasting visibility model under
different RH ranges.

Table 13: Regression models of atmospheric visibility under different RH in Tribhuvan International
Airport, Kathmandu (Jan—Dec 2020). Where; T, VIS, WS, RH, and PM2.5 denote ambient temperature
(°C), atmospheric visibility (km), wind speed (m/s) and relative humidity (%), fine mass concentration
(PM2.5 (ng/m3)) respectively. R2 refers to the coefficient of determination of the regression model, “r”

refers to the Pearson correlation coefficient between VIS and PM2.5, and “p” refers to the p-value.

Stepwise Regression model RH Category R’ R

VIS = (8.292 + 0.004)e~(0-02)PMz 5

—0.77,
+ (0.026 + 0.006)T + (3.181 RH <60% 0.63
p<0.001
+0.005)
VIS = (5.822 + 0.003)e~(0-01)PMz5
— (0.021 + 0.004)T 60% < RH < 0.5 —0.74,
—(0.029 + 0.005)RH 80% ' p<0.001
—(0.06 + 0.02)WS + (5.9 + 0.3)
VIS = (6.0 + 0.1)e~(0:009PMz5 _ (0,04 + 0.01)RH 80% <RH < 0.54 —0.71,
+(5.8+1.1) 90% ' p<0.001
VIS = (6.55 + 1.11)e~(0:0060PM25 _ (.17 + 0.01)RH —0.64,
RH > 90 % 0.52
+(0.035 + 0.005)T + (16.3 + 2.4) p<0.001
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In the process of developing a brief model capable of predicting VIS at TIA airport, it
was presumed that apparent VIS at the airport is the result of a combination of various
factors affecting air pollution as well as meteorological variables as shown in the fol-

lowing equation:
VIS = f(PMZS) + f(RH; T' N02, 03; ))

Or,
(51)

VIS = f(PMZS) + Z aix; + €
i

(Zhang et al., 2019)

Here, x; denotes any important factor affecting VIS; a; represents a coefficient of linear

regression, and ¢ is the error term.

Equivalently,

VIS - f(PMy5) = ) axi+ ¢ &)

i
(Zhang et al., 2019)

Therefore, the difference between VIS and the functional relation between VIS and

PM2.5 can be expressed as a linear sum of the rest of the factors.

Firstly, regression parameters were obtained from exponential fitting (Figure 27).
These parameters were used as the initial values of modeling fit. Then, a multiple linear
regression between residues of prediction (LHS of Eq.(52)) and the remaining
parameters was carried out. Based on their importance determined by stepwise
procedure, we chose and included each independent parameter (s) into the final multiple
nonlinear regression model. After many rounds of regression and iteration, a model was
eventually developed that incorporates the main affecting factors besides PM2.5 (Table
13). It showed that under different RH ranges, the main contributors to the VIS are
different and their influence is additive. It is seen that PM2.5 is the main contributor in
all RH ranges. Besides it, T contributes to VIS when RH < 60%; T, RH, and WS
contribute when 60% < RH < 80%; RH contributes to VIS when 80% < RH < 90%; and
RH and T contribute when RH > 90%. At high RH (RH > 90%), temperature shall affect

VIS by influencing the condensation of water vapor.
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The validity of the nonlinear model combining exponential and multiple linear
regression was examined using test data spanning a year (Jan—Dec 2019) observed at
TIA. Figure 28 presents observed VIS versus simulated VIS based on the models
(Table 13). Compared to the single parameter regression models (Figure 27), the
nonlinear multiple regression model (Table 13) performs better in predicting VIS with

generally higher R?.

Figure 29 shows a time series plot of the daily averages of observed visibility (VISobs)
and the predicted visibility (VISsim) by the nonlinear regression model. It was noticed
that observed visibility at TIA is higher in wet months (Jun Jul Aug Sep) when the
PM2.5 level is lower in the atmosphere, and lower in dry months (Oct—-May) when
PM2.5 elevates in Kathmandu’s atmosphere. The simulated visibility also follows suit.
Thus, simulated visibility is highly consistent with observed one, i.e., it closely captures

day-to-day variation and seasonal changes that may occur in observed visibility.
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Figure 28: Comparison between hourly-observed visibility (¥ZSobs) and model-simulated visibility
(VISsim) during 2020 in Kathmandu: (a) RH < 60%, (b) 60% < RH < 80%, (¢) 80% < RH < 90%, (d)
RH > 90 %. Data points are color-coded according to the level of PM2.5.
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Figure 29: Time series of: (a) daily-observed visibility (V1S,bs) and daily-simulated visibility (¥7Ssim)
by the stepwise regression model, and (b) PM2.5 in Kathmandu (2020)

There are many advanced models available for visibility predictions. Numerical
Weather Prediction (NWP) Models have been widely used in the past (e.g., Arun et al.,
2022; Gultepe et al., 2006; Singh et al., 2018) for visibility predictions, elsewhere. As
artificial intelligence and Internet of Things (10T) sensor technologies continue to ad-
vance, intelligent identification and analysis based on video data is becoming more and
more popular in visibility prediction and detection (Babari et al., 2011; Zhai and Cheng,
2020). Several authors (e.g., Liu et al., 2022; Wang et al., 2020) have used deep learn-

ing technology in visibility forecasts, too.

Similar to this study, various researchers (e.g., Wen and Yeh, 2010; Zhang et al., 2018)
also have developed simple multiple linear regressions illustrating the effect of air pol-
lutants and meteorological conditions on visibility elsewhere in the past. Furthermore,
various empirical regression models employing logarithm of coarse particle concentra-
tion were developed for visibility in Guangzhou, Shanghai, and Beijing (e.g., Lin et al.,
2012; Tsai, 2005). Additionally, several studies have suggested that visibility is a linear
response to the exponential function of PM2.5 concentrations in specific ranges of RH
(e.g., Cao et al., 2012; Yu et al., 2016; Shen et al., 2016). These papers collectively
suggest that the impact of meteorological and air pollution on visibility is complex and

non-linear.
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The regression model that we developed in this study is an extended work aiming to
develop a simple equation connecting basic factors affecting visibility as done by pre-
vious researchers, mentioned above. However, the acceptable degree of consistency of
our regression model implies that this model using air quality and meteorological vari-
ables as inputs may serve as a practical approach to predict visibility at TIA. To our
knowledge, though simple, this model is the first of its kind in TIA for visibility predic-
tions. It may serve as a foundation stone for developing a more sophisticated visibility

model in the future.
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4.3 Winter haze and fog in Kathmandu
4.3.1 Long-term trend of haze and fog

Interannual variation of frequency of haze during winter (DJF) over the study period
(Figure 30(a)) reveals that haze occurrence in Kathmandu’s 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 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, the whole
data was divided into two periods 1976-2000 (regime-I) and 2001-2022 (regime-II),
and further analyzed. Trend results (Table 14) also reveal a definitive increase in haze
day frequency for this study period (2.36% day yr~! at 0.001 significance level
before the year 2000 and 0.36% day yr~?! at 0.05 significance level after the year 2000).
However, the frequency of winter fog in Kathmandu (Figure 30(b)) remained mostly
below 20% until the year 1998, which rose to 66% in the year 2001, and again declined
to 13% in the year 2006.
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Figure 30: 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 (TTA), Kathmandu, from 1976 to
2023. The error bars indicate the Margin of Error (MoE)
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Table 14: Trend results of occurrence frequency of haze, fog, and dense fog days in winter (DJF) at
Tribhuvan International Airport (TTA) in Kathmandu from 1976 to 2022 using MK-Test and Sen’s

slope. CI denotes the confidence interval.

Mann-Kendall Sen's slope
Period , | Trend CI
p—value
" Q (%yr™) %
1976-2000 4.79 <0.001 2.36* [1.00, 3.69]
Occurrence frequency
2001-2022 2.01 0.044 0.36F [—0.12,1.75]
of haze days (%)
1976-2022 7.34 <0.001 2.34%* [1.79, 3.00]
1976-2000 1.92 0.055 0.4671 [—0.45, 1.25]
Occurrence frequency
2001-2022 —0.91 0.364 —0.56™ [—2.78, 3.83]
of fog days (%)
1976-2022 2.52 0.012 0.4671 [—0.06, 1.04]
1976-2000 —0.89 0.374 —0.25" [—0.75, 0.25]
Occurrence frequency
2001-2022 —3.23 0.001 —1.28** [—1.84,0.13]
of dense-fog-days (%)
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

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, only
four foggy days were observed out of 90 days. Trend result of fog days revealed an

upward trend (0.46% day yr~? at 0.05 significance level) in regime 1.

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 14). 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~! at 0.01 significance level) in regime II. There was
little variation (variance = 0.6%) in occurrence frequency up until the year 2011 (Figure
30(c)). During this period, the year 1998 saw the fewest dense-fog episodes (11% of
available winter days), while the year 2000 saw the most (40%) of these episodes.
Dense fog events were below 10% after the year 2016. Dense fog was observed in only

one day in the winter of 2020, two days in 2021, and none in the year 2022.

Other studies (De & Dandekar, 2001; Saikawa et al., 2019; Sarkar et al., 2006; Syed et
al., 2012) have also documented a rise in regional haze and fog occurrences over time

in Hindu Kush Himalayan (HKH)—the region where the KTM valley lies.
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The level of air pollution in the atmosphere is detrimental to the existence and intensity
of haze. Due to its distinct bowl-shaped topography, atmospheric conditions, and an
increase in local emission sources, the Kathmandu Valley is particularly vulnerable to
air pollution (Becker et al., 2021; Mool et al., 2020; Panday et al., 2009). 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) makes KTM Valley occa-
sionally rank as having the worst particulate air pollution levels worldwide (Becker et
al.,2021). Wintertime particulate pollution in the valley comes from diverse local emis-
sion sources, e.g., traffic fleets (Mool et al., 2020; e.g., Shrestha et al., 2013), refuse
burning, industries, dust from poor road networks, brick kilns, open burning of munic-
ipal solid waste (Saikawa et al., 2020; Zhong et al., 2019), domestic biofuel usages
(Zhong et al., 2019). Besides local emissions, the transboundary flow of air pollutants
emitted in the IGP—a global hotspot of air pollution—too affects level of the air pollu-
tion in the valley (Khanal ef al., 2022; Mahapatra et al., 2019) under favorable synoptic

conditions.

In KTM, meteorology also a vital role in air pollution mixing, diffusion, and scaveng-
ing. Near-surface temperature and wind speed are the lowest in Table 15 in the winter
months at Kathmandu. Strong temperature inversions during the night cause a cold air
pool to form above the valley basin, trapping air pollution close to the ground and caus-
ing a high level of air pollution; as the day goes on, the cold air pool dissipates as
incoming solar radiation heats the surface, lowering particulate matter (Panday et al.,
2009; Panday & Prinn, 2009). Mues et al. (2017) also reported having a low Mixing
Layer Height (MLH) and Ventilation Coefficient (VC) during wither in the valley that
suppresses buoyant vertical transport of air pollutants. Rain scarcely occurs in the val-
ley 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.

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 pg m~3) annually.
Considering visibility as a proxy of air pollution, the present study using multi-decadal

data, also suggests similar deteriorating winter air quality in the valley.
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Table 15: Seasonal average values of different meteorological parameters namely, visibility, temperature, dew-point temperature, relative humidity, and wind speed at

Tribhuvan International Airport (TIA) in Kathmandu from Nov 1976 to 2023. The bold-faced numeric values are the highest and lowest monthly averages

Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
5.83+ 6.41+ 6.85+ 7.13+ 8.35+ 8.69+ 8.50+ 8.70+ 8.57+ 8.44+ 7.41+ 6.24+
Visibility (km)
0.06 0.07 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.07 0.07 0.06
10.51+ 13.39+ 17.29+ 20.81+ 22.38+ 24.10+ 23.82+ 23.94+ 22.93+ 20.23+ 15.47+ 11.59+
Temperature (°C)
0.07 0.08 0.08 0.08 0.06 0.05 0.04 0.04 0.04 0.06 0.07 0.07
Dew point 5.00+ 6.85+ 9.05+ 11.62+ 16.05+ 19.67+ 20.95+ 20.93+ 19.76+ 15.33+ 10.12+ 6.25+
Temperature (°C) 0.03 0.03 0.05 0.06 0.04 0.03 0.02 0.02 0.02 0.05 0.04 0.04
) o 73.6+ 70.1+ 64.1+ 62.4+ 72.0+ 79.1+ 85.8+ 84.9+ 84.1¢ 76.8+ 74.9+ 74.4+
Relative Humidity (%)
0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.3 0.3
2.3+ 2.8+ 3.6+ 3.8+ 2.9+ 2.7+ 2.7+ 3.0+ 2.4+ 2.7+ 2.5+ 2.5+
Wind Speed (m/s)
0.3 0.3 0.5 0.5 0.3 0.3 0.4 0.4 0.2 0.4 0.4 0.4
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Possible reasons could be either an increase in wintertime air-pollution-activities—
local and/or transboundary—or a meteorological impact. Looking at the trend of
possible meteorological parameters (Table 16), a slight upward trend (0.28% /year at o
= 0.05) of RH in regime-I was seen, which might have played a contributory role in
haze enhancement. In regime II, RH reversed the trend (—0.46 %/year at a = 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 o = 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. Deterioration of visibility over long periods can be seen as a
manifestation of changing air pollution rather than meteorological effects (P. Zhao et
al., 2011). Thus, it is reasonable to mainly link this to a significant increase in
anthropogenic air pollution sources 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., 20006)).

Table 16: Trend results of meteorological parameters: Relative Humidity (RH), temperature (T), and
Wind Speed (WS) in winter (DJF) at Tribhuvan International Airport (TIA) in Kathmandu from 1976
to 2022 using MK Test and Sen’s slope . CI denotes the confidence interval.

Mann-Kendall Sen's slope
Period , | Trend CI
p—value
e Q (%yr™) %
1976-2000 2.55 0.011 0.287F [—0.10, 0.65]
Relative Humidity
2001-2022 —2.87 0.004 —0.46** [—0.94,0.64]
(RH) (%)
1976-2022 —1.24 0.215 —0.06™ [—0.20,0.18]
1976-2000 0 1.0 0.00ms [—0.13,0.13]
Temperature (T) (°C) 2001-2022 —1.48 0.14 —0.06™ [—016, 0.12]
1976-2022 3.06 0.002 0.04%** [0.01, 0.09]
1976-2000 0.37 0.708 0.01m [—0.06, 0.47]
Wind Speed (WS) (m/s)  2001-2022 —1.96 0.049 —0.02} [—0.03,0.01]
1976-2022 —-3.37 <0.001 —0.02* [—0.03,0.00]*

*-0.001, **-0.01, and T —0.05 level of significance ; ns — non significant

106



Thus, the observed haze uptrend in KTM can also be attributed to the transboundary
transport of IGP haze especially from Crop Residue Burning (CRB) from northern parts

of India and Pakistan after post-monsoon rice harvest.

Fog requires sufficient moisture and cloud condensation nuclei (CCN) as key
ingredients for its formation (Gultepe et al., 2007). Kathmandu Valley experiences
radiation fog early the next morning after a cold, calm, and clear-sky previous night
when the land surface cools below the dew point temperature by loss of heat by
radiation cooling—creating a temperature inversion. The occurrence of widespread

radiation fog in the IGP plains is a well-studied winter phenomenon.

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
(N1u et al., 2010). Many (Kathayat ef al., 2023; Niu ef 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).
According to Yan et al. (2020), aerosols increase droplet concentration and Liquid
Water Content (LWC) while reducing effective droplet size, which in turn promotes
fog. Some works of literature have also pointed out the possible change in land cover
use and irrigation area (Kathayat er al., 2023; Shrestha et al., 2018), and regional
meteorological change (Niu ef al., 2010). In addition to the looking at trend of plausible
parameters (e.g., RH and WS), the trend in Dew-point Depression (7a,)—the
difference between ambient temperature (7) and dew-point temperature (7y)—was
estimated, similar to the work of Kutty ez al. (2020). If dew point depression is low, the
saturation of air is more likely, and hence the fog formation provided other conditions
are met. In addition to elevated air pollution, declining nighttime 7gep (—0.03 °C/year
at o = 0.05) (Table 17) might have contributed to the observed increased trend of fog
during 1976-2000. Whereas, the decreased RH (—0.70 % /year at a = 0.001), and
increase in Taep (0.13 °C /year at a = 0.001) should have contributed to the decline in
dense fog occurrence since 2000. An increase in average nighttime temperature (0.14

°C /year at a = 0.01) was observed in the later period (2001-2022).
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Table 17: Trend results of winter-season average values of nighttime meteorological parameters,
namely, Relative Humidity (RH), Temperature (7), Dew-point Depression (7q.p), and Wind Speed (WS)
in winter (DJF) at Tribhuvan International Airport (TTA) in Kathmandu from 1976 to 2022 using

Mann-Kendall and Sen’s slope estimator. CI denotes the confidence interval.

Mann-Kendall Sen's slope
Period 7 | Trend CI
p—value
" Q (%yr™) %
1976-2000 1.89 0.059 0.18" [—0.17,0.43]
Relative Humidity
2001-2022 —3.44 <0.001 —0.70%* [—1.13,0.18]
(RH) (%)
1976-2022 —-1.93 0.05 —0.11™ [—0.29, 0.10]
1976-2000 0.58 0.559 0.01" [—0.05,0.10]
Temperature (7) (°C) 2001-2022 2.68 0.007 0.14%* [0.06, 0.34]
1976-2022 3.75 <0.001 0.07* [0.01,0.11]
. . 1976-2000 —-2.19 0.028 —0.03% [—0.05, 0.00]
Dew point Depression
(7o) (C) 2001-2022 3.29 <0.001 0.13* [0.03, 0.25]
o 1976-2022 1.67 0.10 0.02" [—0.01, 0.06]
Wind Speed (WS) 1976-2000 0.53 0.597 0.01" [—0.03, 3.43]
(m/s) 2001-2022 —1.43 0.153 —0.01" [—0.09, 0.03]
1976-2022 0.47 0.64 0.00" [0.00,0.00]

*-0.001, ** - 0.01, and {—0.05 level of significance ; ns —non significant

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 later periods. This can be visible in satellite
imagery of Kathmandu taken 60 years apart (Figure 31). 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.

This study leads us to the reasonable conclusion that rising aerosol pollution should
have been the cause of the observed upward trend of general fog (regime-I) in Kath-
mandu. Whereas, the more rapid declining trend in dense-fog occurrence (regime-II)
should be the result of the reduction in agricultural land and vegetation cover resulting

in reduced evapotranspiration and thus a reduction in the source of ambient moisture.
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Figure 31: Satellite image taken on 5 February 1967 (left) showing the broad floodplains of rivers

flowing through the Valley floor and open areas and agricultural lands in and around TIA and Google
Earth map taken on 20 April 2022 (right) showing urbanization of the Valley (Dixit, 2022)

With the reduced occurrence of dense fog in KTM, morning visibility in winter is usu-
ally above the minimum visibility required to operate flights at the airport. This has
made it easier to operate morning flights in recent years based on the experience of the

author himself and other pilots who have operated flights during later periods in TIA.

4.3.2 Microclimatic properties of fog

Figure 32 shows the occurrence frequency of fog (dense-fog) days having witnessed
fog of a certain duration at a stretch and intensity. It was 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). 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 33. 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 to 09:45 am in January with the most favorable onset time being 06:45 am when
more than 16% of all onset happen. 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 34.
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Figure 32: 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
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.

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—Iess
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 of 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. It was 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 33: 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
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Figure 34: Occurrence frequency of: (a) onset, and (b) dispersal of winter dense fog in Tribhuvan
International Airport (TTA), Kathmandu, from 1976 to 2023. The error bars represent a 95% confidence

interval of a single proportion
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Winter fog (dense fog) was found to have a wider onset/dispersal window at

Bhairahawa Airport (Kathayat et al., 2023).
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

This study assessed the temporal (in different time scales: seasonal, interannual)
variability of atmospheric visibility (VIS), the impact of most plausible factors on
visibility, and the implication to aviation in Nepal using a climatological dataset
spanning over four decades (1976-2022), air pollution data set (in-situ, remote sensing
and reanalysis) and most recent radio soundings measurements (November 2019—
March 2022). Based on the availability of data and previous research, and the strategic
significance of aviation in Nepal, two international airports: Tribhuvan International
Airport (TIA) in Kathmandu (KTM) and Gautam Buddha International Airport
(GBIA)—a recently upgraded international airport—at Bhairahawa (BWA) were
chosen. For better preparedness to lessen damage potential to aviation, some of the key
microclimatic behaviors of winter fog—one of the biggest challenges in winter flight
operations in Nepal—were also evaluated at both airport stations. Meanwhile, as an
initial effort to obtain sounding-based PBLH climatology in Nepal, different algorithms
were developed and validated to estimate boundary layer heights from vertical profiles
of L-band radiosonde measurements. Based on the findings of this study, the following

conclusions and recommendations are made.
5.1 Conclusions

There is obvious diurnal, seasonal, and inter-annual variation in atmospheric visibility
at both GBIA and TIA, commensurate with variation in solar radiation flux,
atmospheric pollution level, and dispersion mechanisms. It was found that haze,
specifically in winter and post-/pre- monsoon season impairs visibility, whereas winter

fog limits visibility during winter.

There has been a consistent decline in visibility over GBIA in all seasons. Poor visibility
events and haze days increased in all seasons—the biggest rise in post-monsoon
season—and winter-fog day frequency has almost doubled. The increased uptrend of
haze and overall poor visibility events have resulted from regionally increased air
pollution in Indo-Gangetic Plains (IGP). In winter, an increase in fog and haze
frequency results from increased seasonal RH and a slowing down of surface wind

speed. A comparison of poor-visibility occurrences in winter among four neighboring
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airports in IGP revealed that BWA witnessed a gradual increase while the rest of the
airports showed already peaked occurrences. This is attributed to the changes in the

level of local air pollution in the respective cities.

Kathmandu Valley also witnessed a sharp increment in the number of haze days in
winter. Haze intensifies during winter in the Kathmandu valley 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 1 (1976-2000), and slowing
down of wind in regime II (2001-2022) could have partly contributed to the
intensification of winter haze over the years. Fog events have increased in the valley,
though not a lot, 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.

An inverse power-function relationship was explored between AOD and VIS (even
better between PM2.5 and VIS at BWA. The negative correlation was strongly reliant
on ambient relative humidity and was most noticeable during the monsoon, then the
post-monsoon, winter, and pre-monsoon seasons. Similar is the relationship between
PM2.5 and VIS at KTM.

PBLH derived from radiosonde measurements represents a unique dataset and vital
information for the analysis of air quality and meteorological conditions in Kathmandu
Valley. It was found that surface-based temperature inversions occur in >90% of all
early morning soundings, suggesting that the majority of nocturnal SBL occur under
clear-sky conditions. After inter-comparison and performance assessment of each
method, it is concluded that the SBI method, which is used as the benchmark method
of estimating PBLH from SBL classification elsewhere, is the best method for
estimation of nocturnal SBL top and GMg is as robust as the SBI method. Whereas, RM
also yields reasonable estimates of PBLH in SBL classifications provided appropriate
use of Ri. . However, the reliability of ERAS reanalysis products on PBLH—especially
in mountainous terrain like Kathmandu—is highly questionable. This might be because

of the spatial resolution of the reanalysis data (0.25° X 0.25°, or, ~ 28 X 28 km). This is
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much coarser than the topographic variations in the valley. The strongest and deepest
nocturnal SBIs were found in winter and the weakest in monsoon. These seasonal
differences are explained by distinct seasonal meteorological conditions: solar radiation

(temperature), precipitation, and wind speed.

The statistical results reveal a good association between PM2.5 concentration,
nocturnal stable-boundary-layer height, and visibility in Kathmandu. A notable impact
of PBL structure on the distribution of PM2.5 concentration was found; a clear positive
correlation suggests a higher concentration of air pollution when the nocturnal-stable-
boundary layer is stronger. Because it inhibits the vertical mixing of pollutants, a deep
and robust surface inversion layer combined with low wind speed had a major role in
the buildup of PM2.5 close to the surface. Deeper SBL heights are associated with more
frequent stratification and sporadic turbulent boundary layer conditions, which are
frequently brought on by enhancement in ground-based PM2.5 measurements.
Likewise, airport VIS is weakly anti-correlated with SBL Height (SBLH). This suggests
that the deeper and stronger the SBL, the lower the surface visibility at the airport
because of a weak vertical dispersion of near-surface air pollution. Seasonal highest
visibility at the KTM airport is observed during the wet monsoon season because of
reduced air pollution emission, the active scavenging of particles by monsoon rain, and
shallower SBL that promotes convective transport of air pollution. Increased fine mass
concentration from October through February of next year in the valley and lower
visibility at the airport are partly attributed to increased biomass burning emissions

including brick kiln operations under a deep SBL in winter.

This study on the effects of optical properties of aerosols (specifically PM2.5) and their
hygroscopic effect on visibility at TIA revealed that airport VIS decreases sharply with
increased extinction coefficient and mass extinction efficiency (MEE), and hygroscopic
growth factor (f (RH)) grows exponentially with the RH and results in the reduction of
VIS.

Other key meteorological factors that affect visibility at TIA are relative humidity and
wind. Higher ambient humidity results in lower visibility through the change in optical
properties of hygroscopic aerosol species in the valley’s atmosphere. Similarly, faster
surface wind disperses local air pollution and improves visibility. The directional

dependence of wind on airport visibility was found such that wind with a speed of 1-2
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m/s flowing from the eastern quadrant of the airport (more specifically from Northeast

through South) impairs visibility in winter.

After analyzing the climatological dataset, for microclimatic behavior of winter fog in
Kathmandu, it was found that ~ 86% (~95%) of fog (dense fog) days witnessed fog
lasting not more than an hour. 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.

Poor visibility occurrence severely affects aviation at GBIA and TIA that seems to
continue; especially the alarming increase of poor visibility conditions in post-monsoon

and winter seasons are more concerning to flight operations at these airports.
5.2 Recommendations

The rapid rise in the occurrence of poor visibility in various forms in major airport
locations in Nepal is alarming. Based on the comprehensive study using a vast set of
historical data, the major precursors of visibility impairment in Nepal is found to be
enhanced air pollution over the years. The adverse impact of severe air pollution is not
only limited to impaired visibility but also many other areas ranging from human health,
climate, cryosphere, ecosystem, agriculture, and water availability to tourism in the
region (Saikawa et al., 2019). Some of the limitations that this study faced could be
addressed in future studies. Thus, below are some recommendations for the policy and

academia/ researchers:
5.2.1 Policy recommendation

To lessen the impact of visibility impairment in the aviation sector, and that of enhanced
air pollution in many other sectors (mentioned above) the following policy

recommendations have been advised:

e Investment in technologies and equipment to mitigate potential damage to the
aviation sector resulted from visibility decline at airports. As of now,

implementation of an instrument landing system (ILS), preferably CAT-1I/11I,
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and an advanced surface movement guidance and control system (A-SMGCS)

at GBIA to mitigate the damage potential to aviation, especially in winter.

Designing policies and measures to address the anthropogenic causes of
visibility decline. This includes controlling air pollution emissions at sources,
such as vehicular and brick kiln emissions, open garbage fires, etc. in
Kathmandu, and industrial and crop residue burning in Bhairahawa and Indo
Gangetic Plains. Special care is to be taken to control the emission of precursors
of secondary hygroscopic aerosols such as sulfates, nitrates, ammonium, etc. at

the source.

Understanding physical and chemical properties (e.g., concentration, type) of
aerosols while implementing measures to control air pollution in pollution-

vulnerable areas, such as Kathmandu and Bhairahawa.

5.2.2 Recommendation for future work

This work has achieved some insights into previously unexplored aspects of

atmospheric visibility in our country. However, many limitations were faced in terms

of data, methods, and scope of this research, which can be addressed in future studies

that would enhance our scientific understanding. Here are some of the

recommendations for researchers/ academia for further work:

Understanding aerosol-visibility relationship at GBIA and TIA using more
precise and high temporal-resolution routine visibility measurements from
various instruments like, Transmissometers, Forward Scatter Sensors,

Nephelometer etc.

Exploring different advances in visibility studies in our country, such as
measurement techniques, atmospheric modeling, impact of secondary aerosols,
impact of climate change, technological integration, and policy and mitigation

strategies.

Development of visibility prediction models using big data analytics and

machine learning algorithms in Nepalese airports

Use of artificial intelligence in visibility monitoring and forecast at Nepalese

airports
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Study on the mechanism of winter fog in Kathmandu valley by using models

and the effect of UHI on fog

It is challenging to elucidate the underlying complex mechanism of the
relationship between PBLH, aerosols, and meteorology via observational
studies alone. This also merits further future work using explicit model

simulations.
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CHAPTER 6

SUMMARY

Air pollution in the atmosphere poses many adverse socio-economic problems. Among
them, visibility impairment especially at the airports is one of its serious
consequences—since this may incur huge economic losses to the aviation sector and
may lead to fatal aircraft accidents in the worst-case scenario. Yet, this perspective
remains an unexplored but important issue to be addressed in our region. Thus, this
study aims to cater to this research gap in the aviation sector of our country by choosing
two of the major international airports: Tribhuvan International Airport (TIA) at
Kathmandu (KTM) and Gautam Buddha International Airport (GBIA) at Bhairahawa
(BWA).

A vast set of climatological data—spanning more than four decades—was used
supplemented by in-situ measurements, remote sensing and reanalysis data of air
pollution, and vertical profile measurements of the atmosphere using radiosondes. The
vast dataset has been analyzed using Python and ‘R’ programming languages. We used
very robust statistical methods: Mann-Kendall (MK) test, Sen’s Slope indicators, and
Ordinary Least Square (OLS) regression tests for quantifying the changes in visibility
and Pearson’s correlation and other regression metrics (APPENDIX B), etc. for

quantification of relationship and performance validation respectively.

It was found that haze and fog are the two major weather types reducing visibility in
Nepal, both of which display a significant uptrend. At BWA, the most alarming increase
in the haze is witnessed in the post-monsoon season. Whereas, KTM witnessed a
serious intensification of haze in winter as well as a notable increase in fog occurrence
during regime-I (1976-2000). Winter-haze plateaued and dense fog occurrence
declined later in regime II (2001-2022) in KTM. Obvious local and regional air
pollution at both sites would drive the intensification of both weather types in all
seasons. After further careful examination of all plausible climatological drivers of the
change, increased moisture, and decreased wind speed appear to support the
intensification of winter haze and fog at BWA, while decreased ambient moisture level
and increased dew point depression after the year 2000 appear to support decreased

dense fog occurrence in KTM.
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It was found that the level of air pollution is the highest in dry and lowest in wet seasons,
while airport visibility is just the opposite. Thus, a reciprocal relationship between the
level of air pollution and visibility was established at the airports. The best anti-

correlation was observed for the monsoon season at GBIA.

Aerosol water effect on visibility was observed at both the airports—increased ambient
moisture content in the atmosphere leading to the reduced visibility—and also found
the RH and PM2.5 thresholds beyond which the effect displayed prominence. A
negative association between airport visibility and the WS and wind-directional

dependence of visibility was also found.

As a first effort to obtain sounding-based PBLH climatology in Nepal and study the
relationship of PBLH on air pollution dispersion and airport visibility, radiosonde
measurements launched from a suburban site in KTM were analyzed. It was concluded
that Surface Based Temperature inversion (SBI) is the best estimation technique for
SBL classification, while, reanalysis data proves to be not reliable in high-terrain
topography. It was found that the strongest and deepest surface inversions occur during
winter and pre-monsoon months and the weakest and shallowest stable boundary layer
occurs in the early morning of monsoon. A positive correlation between SBL height and
PM2.5 was seen. Similarly, a negative correlation between PM2.5 and visibility pair,

and SBL height and airport visibility pair were seen.

Some of the salient microclimatic properties of winter fog were also studied at both of
the airports. It was observed that the onset of fog usually occurs overnight up until early
morning on cold and clear-sky nights in winter and starts to disperse with the
progression of the day after sunrise. Dense fog occurrences are very short spells. The

occurrence and intensity of fog peaks typically in January.
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APPENDIX

APPENDIX A
A.1 IFR and VFR Airport Operations

The visibility condition at the airport with visibility of more than 5 km is referred to as
a Visual Meteorological Condition (VMC), i.e., nice and clear weather; and the

applicable rules for flight operations are Visual Flight Rules (VFR) (ICAO, 2005).

Instrument meteorological conditions (IMC) are “meteorological conditions in terms of
visibility distance from cloud, and cloud ceiling less than the minimum specified for
VMC” (ICAO, 2005). The corresponding applicable rules are Instrument Flight Rules
(IFR). However, aircraft can choose to fly under IFR in VMC conditions for orderly air
—air-traffic-flow-management. Most of the large aircraft, especially jets, opt to fly under

IFR in all weather conditions in most of the airports.
A.2 Controlled Flight into Terrain (CFIT)

It happens when an airworthy aircraft that the pilot is fully controlling erroneously flies
into a body of water, terrain, or an obstruction. Usually, the pilots do not realize there

is a threat until it is too late.

A.3 Different types of approaches at the airports for aircraft landing (VOR,
RNP, ILS)

Every airport requires having minimum visibility (visibility minima) level to function
properly for aircraft take-off and landing, which is determined by local authority based
on various factors: terrains, regulations, and most importantly available navigation
facilities at the airport. Each of the navigation facilities has different operational minima
that are aircraft-type specific. VHF Omnidirectional Radio Range collated with
Distance Measuring Equipment (VOR-DME or simply VOR) is one of the most widely
used navigation facilities at the airport that assists with aircraft take-off and landing in
normal (aircraft flying under IFR rules) and impaired visibility conditions. Many of the

airports in Nepal including both of our study sites are equipped with VOR DME:s.
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Table A.1: ILS categories and corresponding runway visual range (RVR) as per ICAO standards.
(ICAO, 2017)

ICAO Runway visual range (RVR)

ILS categories (CATS) (m)
m

CATI > 550
CAT Il 550 - 300
CAT IIA 300 -175
CAT IlIB 175-50
CAT llIC <50

Instrument Landing System, ILS in short form, facilitates aircraft to land in even worse
weather conditions, e.g., lower visibility and cloud ceiling conditions. Different
categories of ILS and the corresponding minimum visibility conditions—expressed in
terms of Runway Visual Range (RVR)—have been shown in Table A.1. The term
Runway Visual Range (RVR) describes the range at which a pilot seated in an aircraft

on the runway centerline can see the surface markers.

The higher the category, the better is its lading guidance. Although this technology is
highly advanced and efficient in catering to most unfavorable weather conditions that
reduce visibility at airports, e.g., dense haze and dense fog, it requires a huge monetary
investment and suitable topography. Thus, in our country, only two of the recent
international airports GBIA and Pokhara Regional International Airport are equipped
with these CAT-I ILS systems. Nonetheless, one at GBIA is yet to get operational

permission from the southern neighboring country.

TIA has been equipped with VOR-DME facilities for tens of years. GoN has recently
invested in a Localizer (LOC) facility at TIA, which also gives lateral guidance to the
lading aircraft with lower visibility and cloud ceiling threshold than VOR (Table A.2).
Installation of ILS in TIA is quite unlikely because of not so suitable topography. The
best-performing approach and landing facility available in TIA is Required Navigation
Performance-Authorization Required (RNP-AR), which has been in effect there since
2012, together with a VOR (Table A.2). However, RNP-AR type of approaches require
some special equipment on board the aircraft, complex training procedures for pilots,
and complicated approval processes. This implies that not all aircraft and all pilots are
capable and authorized to conduct such procedures. Thus, the basic mode of approach

guidance system in TIA is VOR.
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Table A.2: Different lading facilities available at GBIA and TIA along with required visibility thresh-

olds and their operational status

Minimum Required

Airport Landing Facility Remarks
Visibility (m)
VOR Runway 10 1800 Operational
RNP Runway 10 1800 Operational
GBIA, Bhairahawa .
RNP Runway 28 2200 Operational
ILS - Not Operational
VOR-DME Runway 02 2800 Operational
TIA, Kathmandu RNP-AR Runway 02 1100 Operational
LOC Runway 02 2000 Operational
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APPENDIX B
B.1 Pearson correlation coefficient ()

Pearson correlation coefficient in statistics gives a measure of linear relationship
between two different variables. It is the ratio of covariance of two variables and the

product of their standard deviation, i.e., normalized covariance.

For a given random variable pair (X,Y), the Pearson correlation coefficient (75, ) is

given by:

cov(X,Y) (B.1)

T. =
i 0y 0y

Where, cov(X,Y) stands for the covariance of X and Y; o, and o, are standard

deviations of X and Y respectively.

In this given paired data {(x1,¥1), ..., (Xn, Y )} consisting of n pairs, 7, is:

I (i — )i —Y) (B.2)
VT G — 02T, O — )

Where n is the size of the sample; x; and y; are individual sample points; and X and y

are sample mean values such that:

(B.3)
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B.2 Coefficient of determination (R?)

This statistic is generally used in the context of statistical models that have the main

purpose of predicting future outcomes or testing of hypothesis based on other related
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information. It gives the measure of the proportion of variation in the dependent

variable that can be predicted from the independent variable(s).

If{(f1, y1), ---» (f, ¥n)} represent modeled (predicted), and observed data (target) pair,

coefficient of determination is:

21 20— i) ®
2 — ¥)?
Or,
R2=1— SSres (B.6)
SStot
Where,

SSyes 18 the sum of squares of residuals (e; = (y; — f;) ):

, , (B.7)
SSres = Z(Yi - f)= Zei
i i

Moreover, SS;,; 1s the total sum of squares of the variable and the mean value.

(B.8)

SStor = Z()’i - 3_’)2
i

B.3 Mean absolute error (MAE)

It gives the measure of errors between paired observations that express the same
phenomena. It is calculated as the ratio of the sum of absolute errors to the sample size.
It uses the same scale as the measured data—a scale-dependent accuracy measure. Thus,
it is not appropriate to make a comparison between predicted values that use different

scales. It is one of the common measures of forecast error in time series analysis.
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MAE = ?=1 |yl - fll _ Z?=1 |ei| (B9)
n n

B.4 Median absolute error (MedAE)

This is particularly robust to the outliers and calculated as a median of all absolute
differences between the target and the prediction. The smaller the error better the

performance of a model.

(B.10)
MedAE(:Vlf) = median(l}’l - flll ey |y1’l - fnl)
Where, f; is the predicted value of i-th sample and y; is the corresponding true value

(observed value) as discussed above.
B.5 Root mean squared error (RMSE)

This is the standard deviation of residuals (e;) and it gives us a measure of how spread
out the residuals are, i.e., it tells us how near the data around the best fit is. RMSE finds
its most common application in forecasting and regression analysis of climatology to

verify experimental results. The working formula of RMSE is:

(B.11)

n
1
RMSE = |- (i = fi)?
i=1
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attended]. Atmospheric Composition and Asian Monsoon (ACAM), Guangzhou,
China

Non-credit lecturer series on ‘Research Methodology’ by Prof. Dr. Subodh R.
Shenoy (ICTP & TIFR) (6 Nov—22 Dec 2017) [Lecturer attended]. Central
Department of Physics, Kirtipur, Kathmandu, Nepal

‘MET service for Flight Operations’, Recurrent Training for Met Observers, MET
forecast Division (30 March 2018) [Training delivered]. Gauchar, Kathmandu,
Nepal

‘Python Programming for data analysis’ course, NPS School of Computing -2020
(4 July-31 January 2021) [Course completed]. Nepal Physical Society (NPS),
Kathmandu, Nepal

Specialization course on ‘Statistics with Python’ (June 2020) [Course completed].
University of Michigan, hosted by Coursera. Modules included: understanding and
visualizing data with Python, inferential statistical analysis with Python, and fitting

statistical models to data with Python

‘How to write an impressive research proposal and ISP promoting equal opportunity
in science’ (9 June 2021) [Workshop attended]. Atmospheric and Material Research
Center, Department of Physics, Amrit Campus, Kathmandu, Nepal with the support

of International Science Programme (ISP), Uppsala University, Sweden

‘Quantum computing’ (24 —30 July 2021) [Course completed]. LOCUS, Institute of
Engineering (IOE), Pulchowk, Lalitpur, Nepal

‘Satellite data retrieval from NASA ARSET/ EUMETSAT, and atmospheric
modeling’ (July 2022) [Online training attended]. EUMETSAT/ESA/ECMWE,

Germany
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10) ‘ArcGIS’ course (4-28 September 2021) [Course completed]. Skill corner and

consultation, Kathmandu, Nepal

11) ‘Machine learning for climate science and earth observation’ (19 October 2021)

[online workshop attended]. Climate change Al (https://www.climatechange.ai/)

12) ‘Proficient Manuscript Writing: Author’s and Editor’s Perspective’ (17 July 2022)
[Online workshop attended]. Association of Nepali Physicists in America (ANPA)
and Nepal Physical Society (NPS)

13) ‘Hydro-Met Master Plan of Nepal’ (6 April 2023) [Workshop attended].
Department of Hydrology and Meteorology (DHM) and World Bank, Kathmandu,
Nepal

168


https://www.climatechange.ai/

APPENDIX D

D.1 Attachments

169



Influence of Ambient Relative Humidity on Horizontal Visibility in the

Two Cities of Western Nepal having Contrasting Urban-Cum-Industrial

Backgrounds and Study of Long-Term Variation

Bhogendra Kathayat, Narayan Prasad Chapagain and Yash Raj Lamsal

Journal of Nepal Physical Society

Volume 8, No 1, 2022

(Special Issue: ICFP 2022)

ISSN: 2392-473X (Print), 2738-9537 (Online)

Editors:

Dr. Binod Adhikari

Dr. Bhawani Datta Joshi

Dr. Manoj Kumar Yadav

Dr. Krishna Rai

Dr. Rajendra Prasad Adhikari

Managing Editor:
Dr. Nabin Malakar
Worcester State University, MA, USA

JNPS, 8 (1), 55-62 (2022)
DOI: http://doi.org/10.3126/jnphyssoc.v811.48287

Published by: Nepal Physical Society
P.O. Box: 2934

Tri-Chandra Campus

Kathmandu, Nepal

Email: nps.editor@gmail.com

JNPS 1SSN:2392-473X (Print)

2738-9537 (Online)

Journal of
Nepal Physical Society

Special Issue: International Conference on Frontiers of Physics 2022
Vol. 8 No. 1

Nepal Physical Society




AN
ICFP 2022
ISSN:2392-473X (Print)
2738-9537 (Online)

Research Article ©Nepal Physical Society
DOI:http://doi.org/10.3126/jnphyssoc.v8i1.48287

Influence of Ambient Relative Humidity on Horizontal
Visibility in the Two Cities of Western Nepal having
Contrasting Urban-Cum-Industrial Backgrounds and Study of
Long-Term Variation

Bhogendra Kathayat,!>® Narayan Prasad Chapagain,?® and Yash Raj
Lamsal?> ¢

D Central Department of Physics, Tribhuvan University, Kathmandu, Nepal
D2Department of Physics, Amrit Campus, Tribhuvan University, Kathmandu, Nepal
3 Department of Management Informatics and communication, Kathmandu University, Dhulikhel, Nepal

¥ Corresponding author: bhogendra.735711@cdp.tu.edu.np
Y Electronic mail: npchapagain@ gmail.com
) Electronic mail: yashrajlamsal@ gmail.com

Abstract. Atmospheric visibility, a measure of horizontal distance one can distinctly see with unaided eye, is affected by the
scattering and absorption of visible light by the tiny particles (aerosols), or different gases present in the atmosphere. Thus,
visibility is commonly considered a proxy for ambient air quality. The long-term trend of visibility may reflect the change in the
air quality of a place over the period. In our study, we have analyzed historic climatological data (1977-2020) from the National
Oceanic and Atmospheric Administration (NOAA) global hourly archive, for the two cities of west Nepal, namely, Bhairahawa
(BWA, 27.506N, 83.416 E) and Surkhet (SKH, 28.6 N, and 81.617 E). We have found that both of the synoptic stations exhibited
persistent degraded visibility. BWA had poorer visibility conditions (poor air quality) than that of SKH since the beginning of the
study period. Since 2014, the ‘annual good day’ (V10 km) at BWA is steadily near 0%, and the ‘annual bad day’ (V<5 km) is 60
%, suggesting a degraded air quality. Similarly, we observed a notable decline in the 50th percentile of visibility in the mid-1980s
at SKH, and a sharp decline of ‘good day’ since 2011. Meteorology modifies the optical properties of aerosol/ gaseous in the
atmosphere, thereby, resulting in a change in visibility. In our study, we have investigated the influence of relative humidity (RH)
on prevailing visibility. Although the relationship between them exists in both of the stations, it is more distinctly visible at BWA.
‘We observed lower visibility conditions (V 3 km) occurring at an RH level as low as 50% at BWA. This indicates an abundance of
specific hygroscopic aerosols, whose light extinction thresholds are as low. At BWA, the impact of RH is evident during the dry
season. In contrast, the threshold value of RH is quite high (80%) at SKH and the relationship is prominent during the wet season.
This alarmingly poor air quality at both stations requires a serious concern because of its adverse impact on various sectors like
aviation, tourism, and public health.

Received:20 March,2022 ; Revised:20 April 200; Accepted:3 May 2022

Keywords: air pollution, meteorology, relative humidity, trend, visibility.

INTRODUCTION portant indicator of the status of atmospheric optics [4, 5,
6,7,8,9, 10, 11, 12]. This makes visibility an impor-
tant proxy for particulate matter pollution [13, 14]. At-
mospheric visibility can decrease because of the scatter-
ing and absorption of visible light by particles and gases
present in the atmosphere [10, 15, 16]. Several studies in
the past have confirmed that visibility extinction is related
to fine particles PM2.5, and PM10, especially particles
with a diameter of less than 1 mm [10]. The total light

Atmospheric visibility is a key element in meteorologi-
cal observation. Very good atmospheric visibility (up to
> 100 km) can be observed in unpolluted circumstances
in clear sky conditions [1, 2]. Whereas, the low visibility
is observed when there is heavy air pollution in the atmo-
sphere and, or bad meteorological conditions [1, 3]. Thus,
the status of atmospheric visibility, good or bad, is an im-
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extinction resulting from atmospheric particles can be ap-
portioned to the major components of particles, which
includes sulfate, nitrate, organic carbon (OC), black car-
bon (BC), soil, and the coarse mass fraction (PM10 and
PM2.5) [17]. Several studies have shown that countries
like the United States, China, and India having vast terri-
tories, large populations and giant economies have faced
problems of poor visibility conditions and hence the poor
air quality in different periods because of industrial revo-
lutions [18]. Serious sulfur and organics pollution in the
mid-eastern and western urban regions [6, 17, 19, 20]
were attributed to the poor air quality in the US during
those periods. Population and economic explosions in
their mega-cities, and the associated air pollution are at-
tributed as the reason behind the significant decline in vis-
ibility in India [18, 21, 22, 23, 24] and China [1, 3, 12,
25, 26, 27, 28, 29, 30, 31, 32, 33]. Meteorological fac-
tors, especially relative humidity (RH), have a great in-
fluence on visibility [17, 34, 35]. As the RH increases,
hygroscopic particles progressively uptake ambient water
vapor leading to increased scattering cross-sections and
hence refractive index. For instance, the scattering cross-
section of ammonium sulfate could be increased by a fac-
tor of five or more above that of dry particles when RH
increases above 90% [17]. This very property, hygroscop-
icity; inevitably affects the light radiation in the horizon-
tal direction; and influences atmospheric visibility [4, 11,
36]. This is how; the understanding of the mechanism of
visibility variations plays a key role in air pollution, emer-
gency response, and regional air quality management. In
this study, we have investigated the long-term variation
of visibility in two cities Bhairahawa and Surkhet. The
variations in visibility were investigated using 43 years
of data collected from the National Climatic Data Center
(NCDC). Two different statistical approaches have been
adopted for the investigation of the trend: (a) trend of
50th, 90th, and 10th percentile and (b) annual percent-
age of good and bad days. Lastly, we have attempted to
study the dependence of visibility on RH.

DATA AND METHODS

Bhairahawa (BWA) and Surkhet (SKH), two cities in the
western region of Nepal (Figure.1; Table I), have con-
trasting geographic and meteorological features and were
chosen as the representative sites for the investigation.
Bhairahawa, a municipal city is an administrative head-
quarter of the Rupandehi district, lies in the outer flat
plains of Nepal, 265 km west of the capital city, Kath-
mandu. This city borders India towards the south. The
nearest mountain foothill to the city lies about 25 km
north. The city is highly urbanized, and among the major
industrial powerhouse in the country influencing major
economic aspects of Nepal. In contrast, Surkhet station

TABLE I. Details of the selected synoptic station in West Nepal

Station Lat.(°) Lon.(°) Elev.(m) Available

data duration

ine Bhairahawa(BWA) 27.506 N 83.416 E 109.1
Surkhet (SKH) 28.6 N 81.617E 720

1977-2020
1976-2020

(28.6 N, 81.617 E; elevation: 720 m) lies in the valley
of Surkhet, about 600 km west of Kathmandu. It is sur-
rounded all around by hills. Surkhet is a comparatively
less populated city and it lags Bhairahawa in terms of
industrial establishments.

26°N

FIGURE 1. Bhairahawa and Surkhet stations, in country map
of Nepal and their relative position w.r.t. Kathmandu (KTM),
the capital city of Nepal

Visibility and other key meteorological parameters
like wind speed, wind direction, air temperature, and
dew-point temperature of these two sites with at least
3 hr. intervals from 1977 to 2020 were collected from
the online repository of the National Climate Data Cen-
ter (NCDC)(source: https://www7.ncdc.noaa.gov/CDO/
/cdoselect.cmd). NCDC is an authentic data source, used
by many researchers as the main data source. It archives
historical climatological datasets on a global scale. The
data has been subjected to extensive automated quality
control to correctly decode as much synoptic data as pos-
sible and to eliminate many of the random errors found in
the original data. A series of processes were performed
to get quality-controlled data that could accurately reflect
the relationship between visibility and air pollution. Rel-
ative humidity (RH) was calculated through the equation
[37]:

8
112 0.1T+Td> )

RH ~ 100
( 1124+0.97

Where T (°C) represents the air temperature and 7; (°C)
represents the dew point temperature.
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Visibility trend analysis

Naturally, the low visibility observations may occur be-
cause of specific weather conditions such as mist, precip-
itation, and fog, which have high relative humidity (RH).
In this study, we have narrowed down our purpose of trend
analysis to detect any inadvertent alteration of air quality
resulting from human activities only, rather than the syn-
ergetic effect of human activities and natural influences.
Similar to the work of many other researchers like [7,
11, 25], we have made a minor attempt to offset mete-
orological factors while carrying out the trend analysis.
As all of these specific weather conditions bear one prop-
erty in common, i.e. high moisture content (RH), we have
removed all visibility observations when relative humid-
ity (RH) equals or exceeds 90%. This is how; we have
screened our data for precipitation, fog, and mist. In ad-
dition, we have screened the data for the time of day, i.e.
data between 00:00 to 12:15 UTC (5:45-18:00 LT). Using
visibility observation from 1980 to 2019 (inclusive), we
have used two common statistical methods as described
in the following sections.

Trend analysis by cumulative percentile

The observed visibility is the lower limit to prevailing vis-
ibility. The trend of a particular percentile of visibility
can reflect the change in visibility level [11] over a long
period. The Nth cumulative percentile of a visibility dis-
tribution is the visibility that equaled or exceeded N per-
cent of the time according to [7, 8] . Usually, the fiftieth
percentile is compared to establish the trend of visibility
observation at a place. For a continuous and widespread
frequency distribution, the 50th percentile would corre-
spond to a median, a familiar concept. However, when
applied to the visibility data, the 50th percentile need not
necessarily correspond to the median, rather it represents
the visibility one may expect to be equal to or exceed half
of the considered period. Many researchers (e.g. [11])
have used other percentile levels, like the 10th percentile
and 90th percentile to establish the trend in visibility data,
since these percentile levels are inherently more repre-
sentative of optical air quality compared to the 50th per-
centile. Here, the 10th percentile of visibility represents
‘good visibility’ and the 90th percentile represents “poor
visibility”. We also have attempted to report a trend in
these percentile levels in our study. It is worthwhile to
note here that the notion of percentile in this analysis fol-
lows reverse order to the statistical meaning of percentile
of a continuous and widely spread frequency distribution
because of the definition of visibility itself ( [7, 8]). In
this method, we also have grouped the visibility data into
non-overlapping five-year periods to lessen the effect of
large seasonal fluctuation in a given year.

Annual good and bad day percentage

The original dataset contains a combination of data from
two different standard methods of measurement: SYNOP
(Surface Synoptic Observations) and METAR (Meteo-
rological Terminal Air Report). The major difference
between these two methods is the recording time of their
observations and observation standard. METAR data are
encoded by automated airport weather stations (AWS)
and SYNOP data are encoded by both manned and auto-
mated weather stations. The upper limit of METAR is 10
miles (or,10 km) whereas that of SYNOP could reach 30
miles or higher ( [38]). Additionally, the time resolution
of SYNOP is 3 hr, and METAR is 1 hr or half an hour.
Thus, measurements of percentile, averages, etc. from
the mixed data may not reflect the actual picture. Our
dataset is mixed-type and primarily occupied by METAR
in the later stages of recordings. This may lead to a sharp
decrease in percentile values. Thus, a conclusion drawn
based only on the analytical method described in the
above section may not accurately reflect the actual status
of visibility. To compensate for the influences caused
by METAR records, we have adopted a more stringent
analysis. In this method, we define a ‘good day’ as a day
having daily average visibility equaled or exceeded the
10 km visibility threshold and a ‘bad day’ as one having
daily average visibility of less than 5 km. We have calcu-
lated bad visibility frequency directly based on the data
points rather than daily mean visibility values similar to
the work of [18]. Finally, we have calculated the annual
percentage of good and bad days for the entire period at
both locations. According to [11, 18, 39] this method
can more accurately indicate a long-term variation of air
pollution status in a place.

RESULTS AND DISCUSSION

The 50th, 90th, and 10th cumulative
percentiles of visibility

The long-term trends of visibility differed between the
measurement locations as we can see from the grouped
percentile charts (Figure.2) in three different percentiles
levels. It is to be noted that the maximum value of visibil-
ity reported in our observation is 75.5 km. At the begin-
ning of the five-year interval (1980 —1984), a very high
50th percentile of visibility nearing a maximum reported
(75.5 km) was observed (Figure.2 [a]) in SKH. We ob-
serve an initially sharp (1985-1989) followed by a grad-
ual decline in visibility until the end of our study period.
Thus, the deterioration of general visibility is witnessed
at SKH since the mid-80s. Figure 2[a] also depicts BWA
having far less 50th percentile i.e., visibility observed dur-
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ing half of the considered period, in comparison to that of
SKH, the difference being appreciable initially. The 50th
percentile and 10th percentile values of visibility at SKH
(Figure.2 [b]) are both 75.5 km at the beginning period in-
dicating excellent visibility conditions. In contrast, only
10% of the time during the period BWA witnessed that
excellent visibility. We witness a decline in good visi-
bility condition abruptly since mid- 90s at SKH and as
early as mid - 80s in BWA. We also can see strong evi-
dence of deterioration of visibility in SKH (Figure.2 [c]).
Visibility used to be more than 10 km, 90% of the time
before the year 2010, which is reduced to as low as 4 km
in the later interval. The marked difference in studied per-
centile levels at these two sites suggests the regionality of
the atmospheric aerosols. The typical poor visibility is
reflected by the trend of the 90th percentile, as discussed.
These plots show that visibility in SKH is much higher
than that of BWA. All of these percentile levels display
an overall marked declining trend of visibility indicating
a worsening of air quality at both locations.

Percentage of annual good days and bad
days

Figure 3 depicts that more than 55% of annual days wit-
ness good visibility before the year 1985 at BWA in line
with our observation of the high value of the 50th per-
centile in Figure (2[a]). It exhibits gradual decline until
reaching nil annual good day percentage since the year
2014. There is no recovery ever since it dropped to its
lowest. Meanwhile, except for one year since 1980, all
years before the year 2007 witnessed good visibility con-
ditions, with a good day percentage of over 85%. It has
recently reached the lowest after 2018. Annual bad day
percentages at BWA are higher throughout, in compar-
ison to SKH. It displayed a gradual rise from 20% (in
1980) to 60% (in 2014), and remained steady ever since
with minor fluctuation. These findings suggest long pe-
riods of “general good visibility” in SKH compared to
BWA. This method too clearly indicates a notable declin-
ing trend of visibility at both locations. SKH witnessed a
better overall visibility condition throughout. A marked
decline in the annual good day percentage is seen in the
year 2011. Since our analysis has screened the influence
of specific meteorological phenomena, any change in vis-
ibility should be a direct manifestation of the extent of
air pollutants content in the atmosphere. Hence, we can
certainly view visibility as a proxy for air pollution. Our
findings, thus, imply a cleaner atmosphere in SKH. This
can be attributed to the combined effect of lesser local-air-
pollution-emission and/or diminished influence of trans-
boundary air pollution, which agrees with its location and
rural settings relative to BWA.

Influence of relative humidity on Visibility

Water vapor in the atmosphere does not have any direct
effect on visibility since it does not scatter or absorb vis-
ible light by itself. The effect of RH on visibility results
from the hygroscopic growth or shrink of atmospheric
particles leading to light extinction. Thus, water vapor
does not affect visibility unless pollutants are present. To
gain more insight into the relationship between RH and
visibility at the studied sites, we have categorized RH into
seven bins [<40, 40-50, 50-60, 60-70, 70-80, 80-90,>90].
Likewise, observed visibilities have been classified into
the following six specific ranges: visibility 1 km, 1 km <
visibility 2 km, 2 km < visibility 3 km, 3 km visibility
< 5 km, 5 km visibility < 10 km, and visibility 10 km
or higher. In the stacked bars (Figure 4), we have shown
the percentage occurrence of visibility categories (distin-
guished by different colors bar) that fall into a particular
RH bin. These plots also display the respective frequency
distribution of RH. Figure 4 shows that with growing RH,
the percentage of low visibilities (V < 5 km) increases
sharply.

As depicted in Figure 4, for RH exceeding 80% in
BWA, more than 78% of visibility observations are below
10 km and over 40% of the observation are below 5 km.
When RH >90%, about 67% of visibility observations are
low visibility (V < 5 km) and 40% of the visibilities are
below 2 km. Similarly, Figure 4(b) clearly shows that the
percentage of low visibility increases with an increase in
RH at SKH as well. For RH < 90% at SKH, more than
50% of visibility observations are above 10 km, indicat-
ing a lesser impact of RH on visibility. While comparing
Figure 4 (a) and (b), we see that there are some percentage
of low visibilities (v < 3 km) observations at RH as low
as 50% at BWA, while this is pronounced only in the high
RH regime (RH>80%) at SKH. The poor visibilities in the
RH regime above 90% could have resulted from either the
occurrence of meteorological phenomena like rain, fog,
and mist, or the hygroscopic effect of RH on secondary
aerosol pollutants present in the atmosphere as discussed
earlier. Due to the limitation of our dataset, we could not
rule out the rain observations from our dataset. Ruling
out the mist and fog observation from the data set is be-
yond the scope of this research as well. Thus, increased
low visibility conditions at higher RH (RH >90%) should
be because of the combined effect of meteorological phe-
nomena and hygroscopic growth of secondary aerosol
pollutants, more prominent in BWA Focusing on the ef-
fect of RH alone on visibility, poor visibility observed
even at the lower regime of RH, especially at BWA high-
lights the prominent effect of hygroscopic aerosols on the
extinction of the light. This indicates the presence of a
specific type of hygroscopic aerosols at BWA, which can
manifest its light extinction behavior even at the low RH
regime.
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FIGURE 3. Long term variation of the annual good (visibility 10 km) and bad (<Skm) day percentage based on visibilities of

Bhairahawa (BWA) & Surkhet (SKH) for the period 1980-2020

[35] observed similar behavior of RH and visibility
at Xiamen, China using high temporal resolution data
during June 2011-May to 2012. They, too, found that per-
centage of low visibilities (V < 5 km) increases sharply
with growing RH. We have also attempted to investigate
the seasonal influence of RH on visibility. Seasonal vari-
ation of visibility with RH at both of our stations are
shown in Figure 5 and their summary statistics have been
presented in Table II. The two stations display quite con-
trasting seasonality concerning the occurrence of good
and bad visibility conditions. At BWA the best visibility

is observed (Figure. 5[a]) during the wet period of the
summer Asian monsoon (June-September) and the poor-
est during the winter months (Dec-Feb). This might pri-
marily be because of the scavenging of air pollutants by
rainfall during the summer monsoon, irrespective of the
extent of air pollution, and the occurrence of regionally
widespread winter fog during winter (Dec-Feb). Many
works of literature have pointed out that the presence of
air pollutants enhances the severity of winter fog as well.
Thus, RH might have played some role in worsening win-
ter visibility through the hygroscopic growth of secondary
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aerosols having their origin from local or transboundary
emission sources. During dry pre-monsoon season, (Mar-
May, RH 50%) and post-monsoon (Oct-Nov, RH70%)
visibility generally shows reciprocal relation. Having
not so different dispersion criteria during a season, this
reciprocal behavior should be resulted from the extinc-
tion of light by a specific type of hygroscopic aerosols
present in the atmosphere. This is because the RH at or
above 50% can show its influence on visibility at BWA.
While advancing towards the end of each season (e.g.
from Jan-Feb, Apr-May), the relationship between visi-
bility and RH seems more likely to follow the behavior of
the upcoming season. This might be evident because of
the weakening of the season towards its end and slowly
gaining the characteristics of the season that follows. In
contrast, the seasonal pattern of SKH exhibited (Figure
5[a]) almost opposite behavior to that of BWA in terms
of the seasonal value of visibility. It witnesses a sea-
sonal high value of visibility rather during post-monsoon
months (Oct-Nov) and low during wet monsoon months
(June-Sept.). In addition to having a cloudy sky during
monsoon, a high RH value over 80% might have some in-
fluence on reduced visibility during the summer monsoon
period, as only RH above 80% can manifest the adverse
influence on visibility at SKH. The change in visibility
during other seasons cannot be explained by the RH ef-
fect alone since typical seasonal RH values are lower than
80%.

CONCLUSION

After accomplishing a detailed study on the trend of vis-
ibility at two different locations,SKH and BWA, and ex-
ploring relationship between RH and visibility, we have
reached to the following conclusions:

* Visibility displayed a significant declining trend at

both of the locations during the study period (1980-
2020), i.e. the air quality worsened over the period.

* The beginning of a decline in air quality occurred
in the mid-1980s at SKH and another sharp decline
occurred in 2011.

* The air quality at BWA was already poor since
the beginning; this could be because of earlier ur-
banization and industrialization resulting in higher
air pollution emissions. Trans-boundary air pollu-
tion also might have a greaterimpact on air quality.
BWA airport is the gateway to the birthplace of
Lord Buddha, Lumbini, a UNESCO heritage site,
and the airport itself is being upgraded to an in-
ternational airport, it is imminent to improve the
air quality there to lessen the adverse effect of air
pollution on tourism, health, aviation, etc. sectors.
It requires enough attention from policymakers.
The successful implementation of air quality con-
trol measure at BWA rely on regional coordinated
effort.

Although, the situation in SKH is not as alarming,
the visibility condition is in a declining trend there
too. Timely implementation of necessary measures
to control the air quality is imminent.

* Only RH above 80% can affect reducing visibility
by light extinction, meaning that there might be
the presence of hygroscopic aerosols whose light
extinction threshold for RH is higher than 80%.
This effect is prominent during monsoon months.
Whereas, the RH threshold for BWA is as low as
50%. The reciprocal relationship between RH and
visibility shows its prominence during the dry sea-
sons.
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FIGURE 5. Seasonal variation of visibility (v, represented by bars) and relative humidity (RH, represented by points) at Bhaira-
hawa (BWA) and Surkhet (SKH) for the period 1977-2020

TABLE II. Summary statistics of visibility and relative humidity at BWA and SKH

station met.parameters annual pre-monsoon monsoon post—monsoon winter
ine v(km) 10.72 10.5% 10.52 17.02 4,72
BWA 6.1° 6.1° 6.1° 10.0* 3.12
RH(%) 71.7% 75.2% 57.42 77.8% 74.0%
71.0° 75.0° 53.0° 79.0° 73.0°
ine 22.7* 24.7% 18.92 24.82 24.6%
v(km) b b b a a
SKH 20.1, 20‘1‘ 15.1, 20.1' 20.1'
RH(%) 62.32 4284 72.12 68.5% 65.0%
65.0° 41.0° 74.0 69.0° 63.0°
4 mean
5 median
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ABSTRACT

Over four decades of visibility data at Bhairahawa airport (BWA), a recently upgraded international airport near
Lumbini, a UNESCO heritage site in Nepal has been analyzed. In this study, we also investigated one of the
important microclimatic behavior of fog i.e., onset and dispersal timings, and its implication on aviation.
Temporal variations of poor visibility conditions at BWA are found to be primarily associated with variations in
haze and fog. Haze at BWA accounts for the highest percentage (~27%) of time and its annual occurrence is
increasing (0.57% yr~!). There is a significant upward trend of hazy days in all seasons, the highest (1.46% day
yr~1) being in post-monsoon. The overall seasonal poor visibility, too, has increased significantly in all seasons,
with the highest trend in post-monsoon (1.57% yr~!). Similarly, fog frequency in the winter season has also
increased noticeably for fog days (1.05% day yr 1), dense fog days (0.51% day yr 1), general fog hours (0.55%
hour yr~!) and dense fog hours (0.20% hour yr™1). We found that fog at BWA is usually formed overnight and
dissipates before noon. Daytime onset and late dispersion of fog are more common in the peak winter months of
December and January. Further, we investigated the relationship between visibility and aerosol optical depth
(AOD) and found a moderate negative correlation (r = — 0.66, p < 0.001) between them in the monsoon season.
However, AOD is found to have a weaker correlation with visibility during winter (r = —0.36) and pre-monsoon
(r = —0.23) seasons, when there is a more pronounced influence of meteorological conditions on the occurrence
of visibility. We have observed a better correlation (r = —0.74) between fine particulate matter concentration
(PM2.5) and visibility. Examining the effect of relative humidity (RH) on AOD (or, PM2.5) and visibility revealed
that higher RH tends to lower visibility. Visibility at BWA airport is gradually worsening due to local and regional
air pollution emissions and changing meteorological conditions. The degraded visibility at BWA airport will
negatively impact flight safety and timeliness. Effective implementation of regionally coordinated air pollution
mitigation measures can be a sustainable step towards the improvement of visibility in long run. However, the
installation of ground equipment like CAT-II/III Instrument Landing System (ILS) for aircraft take-off and
landings, and advanced surface movement guidance and control system (A-SMGCS) are highly advisable to lessen
the damage potential to aviation.

1. Introduction

convenient flight operations, from take-off and landings to air-traffic
flow management, ground movement, and ground handling opera-

Aviation is a sector that is directly impacted by atmospheric visi- tions. When visibility at an airport drops below a certain threshold, in-
bility. Better visibility conditions at airports result in safer and more strument meteorological conditions (IMC) are triggered, which creates
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many problems in aviation including a reduction in the airport’s overall
capacity (Morisset and Odoni, 2011), flight delays (Morisset and Odoni,
2011), diversions, and cancellations, resulting in substantial monetary
losses (Kulkarni et al., 2019) in the form of lost time, fuel, and additional
aircraft maintenance. The adverse weather condition in the form of
reduced visibility has been identified as an important aviation safety
hazard (Regmi, 2014a, 2014b; Regmi et al., 2020), and has led to several
aircraft incidents and fatal accidents (Gultepe et al., 2015; Jenamani and
Kumar, 2013). A typical instance of a major aircraft incident in Nepal,
solely because of the reduced visibility, happened on 4 March 2015. A
Turkish Airlines aircraft (registration TC-JOC) suffered a runway
excursion accident upon landing at Tribhuvan International Airport,
Nepal during reduced visibility conditions caused by dense fog over the
airport — resulting in damage of million- dollar-brand-new aircraft
(Airbus A-330) beyond repair (AIC, 2015). The only international
airport in Nepal, then, remained closed for four days because of the
blocking of the runway, causing massive disruption in air transport and
a huge economic loss.

Gautam Buddha Airport at Bhairahawa, Nepal, hereafter referred to
by its IATA code BWA (Fig. 1), is the main gateway to the UNESCO
world heritage site of Lumbini, the birthplace of Lord Buddha. The
government of Nepal has just completed upgrading BWA to an inter-
national airport (CAAN, 2013, p. 2). This airport is expected to relieve
the air traffic load at Tribhuvan international airport in Kathmandu
(KTM). BWA is also expected to serve as the nearest suitable diversion
alternate to KTM for large jet aircraft, whenever weather or any other
situation at KTM prevents landings, saving time and money for airlines
that to date had to divert to airports in India. To what extent BWA can
successfully fulfill this role, and how well it can handle its own sched-
uled flights, will depend on how badly its own operations will be
affected by reduced visibility.

Visibility is reduced by the extinction of light due to absorption or
scattering by particles and droplets in the atmosphere (Che et al., 2007;
Chen et al., 2013; Doyle and Dorling, 2002; Schichtel et al., 2001). This
can happen in several ways: Past studies in China (Du et al., 2013; Fu
etal., 2014; Gao et al., 2011), India (Dani et al., 2012; De et al., 2001; Hu
etal., 2017; Jaswal et al., 2013; Tiwari et al., 2011) and elsewhere have
reported reduced visibility as a consequence of serious air pollution. In
addition, meteorological parameters, especially relative humidity (RH),
can also have a significant impact on visibility degradation (Chen et al.,
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2013; Liu et al., 2012; Tang, 1996; Zhang et al., 2010). As RH increases,
hygroscopic particles progressively take up more ambient water vapor,
leading to increased scattering cross-sections and change in complex
refractive index - leading to enhanced extinction efficiency — and finally
visibility degradation (Malm et al., 1994). Meanwhile, increased tem-
perature improves visibility by enhancing the dispersion capability in
the atmosphere via thermal and mechanical turbulence (Du et al., 2013).
Synoptic weather also has a significant impact on air pollution and
visibility (Deng et al., 2011). Zhao et al. (2011) argued that the long-
term trend in visibility is a manifestation of air pollution, rather than
the meteorological effect.

Wang et al. (2009) found that clear sky visibility over the land has
been decreasing globally from 1973 to 2007. Visibility over cities in
China (Che et al., 2007; Fu et al., 2014, etc.) and India (De et al., 2001;
Hu et al., 2017; Jaswal et al., 2013) has declined significantly over the
years. In contrast, many cities in the United States (Hu et al., 2017) and
Europe (Vautard et al., 2009) have witnessed improved visibility
because of the implementation of effective air pollution control
measures.

Bhairahawa airport is situated near the northern edge of the Indo-
Gangetic Plains (IGP), which stretches over 2000 km across northern
South Asia, from eastern Pakistan, through northern and eastern India,
southern Nepal (the Terai region), and big parts of Bangladesh. As a
hotspot of air pollution, the IGP has become a region of local, regional,
and global concern (Ramanathan et al., 2007; UNEP and DA, 2014;
WHO, 2016). During the dry season, the IGP region is affected by
western disturbances - a series of alternating low and high-pressure
systems that move eastwards, and that create ideal conditions for
multi-day accumulation of pollutants within the boundary layer, leading
to intense haze and fog (Hameed et al., 2000; Gautam et al., 2007).
Ramanathan and Carmichael (2008) earlier referred to this thick aerosol
haze as the atmospheric brown cloud (ABC). The IGP region has seen an
increase in the aerosol haze over the past several decades (De and
Dandekar, 2001; Jaswal et al., 2013; Kaskaoutis et al., 2012; Ram-
anathan and Ramana, 2005; Sarkar et al., 2006; Srivastava et al., 2012;
Saikawa et al., 2019; WHO, 2016; Yasmeen et al., 2012). The region has
also experienced a large increase in persistent multi-day winter fog
events in recent years (De and Dandekar, 2001; Syed et al., 2012; Sri-
vastava et al., 2016; Singh et al., 2004; Saikawa et al., 2019). Syed et al.
(2012) found a significant positive trend in fog frequency in the IGP
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Fig. 1. The geographical location of selected NOAA stations (red triangle) inside Nepal and India. (More details in Supplement, Table. S.1). (For interpretation of the
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region since 1990 and that fog variability over the South Asian region is
coupled and governed by some large-scale phenomena. A study by
Jenamani (2007) highlighted an alarming increase in fog and its
persistence in winter at Indira Gandhi International airport, New Delhi
(DEL). Ghude et al. (2017) reported a consistent discovery of the
doubling of dense fog hours in the last three decades at the same loca-
tion. Singh and Singh (2010) noted a similar increasing trend of winter
fog at Hisar (an Indian city in western IGP), while Shrestha et al. (2018)
reported an increasing trend of opacity and fog-related parameters
during winter in four Terai plain stations of Nepal. Several of these
studies have attributed changes in fog in the IGP to the changes in
irrigation as well as anthropogenic air pollutant emissions patterns in
winter.

While we have only found one past study, examining visibility in
winter at BWA (Shrestha et al., 2018), nearby Lumbini has seen a sig-
nificant volume of potentially relevant research on air pollution in
recent years. This includes the identification of major sources of air
pollution (Islam et al., 2021; Rupakheti et al., 2018b), their temporal
behavior (Rupakheti et al., 2017), optical properties (Izhar et al., 2021;
Rupakheti et al., 2018a, 2018b), and chemical characteristics (Tripathee
etal., 2017; Wan et al., 2017). With the Upgraded BWA airport expected
to be operating 24 h a day, understanding the visibility limitations will
be a key planning ingredient for the safe and efficient conduct of flight
operations at BWA and the investment in suitable navigation equipment,
as well as a key starting point to design policies and measures to address
the anthropogenic causes of visibility decline. As a first of a series of
papers focusing on aviation visibility in Nepal, this paper analyses
publicly available datasets to address three questions in relation to
aviation and visibility at BWA. First, we examine the long-term changes
to atmospheric visibility at BWA and neighboring airports of the IGP,
focusing on thresholds relevant to aviation. Next, we examine the
microclimatic behavior of fog that reduces visibility during winter, and
finally, we examine the relationship between the aerosol optical depth
(AOD), PM2.5, relative humidity, and visibility at BWA.

2. Data and methods

The Department of Hydrology and Meteorology (DHM), Nepal
manually recorded meteorological data including horizontal visibility —
used in this study — at Bhairahawa airport, as a part of the Meteoro-
logical Terminal Air Report (METAR) for aviation use. This data is
archived as a global hourly database and distributed publicly by Na-
tional Climate Data Center (NCDC) (https://www.ncei.noaa.gov/map
s/hourly/) as a part of the data exchange protocol under the World
Meteorological Organization (WMO, Resolution 40(Cg-XII), 1996). Our
dataset includes daily observations at 00:00, 03:00, 06:00, 09:00, and
12:00 UTC, from 1977 to 2020. Since the dataset does not have a record
of direct relative humidity (RH) measurement, we computed RH using
the following equation (Linsley et al., 1988; Chang et al., 2009; Chen
and Xie, 2012):

(€8]

8
RE ~ 100(11270.1T+Tg,>

112+097T

where T (°C) represents the air temperature and Ty (°C) represents the
dew point temperature.

Analyzing this dataset, we have dropped all the observations with a
missing value of visibility from the dataset. Among all the values from
the present-weather feature in the dataset, we have decoded only those
weather types, that could influence visibility at BWA: haze, fog, mist,
and rain. Since our primary dataset from NCDC had many missing values
in the precipitation record, we have used another historic climatological
repository, ERA5 [European Centre for Medium-Range Weather Fore-
casts (ECMWF) Reanalysis v5; data source: https://cds.climate.coperni
cus.eu/)] for hourly precipitation since 1981.

To better understand aerosol impacts, we have also obtained AOD
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time series (version 3, level 1.5 - cloud-screened and quality controlled;
data source: http://aeronet.gsfc.nasa.gov/) (2013-2018) from nearby
Lumbini from the public archive of NASA Aerosol Robotic Network
(AERONET). The NASA AERONET collaboration provides globally
distributed observation of spectral AOD, inversion products, and
perceptible water in diverse aerosol regimes. In this study, we also used
ground measurement of PM2.5 (April-Dec 2019) at a nearby location
(27° 29 22.3“ N, 83° 16’ 44.7” E). The site is primarily managed by the
Department of Environment, Government of Nepal, in collaboration
with International Center for Integrated Mountain Development (ICI-
MOD), and the data is accessed through the public domain (https://op
endatanepal.com/dataset/realtime-air-quality-datasets). Similarly, we
have collected long-term records (Jan-1980 to Feb-2020, bounding box
(82° 14’ 25.8“E, 26° 30’ 57.6” N, 84° 57’ 54.36“ E, 28° 3’ 14.76” N),
spatial resolution (0.5° x 0.625°)) of time-averaged 2- dimensional
monthly mean PM2.5 reanalysis data from Modern-Era Retrospective
analysis for Research and Applications version 2 (MERRA-2) NASA
public domain (GMAO, 2015; https://giovanni.gsfc.nasa.gov/giovanni).
MEERA-2 is a NASA atmospheric reanalysis that begins in 1980 and
replaces the original MEERA reanalysis (Rienecker et al., 2011). It uses
an upgraded version of the Goddard Earth Observing System Model,
version 5 (GEOS-5, version 5.12.4) data assimilation system which can
use newer microwave sounders and hyperspectral infrared radiance
instruments as well as other data types (Bosilovich et al., 2015). Gelaro
et al. (2017) have provided an overview of the MEERA-2 modeling
system. Similarly, Buchard et al. (2017) have given a detailed descrip-
tion of aerosols in the MEERA-2 system. Despite the optimum effort to
harmonize observing systems by rigorous quality control, AOD values
are affected by differences in data coverage — particularly in pre- and
post-NASA Earth Observing System (EOS) periods (1980-1999 and
post-2000, respectively) (Randles et al., 2017; Yao et al., 2021).

The number of data records in our meteorological dataset were not
uniform across the study period, with fewer records in the early years
and more in recent years. We have thus decided to consider the per-
centage occurrence of weather types over their frequency, similar to the
work of Hu et al. (2017). The percentage occurrence mentioned, here-
after, in this paper is the percentage frequency of daytime observation
because of having daytime-only METAR data and our aim to have in-
sights on the temporal change of daytime visibility.

2.1. Reduced visibility due to different weather-type

Different weather types were classified according to the criteria
described in Appendix B.1 and their hourly occurrence frequency was
computed to identify and quantify their contribution. The time resolu-
tion of both kinds of datasets i.e., NCDC & ERA5, were matched. As our
dataset describes the weather every 3 h, we assumed that the weather
type in each observation persists from 1.5 h before to 1.5 h after the time
of observation. The hourly occurrence frequency of a particular weather
type is computed as the percentage of total hours of the occurrence of
the weather type out of the total occurrence hours of all-weather types
combined.

2.2. Statistical tests for estimation of a long-term trend

We have chosen some commonly used statistical tools (Appendix
B.2): Mann-Kendell Test (MK Test) and Sen’s Slope Estimator (Sen’s
Slope) to better understand the trend of the selected parameter over
time. Where, the Mann-Kendall Test detects the trend in a time series
data, and Sen’s Slope quantifies the trend. Then, we used a parametric
test, Ordinary Least Square (OLS) (Appendix B.2) regression method to
compare the results from the above two tests. According to (Sen, 1968;
Mann, 1945), these non-parametric tests, namely the MK test and Sen’s
Slope are appropriate to find the trend of parameters with missing
values, data errors, and/or outliers. Hence, the main purpose of using
these tests in the present study is to cater for the issue of inhomogeneity


https://www.ncei.noaa.gov/maps/hourly/
https://www.ncei.noaa.gov/maps/hourly/
https://cds.climate.copernicus.eu/
https://cds.climate.copernicus.eu/
http://aeronet.gsfc.nasa.gov/
https://opendatanepal.com/dataset/realtime-air-quality-datasets
https://opendatanepal.com/dataset/realtime-air-quality-datasets
https://giovanni.gsfc.nasa.gov/giovanni

B. Kathayat et al.

of our dataset, since our data records contain many missing values.
Because of these advantages, many previous researchers have widely
used these techniques to quantify the trend of climatic and hydrological
time series (Kendall, 1975; Mann, 1945; Van Belle and Hughes, 1984;
Yue and Wang, 2004).

2.3. Long-term change in poor visibility and haze

The occurrence frequency of poor-visibility events during a given
time scale (e.g., season, year) in a year was computed as the percentage
of the total number of reported visibility observations that fit the criteria
of poor visibility (or, haze) laid down in Appendix B.1.

2.4. Long-term change in winter fog

Winter fog can occur at BWA and elsewhere on the southern plain of
Nepal between November and February. As such, we have considered
these four months for fog occurrence. A day is qualified as having fog or
dense fog if at least one record fulfills the criteria (Appendix B.1). We
have used the term ‘general fog’ and fog interchangeably elsewhere in
this paper. As mentioned in Section 2.1, we assumed that if a fog event is
detected in a 3-hourly observation, it would have persisted from 1.5 h
before to 1.5 h after the timestamp of its observation. The occurrence
frequency of fog (dense fog) is the percentage of the total number of days
(hours) in the considered winter months that witness fog (dense fog).

2.5. Microclimatic properties of fog

Jenamani (2012) suggested that given its high damage potential to
general aviation, it is highly advantageous to develop an intensity and
duration-based fog micro-climatological information system using long-
term data. Such a system containing information about favorable times
for the formation and dispersal of fog, persistence of fog, etc. could be
very much useful to various users, including forecasters, airport opera-
tors, Air Traffic Controllers (ATC), airlines, and pilots. They would
benefit from understanding the vulnerability of airports to various fog
conditions so that they can implement better mitigation plans in
advance, such as CAT- I/II/III ILS for runways, winter schedules, and
training for pilots and ATC. In order to gain a better understanding of the
nature of the occurrence timings of winter fog at BWA airport, this paper
examines an important microclimatic property of the fog at BWA: onset/
dispersal of fog (Appendix B.3).

2.6. Comparison of winter poor visibility and fog among the neighboring
airports in the IGP region

The meteorological condition in the winter season (DJF) offers one of
the most favorable situations for poor air quality and poor visibility in
the IGP region. To obtain a regional comparative understanding of the
status of long-term poor visibility and fog during the winter season at
BWA airport, we have chosen the airports of Gorakhpur (GOP), Lucknow
(LKN), and Delhi (DEL) as representative sites from the Indian side of
IGP (Table. S1). The data of all the stations are resampled to match with
that of BWA: i.e., only daytime observations from 00:00 to 12:00 UTC
were used for further analysis.

2.7. Relationship between the aerosol optical depth (AOD), PM2.5, RH,
and visibility

Aerosol optical depth (AOD), a measure of scattering and/or ab-
sorption of sunlight (photon) when passing through a vertical or slant
column of the atmosphere, is a vertical entity. On contrary, visibility is
measured in the horizontal direction. As discussed in earlier sections,
visibility is a function of aerosols including type, size distribution, and
concentration. Many studies (Baumer et al., 2008; Founda et al., 2016)
have compared visibility with AOD despite their different directional
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consideration. Thus, we also have attempted to explore the relationship
between them. The experimental formula of visibility, the Koschmieder
relation, states an inverse relationship between visibility (v) and
extinction coefficient b,y (Middleton, 2019; Singh et al., 2020), that can
be expressed as:

v=K /b, (2

where, K is the Koschmieder constant (~3.912), and b, is a function of
position within the sight path and is a property of the atmosphere alone
(Malm, 2016).

Similarly, from the definition of AOD,

- / " b d @)
0

where, z represents the mixing layer height. For the sake of simplicity,
we too have assumed that all aerosol is trapped within the mixing layer
with a height z; and the extinction coefficient is uniform across the
height as done in past studies (Baumer et al., 2008; Founda et al., 2016).
The solution of Egs. (2) and (3) yield the required functional relation
between visibility (v) and AOD (z) as follows:

v=3912z17" 4)

More details on their relationship can be found in the supplementary
material of this paper (Appendix B.4). We have attempted to include the
combined effect of RH and AOD on visibility. We have examined the
relationship between PM 2.5, RH, and visibility too.

3. Results
3.1. Reduced visibility due to different weather-type

Fig. 2(a) shows the hourly occurrence frequency of five different
weather types (haze, mist, fog, rain, and normal (clear)) that influence
visibility at BWA during the period from 1981 to 2020. Among all
weather types, which resulted in reduced visibility at BWA, haze ac-
counts for the highest percentage (26.7 + 0.3%) of the entire period,
followed by fog (7.9 £ 0.2%), rain (7.2 £+ 0.2%), and mist (3.9 £+ 0.1%).
Thus, apart from rain, which is the result of many complex local and
regional processes, atmospheric conditions at BWA airport are prone to
the formation of haze, fog, and mist that result in poor visibility con-
ditions. Further, we have investigated the long-term variation of
different weather types (Fig. 2(b); Fig. S1 & Table S2). Results show a
significant increase in the occurrence frequency of fog (0.215% yr 1)
and haze (0.556% yr’l) events over the past decades. In the meantime,
there is a significant decline in the occurrence of normal (clear) weather
conditions (—0.931% yr~!). We have singled out haze and fog as the two
major weather types that reduce visibility and could have resulted in a
decline in normal weather conditions — based on their occurrence fre-
quency and increasing trend. We focus our investigation on only these
two weather types henceforth, because of their probable implication on
flight operation at BWA.

3.2. Long-term change in poor visibility and haze

Fig. 3 (a-d) presents long-term variations of poor-visibility events (in
percentage) at BWA for different seasons, namely winter (DJF), pre-
monsoon (MAM), monsoon (JJAS), and post-monsoon (ON) over the
study period. Each point in the plots represents the seasonal occurrence
frequency of poor visibility in a particular year, and Table 1 shows the
respective trend results obtained from different statistical tests (MK test,
Sen’s Slope & OLS) which are almost close to each other.

Among all the seasons (Fig. 3(a-d)), the highest poor visibility per-
centage was observed during winter (Fig. 3a). The poor visibility per-
centage in winter has reached close to 100% since 2007. The overall
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Fig. 2. [a] Hourly total & [b] Annual - occurrence frequency (%) of reduced visibility due to different weather types at BWA (1981-2020). These weather types are

defined according to criteria detailed in (Appendix B.1).

[a]Winter(DJF) [b]Pre-monsoon(MAM) [c]Monscon(JJAS) [d]Post-monsoon(ON)
poor visb.[W,] poor visb.[Prm,] poor visb.[M,] poor vish.[Pom,]
100% 100%
‘ Prmp=0.78t + 19.19 5, 0.44t + 5.74 )
T R2=0.28 R?=0.38 Ar 6
s 80% - -80% w
o o
2 9 -8
3 60% -60% 8
3 . - g
5 s
o 40% - -40% 8
=
O 20% - 5 IT-b L 20% 8
| Wy 1121 48224, # om,=1.56t+19.54 | o
R?=0.69 ﬂ[ 2=0.75
0% | L L L L L T T T r r r 1 1 1T 0%
1980 2000 2020 1980 2000 2020 1980 2000 2020 1980 2000 2020
Year(t) Year(t) Year(t) Year(t)
[e]Winter(DJF) [f]Pre-monsoon(MAM) [g]Monsoon(JJAS) [h]Post-monsoon(ON)
haze day[Wy] haze day[Prmj] haze day[M] haze day[Pom;]
100% 100%
Prmp= 099t + 25.48 M£,= 0.45t+ -0.07
=0.26 A "
. 80% 80%
o o
2 [ £
g 60% -60% 8
4= o
3 - o
5 r
O 40% —-40% ©
S GCJ
8 - =
S 3
20% —-20% ©
i W= 0.66t + 55.30 ©
R?=0.30
0% | L L L L L T T 0%
1980 2000 2020 1980 2000 2020 1980 2000 2020 1980 2000 2020
Year(t) Year(t) Year(t) Year(t)

Fig. 3. The time evolution of; the frequency (in percentage) of occurrence of poor-visibility (a-d) events and haze (e-h) during winter (DJF), pre-monsoon (MAM),
monsoon (JJAS), and post-monsoon (ON) seasons at Bhairahawa airport during (1977-2020). The error bars represent the 95% confidence interval. The linear
regression lines (solid), defined by the corresponding equations, are fitted according to the results of OLS regression and the dashed lines represent their 95%

confidence interval. R? represents corresponding goodness of fit.

increasing trend in the poor-visibility events during the winter season is
1.02%yr ! significant at a 0.001 level of significance (Table. 1). Poor-
visibility events during pre-monsoon (Fig. 3b) were very rare events
during the early years. This has increased significantly towards the mid
to late stages. The overall trend in the poor-visibility percentage in the
pre-monsoon is also positive and statistically significant. We also

observed a small (Table 1) but significant increase (0.42% yr‘l) in poor
visibility events during the monsoon season (Fig. 3c). The highest (40 +
5%) and the lowest (2.3 + 2%) poor-visibility percentages during
monsoon were observed in 2014 and 1991 respectively. The standard
deviation in monsoon (8%) is the lowest among all seasons and the
median is only 13%, indicating a persistent better visibility condition
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Results of Mann-Kendall, Sen’s slope estimator, and OLS regression test, from 1977 through 2020 at Bhairahawa airport. These results consider winter months (NDJF)
for fog parameters (fog/dense-fog days/h). The trend represents the slope of the linear fit between the variable of interest and year. The boldface values indicate that

the slope is statistically significant given levels of significance(a).

Mann - Kendall Sen’s slope OLS regression
Zmk p-value Trend Q (% [CI] % Trend B, (% [95% CI] % t p-value>|
h yh t]
. . 3.71 x . [0.582, 1.481] 1.12% + [0.886,
Winter (DJF) 5.90 10-° 1.02 . 0116 1.355] 9.66 0.000
Pre-monsoon . 4 . [0.079, 1.576] 0.79* + [0.396,
(MAM) 3.57 4 x 10 0.84 0.192 1.173] 4.08 0.000
a) Occurrence frequency of poor . 283 x . [0.108, 0.780] . [0.264,
visibility events (%) Monsoon (JJAS) 4.19 10-5 0.42 . 0.45* = 0.09 0.626] 4.97 0.000
Post-monsoon . 7.85 x . [1.069, 1.56* + [1.277,
(ON) 6.50 1071 1.57 2.076] * 0.139 1.839] 1118 0.000
9.27 x [0.524, 1.273] 0.90* + [0.699,
* %
Annual 5.74 10-° 0.94 . 0.098 1.094] 9.17 0.000
. ~ 0.67* + [0.416
* 6 % s
Winter (DJF) 4.58 4.6 x 10 0.75 [0.218, 1.137] 0127 0.927] 5.31 0.000
Pre-monsoon B 5.92 x . N 0.99* +
b) Occurrence frequency of haze days  (MAM) 4.02 10°° 1.09 [0.274,1.795] 0.398 [0.584,1.388] 495 0.000
(%) 2,11 x 0. 457 + [0.209,
Monsoon (JJAS) 3.71% 104 0.317% [0.021, 0.668] 0117 0.682] 3.80 0.000
Post-monsoon 2.56 x 1.44* +
(SON) 5.96* 10°° 1.46* [0.806,2.106] 0.167 [1.103,1.778] 8.618 0.000
. 7.58x . . 106*+
fog days 4.95 107 1.05 [0.518,1.577] 0.243 [0.809,1.311] 8.52 0.000
. 7.84x . [0.253,0.776]  0.50* +
o) Occurrence frequency of fog dense fog days 5.37 10-8 0.51 . 0.141 [0.354,0.645] 6.91 0.000
9 *
parameters (%) fog hour 462+ 80 0.55* [0-229,0.862]  0.52" & [0.363,0.677]  6.67  0.000
10 * 0.152
*
dense-fog hour 4.06* ?(;),05 x 0.20% £0'054’ 0.387] 8324 * [0.112,0.287] 4.61 0.000

*0.001, 1 0.05 - level of significance.

during this season. Meanwhile, we have observed (Fig. 3d, Table 1) the
fastest increase (trend of 1.57% yr~!) in poor visibility during the post-
monsoon. During the post-monsoon of 1977, poor-visibility events
occurred only 12.4 + 4% of the time; this increased to a maximum of 87
+ 6% in 2018, with the largest standard deviation (19.8%) among all
seasons.

Similarly, Fig. 3e illustrates the overall increasing trend of annual
poor-visibility percentage at BWA. Likewise, an increase in the per-
centage of pre-monsoon and post-monsoon haze days (Fig. 3(f - g)) is
found over the past four decades at Bhairahawa. The trend is larger for
post-monsoon haze days with 1.46% day yr~! significant at 0.001 level,
about an increase of 80% over the last 44 years. The occurrence

frequency of haze days (Table 1, Fig. S1) in winter is the largest among
the seasons, 70.8%, and its annual trend is 0.75% day yr~l.Whereas,
occurrence frequency and annual trend of haze days in monsoon are the
lowest.

3.3. Long-term change in winter fog

The annual variation of winter (NDJF) fog parameters; namely
general-fog days, dense-fog days, general-fog hours, and dense-fog
hours, are presented in Fig. 4 and Table 1. The general-fog day’s per-
centage increased faster with a Sen’s slope of 1.05% day yr™! significant
at 0.001 level (Fig. 4a, Table 1), while the dense fog percentage has a

[a] General-fog days [b] Dense-fog days [c] General-fog hours [d] Dense-fog hours
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Fig. 4. The time evolution of frequency (in percentage) of occurrence of different winter fog parameters at Bhairahawa airport during (1977-2020): (a) general fog
days, (b) dense fog days, (c) general fog hours, and (d) dense fog hours. The error bars represent the 95% confidence interval. The linear regression lines (solid),
defined by the respective equations, are fitted according to the results of OLS regression and the dashed lines correspond to their 95% confidence interval. R?

represents corresponding goodness of fit.
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trend of 0.51% day yr—'at 0.001 level of significance (Fig. 4b, Table 1).

General fog hour in BWA (Fig. 4c) is clearly seen to have a positive
trend with 0.55% hour yr’lat 0.001 level of significance (Table. 1).
Though significant, the smallest trend is observed for an annual dense-
fog hour i.e., 0.20% hour yr~! (Fig. 4d, Table 1). Like before, the
trend results of fog parameters obtained from three different trend tests
are very close to each other.

3.4. Microclimatic properties of winter fog

Fig. 5(a-d) shows the timing of onset and dispersal of the fog of
different intensities during the winter months at BWA airport. Generally,
the time of onset and dispersion of fog and dense fog look similar. The
most favorable timing of both types of fog is before 05:45 local time
(00:00 UTQ), i.e., any time between the previous night and the early
next morning. The percentage of general fog onset that occurs before
05:45 local time in November is the highest (91.1 + 3%) followed by
February (82.1 + 4%), December (72.8 + 3%), and January (63.7 +
3%); whereas fog onset that occurs during the early morning
(05:46-08:45 local time) is the highest (19.4 + 3%) in January,
December (15.1 + 3%), February (13.9 + 4%), and November (7.0 +
3%). Quite a few percent (1.8 & 1.6% - Nov, 8.6 + 2% - Dec, 15 + 3% -
Jan & 4 + 2% - Feb) of fog onset occur during (08:46-11:45 local time).
While fog onset during early afternoon 11:46-14:45 local time (3 events-
Dec & 2 events-Jan) is quite a rare event. Interestingly, our data was able
to capture a small percentage of general fog onset in the late afternoon
(14:46-17:45 local time) during December (3 + 1.3%) and January (1.5
+ 0.8%), although there is almost no dense fog onset during this period.
Thus, there is some possibility of fresh fog formation during the daytime
even when the day started with no fog. This phenomenon has promi-
nence during December and January. Fig. 5(b & d) shows that the most
favorable period of both types of fog dispersal, for all winter months, in
the early morning 05:46-08:44 local time. During November, most, 82.5
+ 4.5%, of the general fog dispersal takes place in the early morning
05:46-08:44 local time, 15.6 + 4.3% of fog dispersal takes place in
08:46-11:44 local time and the remaining 1.8 &+ 1.6% completely dis-
sipates by the early afternoon, 14:45 local time. Similarly, during
February 68.9 + 4.8% of fog dispersal occurs in the early morning, while
about 6.8 + 2.6% dissipates by early afternoon. Further, during the peak
foggy months, December and January, the fog dispersal might occur

[a] Onset time: general fog

[b] Dispersal time: general fog
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throughout the day, with the lowest dispersal percentage in the late
afternoon 14:46-17:44 local time. In December (January), the highest
percentage, 60.6 + 3.7% (45.4 + 3.7%), of fog dispersal occurs in the
early morning, 05:46-08:44 local time, followed by 21.6 + 3.1% (29.2
+ 3.4%) dispersal in mid to late morning, 08:46-11:44 local time, 13.3
+ 2.6% (22.5 + 3.1%) dispersal in the early afternoon,11:46-14:44
local time. A very negligible dispersal of 0.7 & 0.6% (0.7 £ 0.6%) was
recorded in the early afternoon, 11:46-14:44 local time. However, a
small percentage of 3.8 + 1.5% (2.1 + 1.1%) of the dispersal of general
fog events was observed in the evening time (>17:46 local time); this
dispersal possibly accounts for the dispersal of those fog events that
onset during the late afternoon. Thus, most of the fog events that formed
overnight as well as some fresh fog events that formed during the day-
time disperse before early afternoon, i.e., before 14:44 local time.
Likewise, the time of the dispersion of dense fog events is also identical
to that of general fog for all winter months.

3.5. Comparison of winter poor visibility and fog among the neighboring
airports in the IGP region

Comparing wintertime temporal variation of poor visibility and fog
days at BWA to that in other cities in the IGP, we find that cities of GOP,
LKN, and DEL had poor visibility since much longer ago while BWA
experienced a major decline in visibility in recent years (Fig. 6,
Table S.3). The lowest winter poor visibility percentages in GOP, LKN,
and DEL are yet very high, i.e., 91.5 + 2% (2019), 79.6 + 2% (2005),
and 94.7 + 1% (1998) respectively. The winter poor visibility has
already peaked in these cities since the beginning of their data re-
cordings and their interannual variation showed lesser variation. On the
other hand, it has increased gradually over the same period at BWA. The
results point out a marked positive trend of 1.02%yr_1 at 0.001 level of
significance at BWA. There is an obvious increasing trend in winter fog
days across all these cities over the entire data period (Fig. 6 (e-h)). DEL
has the steepest trend of 1.29 % day yr~' at 0.001 significance level
followed by: BWA 1.19%day yr 'at 0.001 level, LKN 0.93%day yr ! at
0.05 level, and GOP at 0.62%day yr~" at 0.05 significance level.

Fig. 5. The occurrence frequency (in percentage) of
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[c] DJF poor visb. [d] DJF poor visb.
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Fig. 6. The time evolution of; the frequency (in percentage) of occurrence of: poor- visibility events [(a), (b), (c) & (d)], and general fog days [(e), (f), (8) & (h)]
during winter months (DJF) at Bhairahawa (BWA), Gorakhpur (GOP), Lucknow (LKN), and Delhi (DEL) airports. The error bars represent the 95% confidence
interval for a single proportion of the annual number of poor visibility events and the annual number of fog days respectively. The solid lines represent the linear fit of
the trend results obtained from OLS regression, and the dashed lines represent their 95% confidence interval.

3.6. Relationship between the aerosol optical depth (AOD), PM2.5, RH,
and visibility

Fig. 7 (a) shows the daily average values of AOD and visibility for
each day of the year aggregated from observation between 2013 and
2018. During winter (DJF), average AOD values gradually increased,
reaching their maximum in February (0.80 + 0.02). Contrary to the
empirical relation between visibility and AOD (Eq. (4)), average visi-
bility in February (2.75 + 0.15 km) is better than in December (2.1 +
0.13 km) and January (1.89 + 0.16 km) despite having higher AOD
values. The correlation between AOD and visibility during winter was
weak (r = —0.36, p = 2.74 x 1075). Temperature is at its lowest (14.68
+ 0.37 °C) and RH is at its highest (82.7 + 1.28%) in January among the
three-winter months (Table S5). As the pre-monsoon season advances,
aerosol loading (AOD) starts increasing and the highest AOD value is
observed in May (0.75 + 0.01). Despite the increase in the AOD, visi-
bility also starts improving with the advancement of pre-monsoon sea-
son, having the best average visibility in May (6.10 + 0.14 km).
Visibility and AOD display an inverse relation with an even weaker
correlation (r = —0.23, p = 4.75 x 107°). With the onset of the South
Asian Monsoon system in monsoon, we can see a notable improvement
in visibility and a sharp decline in the AOD.

The lowest value of AOD (0.21 + 0.01) and the highest visibility (7.4
+ 0.21) were observed in July. There is an overall increase in AOD and a
decrease in visibility across the season during active monsoon months
(JJAS). During these months, visibility and AOD exhibit moderate

correlation (r = — 0.66, p = 7.23 x1072%), and are in good agreement
with the empirical relation (4), the best among all over the year. A
gradual decrease in visibility and a sharp rise in AOD is seen during
October and November when there is a moderate correlation of (r =
—0.42, p = 9.81 x1071%). A graphical representation of the association
of AOD with visibility and RH during the monsoon period of 2013-2018
is shown in Fig. 7(b). The curve of best fit (brown line) is similar to the
theoretical relation given by Eq. (4) with a goodness of fit (Rz) of about
0.55, meaning that about 55% of the variability in visibility during the
monsoon period is explained by the variability of the AOD alone. We can
clearly see that the combined effect of RH and AOD on visibility is as
expected, with the visibility reduction taking place towards a higher RH
regime. When RH is <60% the influence of RH is negligible. Under the
condition of high visibility and low RH, the main influencing factor of
visibility is particle concentration. When the RH is >60% the influence
of RH on visibility continues to increase. A similar power function
relationship is seen between PM2.5 and visibility at BWA (Fig. 7(c)),
with a strong anti-correlation (r = —0.74). Atmospheric visibility pro-
vides the public with an estimate of air quality such that they generally
believe that the lower the visibility the worse the air pollution.
Accordingly, we see that the higher the PM2.5 concentration, the lower
the visibility. PM2.5 also has different effects on visibility, under
different RH. There is generally good visibility condition at low PM2.5
and RH <50%. However, when RH and PM2.5 get higher, visibility
tends to lower. From the figure (Fig. 7(c)), visibility of 5 km, the visual
threshold for aviation use, corresponds to a PM2.5 mass of 48 pgm >,
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Fig. 7. (a) Average visibility and AOD (z, at A = 550 nm) with respect to the Day of the year, and (b) visibility as a function of AOD (z) — during the South Asian
monsoon (JJAS) period from 2013 to 2018 (c) Visibility as a function of PM, 5 mass from April to Dec 2019. Data points are color coded for RH in (b) and (c).

3.7. Long-term change of PM2.5, relative humidity, wind speed, and daily
minimum temperature

The interannual time series of Total Surface Mass Concentration
(PM2.5) in Fig. S2 shows a significant increase of PM2.5 over the period
for all seasons. A sudden jump in PM2.5 is observed in the year 2000.
The highest value of PM2.5 is observed during winter (DJF) followed by

Table 2

pre-monsoon (MAM), post-monsoon (SON), and monsoon (JJAS) similar
to our observation on AOD data (Section 3.6). We found a statistically
significant (at 0.001 level) positive trend of PM2.5 in all seasons
(Table 2). It shows the highest positive trend in winter (1.27ugm > yr 1)
season and lowest in monsoon (0.45 ug m3 yr’l).

Similarly, we performed a trend analysis of different meteorological
parameters, namely relative humidity (RH), Surface Wind Speed (WS),

Results of Mann-Kendall, Sen’s slope estimator, and OLS regression test of seasonal average values of (a) PM2.5, (b) Relative humidity (RH), (c) wind speed (WS), and
(d) Daily minimum temperature (Tp,;,) between 1977 and 2020 at Bhairahawa airport. The trend represents the slope of the linear fit between the variable of interest
and year. The boldface values indicate that the slope is statistically significant at corresponding levels of significance(a).

Mann - Kendall Sen’s slope OLS regression

Zuc  povalue Trend Qo7 [CH] Trend i, r  [95%CI 3 p-value>|]
Winter (DJF) 6.15* 7.56 x 1071 1.27* [0.440, 1.835] 1.42% + 0.127 [1.167, 1.679] 11.2 0.000
2) PM2.5 (ug m™?) Pre-monsoon (MAM)  5.80* 6.76 x 1077 0.76* [0.400, 1.122] 0.80" + 0.088 [0.626, 0.982] 9.14 0.000
. Monsoon (JJAS) 5.51% 3.49 x 1078 0.45* [0.242, 0.699] 0.49* + 0.067 [0.353, 0.625] 7.26 0.000
Post-monsoon (ON) 6.10* 1.07 x 107° 1.26% [0.723, 1.669] 1.35% +0.111 [1.122, 1.571] 12.14  0.000
Winter (DJF) 4.16* 3.22 x 107° 0.36* [0.084, 0.646] 0.38* + 0.072 [0.230, 0.523] 5.20 0.000
b) RH (%) Pre-monsoon (MAM)  2.287 2.28 x 1072 0.15% [-0.093,0.441]1  0.17"" + 0.097 [-0.025,0.365] 1.76 0.086
Monsoon (JJAS) 0.65™ 5.03 x 107! 0.029™ [-0.107, 0.179] 0.30™ + 0.041 [-0.053, 0.112] 0.73 0.471
Post-monsoon (ON) 1.227 2.20 x 107! 0.062" [-0.132,0.291]  0.08™ + 0.061 [-0.046,0.199] 1.258  0.215
Winter (DJF) —1.7%* 8.74 x 1072 —0.009%* [-0.032,0.009] —0.01"" + 0.006 [-0.023,0.001] -1.78  0.082
WS (m/s) Pre-monsoon (MAM) —1.2™ 2.28 x 107! —0.009™ [-0.034, 0.016] —0.01™ + 0.007 [-0.023, 0.007] -1.12 0.268
Monsoon (JJAS) -0.63™ 530 x 107! —0.004™ [-0.013,0.006]  —0.003" + 0.005 [-0.014,0.008] —0.59 0.556
Post-monsoon (ON) -1.18™ 231 x 107! —0.006™ [-0.015,0.003]  —0.006™ + 0.005  [-0.017,0.005] —1.14  0.261
Winter (DJF) 2.417 1.57 x 1072 0.020% [0.004, 0.036] 0.019} + 0.008 [0.003, 0.035] 2.40 0.021
&) T °C) Pre-monsoon (MAM) 1.62™ 1.05 x 1071 0.016™ [—0.004, 0.034] 0.0187 + 0.008 [0.001, 0.34] 2.15 0.038
min Monsoon (JJAS) 3.277 1.06 x 103 0.016% [0.007, 0.223] 0.0141 + 0.004 [0.008, 0.022] 4.16 0.000
Post-monsoon (ON) 4.137 3.53 x 107° 0.032} [0.019, 0.046] 0.030t + 0.008 [0.014, 0.047] 3.75 0.001

*0.001, { 0.05, **0.1 - level of significance; ns - non-significant.
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and Daily Minimum Temperature (Tp,;,) and presented their test results
in Table 2. Upon the trend analysis, we found that RH displays an
increasing trend during winter (0.36%jyr }, at « = 0.001) and pre-.

4. Discussion

The region around BWA airport is one of Nepal’s larger industrial
centers, influencing major economic aspects of Nepal. In addition to
agricultural fields and villages, the region contains the city of Bhair-
ahawa, as well as brick kilns, cement factories, steel mills, and other
industries. Across the border in India, the region is also densely popu-
lated and contains agricultural fields and industries. The city of BWA, its
surrounding area, and the area across the southern border with India
have witnessed rapid urbanization and industrialization in recent de-
cades. A study by Ramachandran and Rupakheti (2022), found a posi-
tive trend of urban/ industrial aerosol type on the annual scale over
Kanpur, indicating worsening air quality and visibility in the IGP region.
Different studies (Dhungel et al., 2018; Khanal et al., 2022; Liithi et al.,
2015; Panday et al., 2016; Rupakheti et al., 2017) which involve models,
satellite, and observation data have reported a long-range and trans-
boundary transport of air pollutants from IGP region to higher Hima-
layas via southern plains of Nepal, especially in dry seasons. Thus, the
worsening of air quality and visibility during dry seasons can also be
attributed to the transport of transboundary air pollution. Power cuts
during dry months have been a common phenomenon in the IGP region
in and around BWA until recently. Emissions from distributed generator
sets (World Bank, 2014) and irrigation pump has been significant during
winter and pre-monsoon season and have contributed to local and
regional air pollution.

We have found that BWA experiences the highest air pollution, both
AOD and PM2.5, during the winter season (DJF) (Fig. 7(a) & Fig. S2)
similar to the findings of previous studies (Rupakheti et al., 2018a; Kedia
etal., 2014; Sharma et al., 2014). A significant buildup of air pollution in
the atmosphere of IGP starts in the post-monsoon season particularly
because of agricultural residue burning after rice crop harvest in large
parts of the region (Saikawa et al., 2019; Khanal et al., 2022), in addition
to other regular emission sources and intensifies in December and
January (Dey and Di Girolamo, 2010). The low correlation between
AOD and visibility (r = —0.36) during winter suggests that aerosol
loading only is not sufficient to explain the visibility reduction in winter.
We have also found the steepest positive trend (1.27ug m > yr™ 1) of air
pollution, more specifically, PM2.5, during winter for our study period.
Many previous studies have reported a similar increasing trend of haze
(Jaswal et al., 2013; Kaskaoutis et al., 2012; Sarkar et al., 2006; Saikawa
et al.,, 2019; Srivastava et al., 2012) elsewhere in the IGP region in
winter. Burning wood and fossil fuels are still primary sources for
heating and cooking in Nepal. Burning of wood is more common in rural
areas whereas fossil fuel burning is common in urban areas. Such ac-
tivities are higher during cold winter days, especially in lowland areas of
Nepal and adjacent areas across the border. According to Kedia et al.
(2014) and Ramachandran et al. (2015), in addition to vehicular/ in-
dustrial emissions, an increase in anthropogenic emissions due to
biomass burning in winter — especially for residential heating - results in
more amount of Black Carbon (BC) over IGP. Thus, such activity in
winter worsens the air quality as well as visibility in the area. Through
their study of climatology and trends in absorbing aerosols type — on
seasonal and annual time scales - Ramachandran and Rupakheti (2022)
found a significant positive trend in biomass burning (BB) aerosol type
during winter over Kanpur, a city in IGP, located at about 313 km
southwest of BWA. This upward trend of BB during winter shall
contribute to a worsening trend of air quality and visibility at BWA.

Similarly, winter months in the Terai plains of Nepal are character-
ized by special meteorological conditions — slower wind, adequate
moisture content (RH) (Table S5), and low-level temperature inversion
episodes. These conditions result in a shallow planetary boundary layer
(PBL), hence, suppressed buoyant vertical transport of the pollutants
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(Tare et al., 2006). Because of the trapping of pollutants within a shallow
layer, with low WS, an optically thick layer of haze on a regional scale
builds up in winter. There is also a statistically significant increase in RH
(0.360/0yr’1 at @ = 0.001) and a decrease in surface wind speed (—0.009
m/s yr ! at a = 0.1) during winter (Table 2). A recent study by Islam
et al. (2021) reported that secondary inorganic ions (ammonium, ni-
trate, and sulfate) comprise 20 + 6% of the total chemical composition
of PM2.5 nearby BWA. Under a high RH regime, as generally observed
during winter, optical properties of such secondary aerosols are altered
leading to increased extinction efficiency, i.e., haze, and reduced visi-
bility. Thus, RH is also an important meteorological parameter to in-
fluence winter season visibility at BWA. Similarly, decreasing WS in
winter reduces the horizontal dispersion of air pollution.

Across IGP, the winter haze and fog are strongly coupled systems.
The meteorological conditions in winter also offer an ideal condition for
the occurrence of widespread and persistent radiation fog along the
stretch of the IGP region. The key ingredients for the formation of the fog
are sufficient moisture, and enough hygroscopic aerosol particles onto
which moisture can condense (also known as cloud condensation nuclei,
or CCN) (Gultepe et al., 2007). Apart from the addition of water vapor
on a regional scale by western- disturbances (Gautam, 2014), the
moisture for winter-time fog formation in some parts of IGP could have
originated from the irrigation of a large swathe of agricultural fields of
Uttar Pradesh, Haryana, and Punjab (Jenamani, 2007). According to a
report by MoF (2020), the irrigation area of BWA has expanded manifold
during the last few decades, which might have resulted in the observed
upward trend of RH. There is still a lack of scientific consensus on why
persistent winter fog has increased across the IGP in recent decades
(Saikawa et al., 2019), however, we found that the increasing trend in
frequency and intensity of winter fog is consistent with the increasing
trend of air pollution (PM2.5, (1.27ug m~> yr™1)), RH (0.36%yr 1), and
decreased WS (—0.009 m/s yr’l). Several other studies (e.g., Ghude
et al., 2017; Jenamani, 2007; Syed et al., 2012; Mohan and Payra, 2014;
Shrestha et al., 2018) conducted elsewhere in IGP have also reported the
increasing tendency of fog (fog - days/h) in winter. These results also
agree with the general perception of local people in the Terai region,
about the main climatic variation during the winter season, that “fog
occurs more frequently and denser”, and “cold spells are getting more
intense” (Smadja et al., 2015). Further, we have observed an increasing
trend in average daily minimum temperature (Tp,;;;)(0.020 ° C yr’l) in
winter similar to the findings of Baidya et al. (2008), Shrestha et al.
(2017), and Shrestha et al. (2018). This could be because of the
increased occurrence of fog and haze which reduce the loss of long-wave
solar insolation at night resulting in surface warming. In essence, we
observed the seasonal highest occurrence of poor visibility events in
winter in the form of haze and fog because of the combination of the
highest level of air pollution and the influence of specific meteorological
conditions i.e., low temperature, temperature inversion, RH, and WS.
The increased poor visibility events eventually resulted from the upward
trend of occurrence of haze and fog. The lowest temperature and highest
RH in January, among the three-winter months, cause the duration and
intensity of fog to peak in January resulting in the lowest visibility.
Because of a sharp temperature rise — increasing dew point depression —
leading to elevated PBL height and a decrease in RH, the duration, and
intensity of fog diminish and visibility tends to improve as the winter
season advances. We further looked at the frequency of cold days and
nights during the winter season and found that the frequency of cold
days is slightly increasing while the frequency of cold nights is
decreasing (result not shown). This also supports that the duration and
frequency of fog and haze are increasing which reveals the increasing
cold day and enhancing of the poor visibility.

The onset of fog takes several hours because the ambient tempera-
ture falls gradually overnight, creating meteorological conditions
conducive to the formation of fog. However, the dispersal of fog takes a
shorter duration because an increase in temperature occurs faster as the
sun passes overhead or the wind speeds up, dispersing or clearing the
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fog. Our findings on the onset and dispersal of fog events are consistent
with the finding of Jenamani (2012) and Mishra and Mohapatra (2004).

During the pre-monsoon season (MAM), the atmosphere at BWA
becomes warmer, drier, and turbulent (Table S5), and the top of the PBL
rises because of the warmer atmosphere as the season advances. This
phenomenon should have resulted in the observed improved visibility,
in comparison to the winter season. Since aerosols are trapped within a
shallow mixing layer in winter and still in pre-monsoon, the columnar
distribution of aerosol is not uniform and so is the light extinction, as has
been assumed during the formulation of the relation (Eq. (4)). Thus, the
relationship between AOD and visibility is not so strong. The majority of
visibility reduction during MAM occurs when the haze becomes denser.
Regional haze episodes are frequent during this season because of the
accumulation of aerosol plumes from different sources as discussed in
earlier sections. Besides having these regular emission sources, many
previous studies (Dey and Di Girolamo, 2010; Gautam et al., 2009;
Hegde et al., 2007; Ram et al., 2010) have reported a likelihood of
additional contribution from wind-blown desert dust originating as far
from the Thar Desert during this season. A study by Pandithurai et al.
(2008) has also reported a deterioration of visibility in IGP by contri-
bution from desert-dust air pollution. In this study, we have found a
significant increase in air pollution, more specifically PM2.5 (0.76 ug
m3 yr’l), and RH (0.15%yr’1), at BWA in the pre-monsoon season.
Thus, the increment in aerosol loading and RH could have led to the
observed increasing trend of pre-monsoon-haze and overall poor-
visibility conditions in the pre-monsoon season.

Most importantly, the precipitation scavenging of pollutants is
dominant during the monsoon season (JJAS). It occurs either by rainout
(in-cloud capture of particulates as condensation nuclei) or washout
(below-cloud capture of particulates and gaseous pollutants by falling
raindrops) (American Meteorological Society, 2006). The highest
amount of precipitation at BWA airport is witnessed in July, which
gradually declines as the monsoon season advances. This results in an
abrupt decline in the AOD value in July and lower values of AOD during
other monsoon months. Since we do not notice a marked variation in
any other meteorological parameters except for the rain while
advancing from the pre-monsoon (Table S5), the air pollution scav-
enging process by the monsoon system should be the governing factor of
visibility. In addition, the visibility condition is usually the best of all
seasons also because of having high temperature, high WS, (Table S5),
and elevated PBL height — probably the highest — leading to stronger
convective mixing and horizontal dispersion of air pollution. Based on
our findings on the relationship between visibility, AOD/PM2.5, and RH
(Section 3.6), the RH, especially in higher regimes (>60%), has an in-
direct but notable influence on visibility by changing the optical prop-
erties of the aerosols. Since the seasonal average RH is higher than 60%
(Table S5), we can expect a significant role of RH. Because of air
pollution scavenged by this seasonal rainfall during monsoon, the
measured level of air pollution is the lowest. The rise of the AOD level in
early June could be resulted from the pushing of regional aerosol plumes
in the IGP towards the northern IGP by the southwesterly winds related
to the onset of the monsoon. Among all, the best anti-correlation be-
tween AOD/PM2.5 and visibility occurs and the power function rela-
tionship between them is observed because this season offers
meteorological conditions closely matching our assumption — all aero-
sols are trapped within the mixing layer and the extinction coefficient is
uniform across it — while deriving the empirical relationship. A similar
reciprocal relation between AOD and visibility was detected from the in-
situ measurements for 5 days over South-West Germany (Baumer et al.,
2008). Lin et al. (2011) also observed an exponential relationship with a
high correlation coefficient (about —0.75) between AOD and visibility
during April 2006 in over 200 locations in Asia. The upward trend of
PM2.5 (0.45 ug m™~3 yr1) at the BWA region supports the increase in the
occurrence of monsoon-haze (0.314%jyr™ ') and poor visibility condi-
tions. Dey and Di Girolamo (2010) also suggested that visibility reduc-
tion during the monsoon usually results from absorbing and scattering

11

Atmospheric Research 288 (2023) 106746

visible light by cloud and rain droplets or by aerosols during the occa-
sional haze that occurs during the monsoon break.

With the onset of the post-monsoon (ON) season, many air pollution
activities, especially the operation of brick kilns, in the BWA and else-
where in the IGP region resume their operation. They are normally shut
down during the monsoon season to avoid potential damage by rain.
Haze - sometimes referred to as atmospheric brown cloud - start to build
up in the IGP region, due to paddy residue burning, mostly in the upwind
sites of IGP, like Pakistan, the Indian states of Punjab, and Hariyana after
the rice harvest (Kulkarni et al., 2020; Jethva et al., 2019). Slow east-
ward transport of thus produced pollutants contributes to air pollution
in the downwind sites, as found by Kulkarni et al. (2020) in Delhi. A
study by Wan et al. (2017) in the post-monsoon months at Lumbini also
reported that the organic carbon (OC) derived from biomass burning
contributed a significant fraction (as high as 40%) of the total aerosol OC
in Lumbini, which confirms the regional influence of agricultural res-
idue burning on the aerosol concentration at BWA. The seasonal air
temperature, wind speed, and rainfall (Table S5) diminish, and PBL
height starts to shrink as the season advances and aerosol concentration
in the atmosphere increases. Since there is little to no rainfall during this
season, there is a lack of active scavenging processes. Thus, air pollution
is further intensified as the season advances resulting in a gradual
reduction in visibility from the combined contribution of increased air
pollution emission, a lower air temperature, and wind speed. The
observed significant increase in poor visibility conditions and haze
during this season might be explained by the upward trend of PM2.5
(1.26 ug m~2 yr™1). Similarly, the observed sudden drop in the occur-
rence of poor visibility since the pre-monsoon period of 2020 can be
attributed to the slowing down of air pollution emission activities after
the COVID lockdown in the region, which started in March 2020.

Almost similar meteorological conditions exist during winter in all of
the studied nearby airports in IGP. The perceivable difference at BWA is
the extent of local air pollution and proximity to the major sources of
emissions in the upwind sector of the IGP region. In comparison to GOP,
LKN, and DEL airports, BWA is a smaller city with a lesser population
and industrial setup from the beginning of our study period. Thus, local
air pollution emissions at BWA were lesser and had better visibility
conditions initially. With urbanization and industrialization in the area,
which occurred lately, local air pollution emissions at BWA also
increased manifold in the recent decades, resulting in worsening visi-
bility conditions during winter. Poor visibility conditions existed in the
rest of the megacities because of having a higher level of air pollution
emissions since the beginning.

Besides many other sectors, the occurrence of poor visibility in
different forms includes serious impacts on the air transport system at
BWA. One of the major challenges for aviation at BWA airport is that
flight operations are highly influenced by poor visibility conditions due
to both regional haze and winter fog. Analysis of climatological data at
BWA (Fig. 8), shows a significant decline in the fraction of time when
aircraft could land using Visual Flight Rules (VFR) (Appendix A.1).
Airport’s Instrument Flight Rules (IFR) (Appendix A.1) operation and
closure frequency, solely due to reduced visibility, has also increased
significantly at the same period. The currently operational navigation
systems at BWA, including VOR and recently implemented RNP (Ap-
pendix C.1), generally enable airport IFR operation in hazy conditions.
However, both fail to enable airport operation, i.e., especially aircraft
landing, in general fog (visibility <1 km) conditions, let alone dense fog
(visibility <200 m). This results in inconvenience to the passengers and
added financial burden to the airlines because of delay or cancellation of
scheduled flights, which are yet to depart from BWA airport, or in-flight
holding or diversion of the flights bound to BWA airport. The financial
loss will be immense when the airport operates international air traffic
at its full capacity. Especially during winter, BWA airport and KTM
airport are highly unlikely to serve as alternate airports for each other
(Appendix C.3 & Fig. S3) in case of visibility conditions at one airport
reduce below the minimum visibility required for landing. According to
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Fig. 8. Winter season (DJF) hourly frequency (in percentage) of different types of flight operation conditions at Bhairahawa airport during the period (1978-2020).
The normal Visual Flight Rules (VFR) operation occurs when the visibility of the airport is >5 km.; Instrument Flight Rules (IFR) occur when visibility at BWA airport
is between 5 and 1.6 km, and the airport is closed when visibility is lesser than 1.6 km under presently available landing aid i.e., VOR-DME.

CAAN (2022), while being upgraded to the international airport, the
government of Nepal has already invested in installing a sophisticated
landing guidance system, called Category- I (CAT —I) (Table S.4) In-
strument Landing System (ILS) (Appendix C.1) at BWA airport based on
its topographic suitability. However, the airport authority of BWA is
waiting for permission from the Indian authority before its operation.
When it comes to function, it helps BWA airport be able to operate in
lower visibility regimes, e.g., during foggy conditions. After further in-
vestment in upgrading the ILS to the higher category (CAT - II/III)
(Table S.4) and advanced surface movement guidance and control sys-
tem (A-SMGCS), BWA airport will be capable of operation during very
low visibility conditions such as during dense fog. This would justify one
of its main objectives of international up-gradation, i.e., the nearest
suitable alternate airport to KTM for international air traffics, inside
Nepalese territory.

5. Conclusion

This study considered 44 years of visibility data from Bhairahawa
airport (BWA) and analyzed the interannual and intra-seasonal variation
of visibility that impacts the flight operation at a recently upgraded
international airport in Nepal. Haze and fog are the two main weather
conditions for reducing visibility, mainly during the winter season and
the frequency of annual-poor-visibility events and haze days increased
exceedingly over the study period in all seasons. Here are the main
conclusions of this study:

e Visibility is consistently decreasing at BWA in all seasons.

e Higher relative humidity and lower wind speed have caused the
increased frequency of winter haze and fog.

e The upward trend of haze and poor visibility events are mainly
driven by regionally increased air pollution.

e Winter visibility is mainly associated with lengthy fog hours that are
caused by the radiational cooling in the stagnant night.

Aviation at BWA airport shows that aviation at BWA airport has been
severely affected by the occurrence of poor visibility and is going to be
more affected in the future, provided the uncurbed poor visibility con-
ditions persist. The alarming increase in poor visibility conditions in
post-monsoon and winter because of the increased haze and fog is of
serious concern to aviation. This highlights the importance of immediate
implementation of instrument landing system (ILS), preferably CAT- II/
III, equipment at BWA airport. Thus, earlier operation of the ILS system
is highly advisable.

More in-depth and enhanced studies are needed in the future at BWA
airport. Installation of visibility sensors; Runway Visual Range (RVR)
measuring equipment like Transmissometers and Forward Scatter Sen-
sors; would yield more precise measurements of visibility. This would be
very useful while studying fog characteristics and especially
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microclimatic behavior. This study highlights a statistical result, which
cannot provide detailed physical processes that control the interaction
between aerosol particles and weather conditions. Thus, there is a need
for an in-depth study with field measurement data, to understand the
interaction of aerosol on the lifecycle of fog/ haze for efficient day-to-
day flight management. It will help to improve scientific knowledge
and proper planning of investments in aviation infrastructure at BWA
airport.
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Four decades of aviation visibility at Bhairahawa airport,
gateway to Buddha’s birthplace Lumbini, Nepal

Appendix A: Introduction
A.1. IFR and VFR Airport Operations

In the normal visual condition, visibility > 5 km (ICAO, 2005, p.15), also called Visual Meteorological Conditions
(VMCQ), airport authority typically allows the use of Visual Flight Rules (VFR) for airport operations. It offers ideal
flight conditions in terms of flight safety, time, cost, comfort, air-traffic flow management, need for navigation and
landing aids at the airport, etc. Whenever the visibility gets lower than that specified for VMC, i.e., Instrument
Meteorological Condition (IMC) - the flights are not permitted to operate under the VFR rules. Rather, flights can
operate up to a certain minimum visibility level under different but more stringent flight rules known as Instrument-
Flight rules (IFR). Although IFR operations provide orderly progress of aircraft taking off and landing, typically it
reduces the capacity per runway compared to VFR operations. The separation requirement between two air traffics
is less relaxed. It demands an extra workload and situational awareness of the pilots and the ATCs. The poor
visibility condition resulting from the haze, dust, smoke, mist, or fog may create many problems in aviation, like
delay, diversion, or stop in air traffic, resulting in substantial monetary loss to the commercial airlines in lost time,
fuel, additional aircraft maintenance, etc. In the worst-case scenario, poor visibility conditions may lead to aircraft
incidents or fatal accidents.

While operating under IFR conditions in very low visibility conditions, especially during fog or dense fog events,
there are (1) Slow ground movements of air traffics, (2) an increase in runway occupancy time (ROT), and (3) an
increase in spacing between landing and taking off aircraft, reducing the airport capacity by ~ 40% (Kulkarni et al.,
2019). Moreover, if a Low Visibility Operation (LVO) is in progress at an airport, especially with ILS CAT-1I/I11,
there is a certain area towards the approach end of the runway, called ILS critical area, which shall be protected
from any aircraft or vehicular movement to avoid possible interference to the ILS signal. ATC shall ensure that the
area is clear of any vehicles, including departing and arriving air traffic. This mandatory requirement causes further
delays in departure and arrival. Thus, there is a high likelihood that a scheduled flight may be either held at the
origin, diverted back to another airport, or canceled.



Appendix B: Data and Methods

B.1. Classification of weather types

Previous studies have classified weather conditions into several categories based on different thresholds of visibility,
RH, and precipitation. There has been some overlap in conditions while transitioning from one condition to another.
In our study, we have followed the following classification scheme:
1. Poor-visibility event - visibility < 5 km (Hu et al., 2017) and precipitation =0
2. Haze - visibility < 5 km (Vautard et al., 2009), RH < 90% (Wu et al., 2006), and precipitation = 0 (Du et
al., 2013)
3. Mist -1 km < visibility < 2 km (Vautard et al., 2009; Quan et al., 2011 used visibility < 2 km), RH > 90%
(Wu et al., 2006), and precipitation = 0
4. General-fog — visibility < 1 km (Vautard et al., 2009; Shrestha et al., 2018; Jenamani et al.,2012), RH >
90% (Wou et al., 2006), and precipitation = 0
5. Dense-fog - visibility < 200 m (Shrestha et al., 2018), RH > 90%, and precipitation = 0
6. Rain - precipitation > 0
7. Normal — Other than all above

B.2. Statistical tests for estimation of a long-term trend

B.2.1. The Mann- Kendall Test

This technique of testing the randomness against the trend in climatic and hydrological time series has been widely
used (Kendall, 1975; Mann, 1945; Van Belle and Hughes, 1984; Yue and Wang, 2004). In this method, the null
hypothesis (Ho) is that the trend in the studied parameter (visibility or fog parameter) over time does not exist; the
alternate hypothesis (Hi) obviously is that there exists a trend (increasing or decreasing) over time. Statistical
equations for calculating Mann-Kendall Statistics(S), the variance of MK statistics, and standardized test statistics
(Zyk) are (Ahmad et al., 2015; Shrestha et al., 2018):

S = nj Zn: sig(X; — X;) Eq. (B.1)

i=1 j=i+1
+1if(X; —X;) >0
sig(X; —X;) =3 0if(X;—X;)=0 Eqg. (B.2)
-1if(X;—X;)< 0
q

V() = %8 n(n-D@n+5) - ) tp(t,—1)(2,+5) Eq. (B.3)
p=1
s—1
\/W LfS >0
Zuc =1 0 ifS=0 Eq. (B.4)

0

\JVARG)

Where, X; and X; are time series observations in chronological order, n is the length of the time series, t, is the
number of ties for the pth value and q is the number of tied values. Positive, negative, and zero values of Z indicate
the upward, negative, and no trend in the time series. When, |Zy| > Z,_,,, , or p-value less than the level of
significance («); we reject (Ho). Thus, statistically significant trends exist in the time series. The critical value of
Z1_qj atthe level of significance (o) 0.05, from the standard normal table is 1.96.

B.2.2. Sen’s Slope estimator

This technique finds the most common application in finding the linear trend of time-series data in climatological,
hydrological, and air pollution studies (Kahya and Kalayci, 2004; Shrestha et al., 2018; Tabari and Marofi 2011,



Van Belle and Hughes, 1984). This non-parametric method is used in our study to estimate the magnitude of trends
in poor visibility conditions and different fog parameters. This method is robust to handle single data errors and
outliers (Sen, 1968) in which the trend is assumed linear. The equation of the trend line of Sen’s slope is given by:

ft)=Qt +B Eqg. (B.5)

Where Q is the slope and B is the intercept.

The slope of the ith value pair in the distribution is calculated by using the following equation:

Q= L2k Eq. (B.6)
i ] _ k

Where, x; and x,, represent values of data at time j and k, respectively in chronological order.

Sen’s slope estimator Q is obtained by computing of median value of all Q; such that;

Qn+1 when, N is odd Eq. (B.7)

2
Q=11 _
E(Q(N)/Z + Qu+2)/2 ) When, N is even

A positive, negative, and zero value of Q represents increasing, decreasing, and no trend over time (Ahmad et al.,
2015).

B.2.3. Ordinary least squares (OLS) regression

This parametric test is one of the most commonly used and powerful statistical methods for estimating trends in time
series data (Hess et al., 2001). However, the normality, non-autocorrelation, and homoscedasticity of residuals are
some of the basic requirements in this method (H and Hirsch, 1992). OLS tests for the detection of the linear trend
by examining the relationship between time t and variable of interest X.

The statistical model of simple linear regression of X on time, used in this technique is given by (Hess et al., 2001):

Xi=Pot+piti +¢ Eq. (B.8)

Where X; is the response for the time t;, and 1 < i <n with n asthe length of the time series. Similarly,ﬁo,ﬁ1
and ¢; are the intercept, slope, and random error. The errors are assumed independent and identically distributed.

The fitted line represents a predicted value for X given a value for t; and it involves minimizing the sum of the

square of the difference between the fitted line and the observed data points in the y-direction (Cantrell, 2008). The
estimates of slope and intercept of the regression line are given by:

s Xt - DX - X) Eg. (B.9)
b= -
B,= X- Bt Eq. (B.10)

Where, £and X are the expected values of the predictor and response variable respectively.

The standard error of the slope is given by:

5 X —Bo—Bit)?
Se(ﬂl)zj(l_( Bo— Bt

Eq. (B.11)

n—2)¥L(t— 6?2



A null hypothesis H, : B, = 0 is tested using the t-statistic ( t;) with n-2 degree of freedom:

bk Eq. (B.12)
° 59(31)

The null hypothesis H, is rejected if t, is greater than the critical value of two-tail t- distribution with a level of
significance or the p-value is less than the level of significance () or if 0 is not contained in the confidence interval
By %t an-215e(B1)). Where, ¢ "4 n—s is the t * multiplier at e level of significance and (n — 2) degree of
freedom.

B.3. Microclimatic properties of fog

Onset and dispersal of fog

Because of the limitation of our data, i.e., the coarser time resolution of 3 h and not having nighttime observation,
we face difficulty determining, mostly, the exact timing of fog onsets in the previous nighttime and the actual
dispersal time also. Thus, we have made some assumptions: instead of considering that an onset/ dispersal takes
place in a fixed timestamp, we consider it to occur within time intervals of 3 h, matching with our data time
resolution.

The onset timing of a fog event is determined in such a way that if a fog event is reported in observation, the onset
of that fog could have happened any time before the observation time, not overlapping the previous onset. If a fog
event of the same intensity were recorded in consecutive recordings, the onset of the fog is always in the first
instance when the fog onset was recorded, no matter how long the fog lasts.

For instance, if a fog event is observed on the first observation of the day, 05:45 local time (00:00 UTC), the onset
of the fog might have been any time of the previous night, earlier than 05:45 local time. Likewise, for the onset
timings of a fog event observed at 08:45 local time (03:00 UTC), we have assumed it was any time between 05:46 to
08:45 local time.

Similarly, the dispersal of a fog event is determined in such a way that if a fog event of a given intensity were
recorded in an earlier measurement, but not in the next; then the dispersal of the fog could have occurred any time in
between these two consecutive measurements. For example, if we observe a fog event in the first observation of the
day, 05:45 local time (00:00 UTC), but not in the next observation at 08:45 local time (03:00 UTC), the fog might
have dispersed anytime within the time interval 05:46-08:44 local time (00:01-02:59 UTC). Other dispersal intervals
follow the same argument; except for the last dispersal time of the day, >17:46 local time (> 12:01 UTC), which
assumes that the dispersal could have occurred anytime in the early evening until the next morning.

Firstly, the onset and dispersal time of fog of different intensities were determined, then the occurrence frequency
(in percentage), which is the total number of fog onset/dispersal during the interval out of the total number of onsets/
dispersals in the whole data period.

The most favorable time interval of onset/dispersals of fog is a time interval when the highest number of
onset/dispersals occurs in comparison to other intervals. In a likely manner, the favorable period of onset/ dispersals
of fog is the period during which the cumulative percentage of onset/ dispersals is more than 90%.

B.4. Relationship between the aerosol optical depth (AOD) and visibility

Although the two measurement sites, BWA and Lumbini, are not collocated (about 14 km apart), it is assumed, here,
that the aerosol composition and their optical properties remain the same between these two neighboring locations.
To determine optical properties, like scattering and transmission of the atmosphere, the sunphotometer makes
automatic measurements of direct-sun irradiance and sky radiance in eight spectral channels (340, 380, 440, 500,
675, 870, 940, and 1020 nm) (Holben et al., 1998).

We have calculated the Angstrém exponent (AE) (a) between 340 and 1020 nm based on the formula (Kumar et al.,
2020; Liu et al., 2011):



AOD Eq. (B.13
log( 340/A0D1020) a. ( )
AE = - 340
10g(**¥/1020)

Finally, we have converted AERONET AOD at 500 nm to AOD at 550 nm using the spectral data as follows (Nabat
etal., 2013):

550)‘“ Eq. (B.24)

AODSSO = AODSOO (%



Table S1
Details of selected stations

gi(t?eAlg. it:;gn :a%cne'l[?f?:r )C/Zountr Lat. (N) Lon. (E) I(EnL(e)v. Data availability
444380 Bhairahawa BWA Nepal 27°30'21.6" 83°24'57.5994"  109.1 1977-2020
444540 Kathmandu KTM Nepal 27°41'49.1994"  85°21'32.3994"  1338.1 1973-2020
423790 Gorakhpur ~ GOP India 26° 44'22.9488"  83°26'58.9488"  78.94 1944-2020
423690 Lucknow LKN India 26°45'38.1384"  80°53'21.6204" 124.96 1944-2020
421810 Delhi DEL India 28°33'59.4" 77°6'11.1162" 236.82 1996-2020

- IA%E%NET - Nepal 27°29' 24" 83°16' 48" 110.0 2012-2018

NOAA station ID is the United States Air force (USAF) catalog station number, unique to each station. Lat., Lon., Elev., m,
N, and E denote latitude, longitude, elevation, meters, North, and East respectively. All of our stations are airports. Location
identifiers are the three-letter geocode, designating many airports around the world defined by the International Air Transport
Association (IATA).




Appendix C: Results and Discussion
C.1. Type of Approaches for aircraft landings (VOR, RNP, ILS, etc.)

The minimum visibility level, above which normal operation of the airport is possible, is airport and aircraft type-
specific; determined by regulations set by international and local governing authorities based on various factors, like
available navigational facilities at the airport/ aircraft, terrain, training requirement of pilots and Air Traffic
Controllers (ATC), etc. Thus, different landing facilities offer different take-off and landing minima for an airport.
VHF Omnidirectional Radio Range collated with Distance Measuring Equipment (VOR-DME or simply VOR), and
Instrument Landing System (ILS) is one of the most common radio navigation and landing aid ground installations
worldwide to aid take-off and landing in marginal visibility conditions. In between the two, ILS offers much lower
IFR minima, i.e. aircraft can take off and land in a much lower visibility threshold. According to the International
Civil Aviation Organization (ICAQO), ILS has been classified into different categories based on its capability to
permit landings under given visibility conditions as presented in Table.T3 (K, 2017, p. App- C3). There is not even a
single airport in Nepal with an operational ILS, let alone the country’s only international airport, Tribhuvan
international airport (TI1A) at Kathmandu (KTM).

Although TIA does not have sophisticated landing aids like ILS, which would otherwise help airport operation in
much lower visibility conditions, another precise satellite-based navigation and approach system, suiting local
topography, known as Required Navigation Performance-Authorization Required (RNP-AR), is in effect there since
2012, together with a VOR. It offers lower minima (1100 m) than the VOR (2800 m); but there are some difficulties
with its operational use, e.g., lengthy approval process, additional training requirements for the operating crew,
requirement of the onboard instruments, etc. Thus, not all aircraft and crew are qualified to conduct an RNP-AR
approach in Kathmandu. Thus, VOR is yet the basic mode of aid for take-off and landing in Kathmandu in IFR
weather conditions.

After the recent up-gradation to the international operation in May 2022, VOR-DME and RNP approach only are
available at BWA, for which the minimum visibility requirement for aircraft landings at BWA are 1600m and
1900m (or even higher depending on the Runway) respectively. However, before the upgradation, VOR was the
only mode of landing aid.

C.2.Hourly frequency of airport operation at BWA during winter

In this study, although hours of operation of BWA airport differ slightly during the winter (16 Feb - 15 Nov) from
the rest of the year (CAAN, 2018, p. AD 2-1); we have considered airport operation hours of 06:00-18:00 local time
(00:15-12:15 UTC), throughout the year for the sake of analytical ease. When the visibility reduces below 1600m,
the airport remains closed for operation. Towards a better understanding of how many hours in a year, the flight
operation at BWA is affected by low visibility, the hourly frequency of airport-operation-type was computed, which
is the percentage of hours of the particular type of airport operation in winter (VFR, IFR or CLOSED), out of total
hours of operation in the winter.

C.3.Can BWA and KTM airports serve as landing alternate airports for each other?

In order to find the instances when both TIA and BWA airports cannot serve as alternate airports to each other, we
have chosen VOR approaches in both airports. This is because the majority of aircraft and crew are capable of
performing VOR approaches. When the visibility at TIA reduces below 2800 m (KTM VOR minima), an aircraft
bound for TIA cannot make a diversion to BWA unless visibility at the latter is more than 1600 m (BWA VOR
minima) and vice-versa. Unlike three-hourly observations at BWA, TIA publishes a Meteorological Terminal Air
Report (METAR) every half an hour. In order to figure out the number of hours for which aircraft bound for one
airport (say, TIA) cannot proceed to another (say, BWA), in case of weather at the former deteriorates below landing
minima, an assumption is made:



e If visibility at a given time in TIA is less than 2800 m and that in BWA (at the nearest observation made
within 1.5 hours of the given time) is less than 1600 m; a diversion from one airport to another is not
possible. For instance, if visibility in TIA at, say, 02:20 UTC (or, 03:50 UTC) is, say, 2500 m (or, 2700 m)
and visibility at BWA at 03:00 UTC (the nearest timestamp at BWA within 1.5 hours interval of 02:20
UTC and 03:50 UTC) is 1200 m only, diversion is not possible.

From Fig. S3, we see that during the winter months there is very little chance that BWA serves as a suitable alternate
airport to Kathmandu, if visibility in one goes below the minimum, under the existing landing guidance system VOR
at both places. The chance is higher during autumn. For the rest of the seasons, visibility is usually not an issue for
the diversion.
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Fig. S1 Occurrence frequency of: (a) haze and (b) fog at Bhairahawa (BWA\) airport in different seasons during the period
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(VOR) installation at these airports.
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Table S2

Results of Mann-Kendall, Sen’s slope estimator, and OLS regression test of annual occurrence frequency (%) of different
weather types for the period of 1981 — 2020 at Bhairahawa airport. The trend represents the slope of the linear fit between the
variable of interest and year. The boldface values indicate that the slope is statistically significant at a defined level of
significance (a).

Mann — Kendall Sen's slope OLS regression
Trend Trend [95% p-
Zuyx  p-value Q [C1] B (of]] ts  value
(%oyr™) % (%yr~1) % >t
_5 [0.213, [0.374,
Haze 4.41* 1.0 x 10 0.57* 0.926] 0.57* £ 0.095 0.759] 5.97 0.000
. _3 [0.031, [0.033,
Mist 3.13+ 1.7 x 10 0.08% 0.138] 0.08 £ 0.024 0.131] 3.41  0.002
Weather
) - 6 [0.064, . [0.127,
type Fog 4.60 418 x 10 0.22* 0.354] 0.20* + 0.034 0.263] 5.80  0.000
. . 4 [0.027, . [0.082,
Rain 3.76 1.7 x 10 0.18* 0.322] 0.16* £ 0.038 0.234] 420  0.000
e oanx s ) [-1.351, g0« [-1.118,
Normal 5.34 8.9x 10 0.94* -0.462] 0.90* £ 0.110 20.673] 8.15  0.000

*0.001, 1 0.05, ** 0.1 - level of significance; ns non-significant

Table S3

Results of the Mann-Kendall test and Sen’s slope estimator for Occurrence frequency (%) of: (a) poor-visibility events, and (b)
fog days, in the winter season (DJF) at Bhairahawa (BWA), Gorakhpur (GOP), Lucknow (LKN) and Delhi (DEL) airports. The
trend represents the slope of the linear fit between the variable of interest and the year. The boldface values in the trend indicate
that the slope is statistically significant at a defined level of significance(a).

Mann - Kendall Sen's slope
. Data Trend Q o

Site period Zuk p -value (Y1) [C1](%)
a) Occurrence BWA  1977-2020 5.98* 227 x107° 1.02* [0.523, 1.506]
frequency of GOP 19772020  3.72 1.97 x 10~ 0.01 [0.000, 0.020]
poor visibility
events LKN 1977-2020 -0.58 0.563 0.00 [-0.061, 0.010]
%
(%) DEL 1996-2020 2.85** 434 %1073 0.06** [0.005, 0.210]

BWA 1977-2020 5.44* 528 x 1078 1.19* [0.573, 1.723]
b) Occurrence
frequency of fog - GOP 1977-2020 3.07 2.17 x 1073 0.62 [0.261, 0.979]
days (%) LKN  1977-2020  5.20 1.99 x 1077 0.93 [0.630, 1.212]

DEL 1996-2020 3.32* 8.95 x 10~* 1.29** [0.000, 2.798]

*0.001 level of significance, ** 0.01 level of significance
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Table S4

ILS categories and corresponding runway visual range (RVR) as per ICAO standards. RVR is the range over which the
pilot of an aircraft on the centerline of a runway can see the runway surface markings of the lights delineating the runway
or identifying its centerline (ICAO, 2017, p. Glossary).

ILS categories (CATS) Runway vi;lfa?%nge (RVR)
(m)

CATI > 550

CAT I 550 - 300

CAT IlIA 300-175

CAT IlIB 175-50

CAT IIIC <50

Table S5

Monthly average values of meteorological parameters, namely, visibility, temperature, relative humidity, and wind speed at
Bhairahawa airport from 2013 to 2018. The bold faced values are the highest and lowest monthly averages

Met

parameter Jan Feb Mar  Apr May  Jun Jul Aug Sep Oct Nov Dec
189 275 450 526 610 626 734 688 635 480 329 211
Visibility (km) + + + + + + + + + + + +
016 015 018 014 014 013 021 019 021 021 016 0.3
Temperature 1408 2024 2538 3022 3178 3186 3046 3063 3029 2788 2337 17.78
o + + + + + + + + + + + +
(°0) 037 044 046 048 035 031 027 027 027 037 043 038
Relative 8272 7102 5754 4708 5606 6834 7859 7957 7807 7406 67.80 77.28
L. 0% + + + + + + + + + + + +
Humidity (%) 195 149 162 167 135 124 098 097 098 136 168 144
Wind Speed 233 243 351 477 420 343 375 305 309 256 197 220
+ + + + + + + + + + + +
(m’s) 020 041 024 027 022 023 030 013 019 036 011 0417
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ABSTRACT

In winter, Tribhuvan International Airport (TTA) 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 occurtence of
fog, dense fog, and winter haze in TIA from a historic global houtly 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 upwatd trend of winter haze frequency (2.36% day/year, at 0.001 level of significance
(@) and fog frequency (0.46% day/year, at a = 0.05) in regime-I (1976-2000). Wheteas the trend of winter haze
flattened to 0.36% day/year (at a = 0.05) and dense fog declined at the rate of —1.28% day per annum (at a = 0.01)
in regime-1I (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, TTA.
Keywords: Aviation, fog, haze, Kathmandu, visibility

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 ez al., 2023; Vautard ¢t al., 2009; Wu,
20006). 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 e7 al.,
2023; Vautard ez 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 ef al, 2007; Jenamani &
Kumar, 2013; Kulkarni ez a/., 2019; Morisset & Odoni,
2011). Like elsewhere (Jenamani & Kumar, 2013), low
visibility contributed many aviation accidents and
incidents in Nepal (Kathayat ef al, 2023; Regmi et al.,
2020). Typical evidence of such occurrence in Nepal is a
runway excursion after the landing of Turkish Aitlines
wide-body aircraft (TC-JOC, Airbus-A330) at Tribhuvan

International Airport (TTA) 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 ez a/., 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 e 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 ez al., 2011; Streets ez al., 2000;
Vautard ez 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 ez a/., 2007; Hunova ez
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), aitlines, and pilots (Jenamani, 2012).
Various researchers studied various aspects of fog
occurrences in different places in India (Bhushan ez a/,
2003; Jenamani, 2007; J. Singh ez al., 2007; Srivastava ez
al., 2016) and elsewhere (Hameed ¢z @/, 2000; Hunova ez
al., 2020; Liu ez 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 ef a/., 2019; Stivastava ef
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 ¢/ 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 e7 al., 2023; Manandhar, 2006; Shrestha
et al, 2018, 2023). Analyzing multi-decadal
meteorological data, we (Kathayat ez a/., 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 ez al., 1980; B. Sapkota,
2002; B. K. Sapkota, 1996; Sharma, 1997). Using
photographs and meteorological data, Nakajima ez a/.
(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 ez 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) 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.
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MATERIALS AND METHODS

In this study, we used meteorological data (Jan 1976—Feb
2023) obtained from the National Climatic Data Center
(INCDC) 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/houtly).
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 e al.,
2012).

112 — 0.1T + Td)s M

RH = 100(
112+ 09T

Where T & T4 denote air temperature and dew point

temperature respectively.

Similar to previous studies (Du e al., 2013; Kathayat ez
al., 2023; Vautard et al., 2009; Wu, 20006), 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
2 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 TTA, 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 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

and



when a fog event of a given intensity continuously
occurs. According to our previous assumption, an
isolated fog obsetvation 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. Similatly, if a fog event
in the
measurement, it could have dispersed anytime in

were recorded earlier but not successive
between. Their occurrence frequency is the ratio of the
number of fog onset/dispersal during the petiod 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 recotrd of the day

Mann-Kendall Statistics (5):
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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 ez 4/.
(2017) and Kathayat ez @/ (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 ez a/., 2023; Shrestha e/ al.,
2018; Yue & Wang, 2004). These two non-paramettic
tests are particularly preferred statistical tools to detect
the trend in climatic and hydrological time series when
the data is inhomogeneous and/or beats some errors
and outliers (Sen, 1968) as our data does. In the Mann-
Kendall test, the null hypothesis (Ho) is that there is no
trend in the subjected parameter over the considered
period. Following are the governing equations of the
Mann-Kendall test.

n-1 n
= Z Z sig(X; — X;) @)
i=1 j=i+1
+1if(X;—X;)>0
sig(X;— X)) =3 0if(X;—X;)=10 ©)
-1if(X;—X)< 0
The variance of MK statistics:
L q
46)) =15 n(n — 1)(2n+5)—z tp (t, —1)(2¢t, +5) @)
p=1
Standardized test statistics (Zyg):
S—-1
———— ifS>0
JVAR(S)
Iy = 0 ifS=0 ®)
S+1
ifS<0

JVAR(S)

Where 7 is the length of the considered time series, X;
and X; are time series observations (in chronological
order), ty, is the number of ties for the p value and g is
the number of tied values. Zero, positive, and negative
values of Z respectively indicate none, upward, negative
trend. We reject Ho when p < a (the significance level)
ot, |Zyk| > Zi_q/2 indicating statistically significant
trend value. From the standard normal table, the critical
value, Z1_q /5 , at a = 0.05 is 1.96.

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

f(®) = Qt +B ©)

Here, Q is the slope and B represents the intercept.
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In a time series, the slope of the /th value pair x; and x;,
observed at time j and £, respectively (in chronological
order) is

X
Qi = )

J Xk
j—k

The median value of all such Q; gives the Sen’s slope

estimator O such that:

N is odd

Qn+1 when,

2

Q= ®)

1
E(Q(N)/Z + Q(N+2)/2) when, N is even

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 eatly
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.

100% A
& B Fog
Dense-fog
80% ]
c.- l
o
> 60% -
&)
c J
GLJ l
5 40% -
[&]
O ]
O .
20%
0% l .
.QQ _QQ .QQ 'QQ 'QQ ’QQ
“3 Q- > B H° o
Q Q Q Q Q Q
72 & & 45 4 4

Consecutive duration (h)

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
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percentage of fog (dense fog) events in Kathmandu do
not last long—Iless 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 ‘seet/abar’) 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 eatly 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
(TTA), Kathmandu, from 1976 to 2023. The error bars represent a 95% confidence interval of a single proportion
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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 TTA 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
19762000 (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™*, a = 0.001 before the year 2000
and 0.36% day yr~tat a = 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

100

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=! at a = 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 petiod but a declining trend (—1.28% day yr—*
at a = 0.01) in regime II.
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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 (vatiance = 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 7 al., 2019; Sarkar ef al., 2006; Syed e# al.,
2012) also reported increased regional haze and fog
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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 ez a/.,
2009), atmospheric conditions (Becker ez a/., 2021), and
increased sources of local emissions (Mool ¢# al., 2020).
During winter, the valley’s atmosphere experiences the
highest levels of ground-level air pollution (Aryal e al.,
2008; Becker ¢t al., 2021; Putero ef al., 2015) that makes
KTM Valley occasionally rank as having the worst
particulate air pollution levels worldwide (Becker e a/.,
2021). Near-surface temperature and wind speed in
KTM are the lowest in the winter months
(Supplementary material, Table S.1). In winter, strong



nighttime inversions form cold air pool above the valley
basin (Panday e al, 2009; Panday & Prinn, 2009)
resulting in lower Mixing Layer Height (Mues ef a/., 2017)
that suppresses buoyant vertical transport of air
pollutants. Rain scarcely occurs in the valley during
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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

Mann-Kendall

Sen's slope

Period 7 | Trend CI

MK p—va ue Q (0/@/7'1) ° /O
1976-2000 479 <0.001 2.36* [1.00, 3.69]

Occurrence frequency

of haze days (%) 2001-2022 2.01 0.044 0.36t [-0.12,1.75]
1976-2022 7.34 <0.001 2.34* [1.79,3.00]
Occusrence frequency 1976-2000 1.92 0.055 0.46t [-0.45, 1.25]
o 2001-2022 -0.91 0.364 -0.560 [-2.78, 3.83]
of fog days (o) 1976-2022 252 0.012 0.46+ :0.06, 1.04]
1976-2000 -0.89 0374 -0.2508 [-0.75, 0.25]
O(f)zce‘t‘fsr:‘;g;ﬁ;lﬁf};‘ 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 T—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 ez al. (2021) revealed
that the winter season witnessed the highest increase in
PM2.5 levels (~ 2ugm™) 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-activides—local and/or transboundary—or a
meteorological impact. We could see a slight upward
trend (0.28% /year at a = 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 a =
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
a = 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 es 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 e# a/, 2023; Saikawa ez al.,
2019; Sarkar e 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
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region (e.g., Ghude ez 4/, 2017; Jenamani, 2007; Kathayat
et al., 2023; Shrestha e7 al., 2018; Syed ez al., 2012) as well
as central and eastern China (Niu e7 a/, 2010). Many (e.g.,
Kathayat ez al., 2023; Niu et al., 2010; Sarkar et al., 20006;
Syed e# 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 ez
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 es al, 2023; Shrestha e/ al, 2018) and
regional meteorological change (Niu ez a/., 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 (T4)—the difference
between ambient temperature (1) and dew-point
temperature (T,)—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 Tuep (—0.03 °C/year at a =
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 %
/yeat at @ = 0.001) and increase in Taep (0.13 °C /year at
a = 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 °C /year
at a = 0.01) in the later period (2001-2022).

Kathmandu Valley is one of the fastest-growing metro
cities in South Asia (Timsina ez a/., 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 TTA
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
the wvalley. 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,.

urbanization of
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Table S.1: Seasonal average values of different meteorological parameters namely, visibility, temperature, dew-point temperature, relative humidity, and wind

speed at Tribhuvan international airport (TTA) in Kathmandu from Nov 1976 to 2023. The bold-faced numeric values are the highest and lowest monthly
averages

Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
5.83 6.41 6.85 7.13 8.35 8.09 8.50 8.70 8.57 8.44 7.41 6.24
Visibility (km) + + + + + * * + * + + +
0.06 0.07 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.07 0.07 0.06
10.51 13.39 17.29 20.81 22.38 24.10 23.82 23.94 22.93 20.23 15.47 11.59
Temperature (°C) + * + + + + + + + + + +
0.07 0.08 0.08 0.0.08 0.06 0.05 0.04 0.04 0.04 0.06 0.07 0.07
5.00 6.85 9.05 11.62 16.05 19.67 20.95 20.93 19.76 15.33 10.12 6.25

Dew point

I+
I+
I+
I+
I+
I+
I+
I+
I+
I+
I+
I+

Temperature (°C)
0.03 0.03 0.05 0.06 0.04 0.03 0.02 0.02 0.02 0.05 0.04 0.04

73.6 70.1 64.1 62.4 72.0 79.1 85.8 84.9 84.1 76.8 74.9 74.4
Relative Humidity

I+
I+
I+
I+
I+
I+
I+
I+
I+
I+
I+
I+

(7o)
0.3 0.3 0.3 0.4 0.3 0.2 0.2 0.2 0.2 0.3 0.3 0.3

2.3 2.8 3.6 3.9 2.9 2.7 2.7 3.0 24 2.7 2.5 2.5

Wind Speed (m/s)

I+
I+
I+
I+
I+
I+
I+
I+
I+
I+
I+
I+

0.3 0.3 0.5 0.5 0.2 0.3 0.4 0.4 0.2 0.4 0.4 0.5




Table S.2: Trend results of meteorological parameters: Relative Humidity (RH), temperature (T), and Wind Speed (WS) in winter (DJF) at Tribhuvan
international airport (TTA) in Kathmandu from 1976 to 2022 using Mann-Kendall and Sen’s slope estimator. CI denotes the confidence interval

Mann-Kendall Sen's slope

Period Zuk p —value 0 ;(I)Z;I;d_l) E/i

1976-2000 2.55 0.011 0.28t [—0.10, 0.65]

(a) Relative Humidity (RH) (%) 2001-2022 —2.87 0.004 —0.46%* [—0.94,0.64]
1976-2022 —1.24 0.215 —0.06" [—0.20, 0.18]

1976-2000 0 1.0 0.00ms [—0.13, 0.13]

(b) Temperature (T) (°C) 2001-2022 —1.48 0.14 —0.06" [—016, 0.12]
1976-2022 3.06 0.002 0.04** [0.01, 0.09]

1976-2000 0.37 0.708 0.01ns [—0.06, 0.47]

() Wind Speed (WS) (m/s) 2001-2022 -1.96 0.049 —0.02¢ [—0.03,0.01]
1976-2022 —3.37 <0.001 —0.02* [—0.03,0.007*

*-0.001, ** - 0.01, and T — 0 .05 level of significance ; ns — non significant



Table S.3: Trend results of winter season average values of nighttime meteorological parameters, namely, Relative Humidity (RH), Temperature (T), Dew-
point Depression (Tdep), and Wind Speed (WS) in winter (DJF) at Tribhuvan international airport (TTA) in Kathmandu from 1976 to 2022 using Mann-
Kendall and Sen’s slope estimator. CI denotes the confidence interval

Mann-Kendall Sen's slope
Period
7 | Trend Cl
MK p —value Q (%yr‘l) %
1976-2000 1.89 0.059 0.18 s [—0.17,0.43]
. . .

(@) Relative Humidity (RH) (%) 2001-2022 —3.44 <0.001 —0.70% [—1.13,0.18]
1976-2022 -1.93 0.05 —0.11n [—0.29, 0.10]
1976-2000 0.58 0.559 0.01ns [—0.05,0.10]
(b) Temperature (T) (°C) 2001-2022 2.68 0.007 0.14%* [0.06, 0.34]
1976-2022 3.75 <0.001 0.07* 0.01,0.11]
1976-2000 —2.19 0.028 —0.03+ [—0.05, 0.00]

(c) Dew point Depression (Tqep)
(°C) 2001-2022 3.29 <0.001 0.13* [0.03, 0.25]
1976-2022 1.67 0.10 0.020 [—0.01, 0.06]
1976-2000 0.53 0.597 0.01xs [—0.03, 3.43]
(d) Wind Speed (WS) (m/s) 2001-2022 143 0.153 —0.01m [—0.09, 0.03]
1976-2022 0.47 0.64 0.00xs [0.00,0.00]

*-0.001, ** - 0.01, and T —0.05 level of significance ; ns — non significant
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Figure S.2: Satellite image taken on 5 February 1967 (left) showing the broad floodplains of rivers flowing through the

Valley floor and open areas and agricultural lands in and around TIA and Google Earth map taken on 20 April 2022

(right) showing urbanization of the Valley (Dixit, 2022)
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