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CHAPTER OVERVIEW 87 

KEY FINDINGS 

1. Air pollution and air quality have worsened in the Hindu Kush -Himalaya (HKH);  the causes 
include diverse pollutant sourcesɞcook stoves, brick kilns, other industrie s, power plants, and 
transport ɞcombined with rapi d urbanization [Well established].  

2. Although research on HKH air quality has improved, major gaps remain because the region 
does not have enoug h air quality monitoring stations  [Well established].  

3. Persistent winter fog leads to elevated air pollution and low visibility throughout the HKH 
and the Indo -Gangetic Plain (IGP)  [Established but incomplete].  

4. The HKH is sensitive to global climate changeɞand air pollution within the HKH affects 
the cryosphere, the circulation of monsoons, and the distribution of rainfall over Asia  
[Established but incomplete].  

 88 

POLICY MESSAGES 

1. To mitigate air pollution and its severe socio -economic effects, cle an technologies and 
infrastructure are essential investments; the HKH should focus on leapfrogging for 
sustainable development.  

2. Dedicated national institutions are required to adopt and implement air pollution 
mitigation policies, as well as to cooperat e and collaborate regionally on transboundary air 
pollution issues.  

3. Education is essential ɞthe HKH needs more mechanisms to enhance knowledge sharing, 
to increase responsiveness to scientific evidence, and to promote awareness and behavioral 
change.  

 89 

Air pollution ha s large impacts on the Hindu Kush-Himalaya (HKH), affecting not just the health of 90 
people and ecosystems, but also climate, the cryosphere, monsoon patterns, water availability, 91 
agriculture, and incomes [ Established but incomplete ]. Although  the available data are not 92 
comprehensive, they clearly show that the HKH receives significant amounts of air pollution from the 93 
Indo-Gangetic Plain (IGP), a region where many rural areas are severely polluted. In addition, the HKH 94 
receives transboundary pollution from other parts of Asia. This chapter surveys the evidence on 95 
regional air pollution and considers options for reducing it, while underlining the need for regional 96 
collaboration in mitigation efforts.  97 

The past decade has seen a rapid rise not only in air pollution affecting the HKH  [Well established] , but 98 
also in our understanding of it. An increasing number of atmospheric monitoring stations have been 99 
installed throughout the HKH and the nearby plains, while several important field campaigns have  100 
contributed significant knowledge about atmospheric processes. Data from these monitoring stations 101 
show that air quality has strong seasonal and diurnal cycles in most parts of the HKH, with meteorology 102 
playing a strong role.  103 
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Air pollution varies by season: Particulate matter pollutant concentrations in the HKH are highest 104 
during the winter months from December to February, lowest during the summer monsoon months 105 
from June to August [Well established]. Pollution also varies diurnally, though in different w ays for 106 
different pollutants. In many plain and valley locations, meteorology and emissions patterns cause 107 
morning and evening peaks in particulate matter with a diameter of 10 µm or less (PM 10) and with a 108 
diameter of 2.5 µm or less (PM2.5)ɞwhile ozone (O3) peaks during the daytime and sinks to low levels 109 
at night, as a result of dry deposition and titration by nitric oxide (NO). Mountaintop and high -altitude 110 
locations show an afternoon peak in PM caused by the up-slope arrival of polluted air masses from 111 
lower elevations; these higher locations do not exhibit the night -time drop in O3 levels found in the 112 
plains and valleys. 113 

Despite recent improvements in data collection, major gaps in HKH air quality networks persist, and 114 
many large cities on the Indo -Gangetic Plain (IGP) still lack monitoring . These data gaps reflect several 115 
challenges. First, the topographical heterogeneity of the HKH means that improved air quality 116 
monitoring would require a denser network of stations than is required in flat plains. Seco nd, the 117 
current use of different instruments or protocols at different sites means that data from these sites 118 
urgently needs to be compared and validated. Third, beyond the ground-based observation of air 119 
pollution, a full picture would also require the me asurement of pollutantsɠ vertical variation. 120 

One of the worsening air pollution problems now facing the IGP and the southern edges of the HKH is 121 
regional haze during the dry season, with persistent winter fog [ Well established]. In winter months, 122 
temperatu res over the IGP are cold enough for frequent temperature inversion episodesɞa layer of 123 
cool air is trapped near the ground under a layer of warm air. This condition suppresses the normal 124 
tendency of pollutants to rise and disperse over a wide area, instead trapping pollutants in a shallow 125 
boundary layer and causing winter haze to be optically thick (as often seen in satellite imagery). Winter 126 
air pollution is also exacerbated by increased biofuel burning for residential heating: higher winter 127 
concentration s have been found at several locations in the IGP for carbonaceous aerosols (black 128 
carbon, BC and organic carbon, OC), for sulfate, and for nitrate. Finally, dense persistent haze and fog 129 
can be self-reinforcing: by reducing the sunɠs ability to warm the land surface, they can further lower 130 
surface temperatures and perpetuate the inversion effect. For all these reasons, poor visibility days can 131 
rise as high as 90 percent during winter throughout the IGP.  132 

The HKH is sensitive to global climate change through  atmospheric dynamics and thermal forcing 133 
[Established but incomplete ]. Research also indicates that snow and glacier melt are accelerated by 134 
absorbing aerosols. And several climate modeling studies have suggested the importance of aerosol 135 
solar absorption  in modulating summer monsoon circulation and rainfall distribution over Asia. Water 136 
from seasonal snow and glacial melt provide significant resources for regional livelihoods, and 137 
monsoon rainfall ɞparticularly over southern Asia ɞis a crucial freshwater resource for the region 138 
(constituting over 70 percent of annual rainfall). Thus, as aerosol radiative effects and regional 139 
warming perturb monsoon circulation and the Himalayan cryosphere, the resulting shifts in rainfall 140 
dynamics have critical socio-economic as well as environmental implications.  141 

Air pollutant mitigation is urgently needed in the HKH, given the severe effects of deteriorating air 142 
quality and increasing haze and winter fog across the regionɞon health, climate, the cryosphere, water 143 
resources, air quality, agriculture, ecosystems, and livelihoods [Established but incomplete ]. Such 144 
mitigation will require three elements:  145 
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¶ Investment in clean technologies and green infrastructure.  146 
¶ Dedicated institutions and policies, including for regional and tra nsboundary collaboration 147 

and cooperation. 148 
¶ Behavioral change, supported by knowledge sharing and responsiveness to scientific evidence. 149 

Promising clean technologies exist for the mitigation of household, industrial, and upstream air 150 
pollution At the househo ld level, steps include chimney installation and  the use of cleaner 151 
cookstovesɞwhether with  liquefied petroleum gas (LPG), biogas, or electricity. Households may be 152 
more likely to adopt these cleaner fuels and technologies with help from g overnment  subsidies and 153 
credit, as well as through effective  marketing. At the industr y level, brick producers can reduce fuel 154 
consumption  and mitigate CO2 and air pollutant  emissions by shifting from intermittent kilns  (such as 155 
clamp kilns or bullɠs trench kilns) to more efficient types  (such as zig-zag or Vertical Shaft) . Finally, 156 
green infrastructure policies could significantly reduce short - lived climate pollutants and greenhouse 157 
gases through u pstream structural changes to energy and transport systems: for example, the HKH 158 
countries could adopt tighter  vehicle emissions and fuel quality standards.  159 

Dedicated institutions and policies are needed, both within countries and across national borders. 160 
Because air pollution in the HKH is regional, its mitigation is ɞcritically ɞa regional responsibility. The 161 
region urgently requires i nstitution al arrangements that will enable interagency coordination  on air 162 
pollution, actively engaging multiple stakeholders. To begin with, two constraints need to be removed: 163 
the lack of a clear division of labor among government institutions , and the lack of coordinating 164 
mechanisms to break down agency silos. 165 

Public awareness and behavioral change are also essential to emissions reduction . For example, people 166 
who lack adequate solid waste collection services commonly burn their trash, generating emissions 167 
that can be linked to health problems . Raising awareness of these problems can help to build public 168 
support and pressure for improving  services in urban areasɞand for adopting alternative waste 169 
disposal methods, such composting , in rural ones. 170 

AIR POLLUTION IN THE HKH AND THE SUSTAINABLE DEVELOPMENT GOALS (SDGs) 

Air pollution mitigation must be part of any effort to meet the Sustainable Development Goals 
(SDGs), especially three: those on health (SDG 3), sustainable energy (SDG 7), and cities (11). To 
make the connection explicit, we propose three calls to action on air pollutants in the HKH:  

¶ For SDG 3 (Ensure healthy lives and promote well-being for all at all ages): Take urgent 
measures to reduce household air pollution from cookstoves in the HKH.  

¶ For SDG 7 (Ensure access to affordable, reliable, sustainable and modern energy for all): Ensure 
access to affordable, sustainable, and improved clean fuel for all people in the HKH. 

¶ For SDG 13 (Take urgent action to combat climate change and its impacts): Reduce emissions 
of short - lived climate forcersɞespecially BC ɞby reducing emissions from brick kilns and 
diesel trucks in the HKH.  

  171 
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10.1 OBSERVATIONS OF AIR POLLUTION IN THE HKH 172 

Photographs of snowy peaks against blue skies can give the impression that the Hindu Kush Himalaya 173 
(HKH) has pristine air quality. Unfortunately , such images are becoming increasingly rare. Recent 174 
decades have seen much of the HKH region suffer ing from major air pollution  problems. During a big 175 
fraction  of the dry season, the heavily-populated Indo -Gangetic Plain (IGP) is covered by a thick 176 
aerosol haze that reduces visibility and obscures sunlight. The haze often penetrates deep into 177 
Himalayan valleys and at times even crosses the Himalaya to reach the Tibetan Plateau. Across the 178 
region, tropospheric ozone (O3) ɝ a secondary pollutant ɝ has increased. Meanwhile the IGP has seen 179 
an increase in persistent winter fog during the past two decades that is at least partly driven by 180 
increased air pollution.  This chapter presents our understanding of air pollution in the region  based 181 
on available observations.  182 

In recent years stations to monitor air pollution have been established at a number of key places within 183 
and near the HKH, both in urban and rural areas. In addition, short -duration field campaigns have 184 
collected valuable first glimpses into pollution levels and temporal patterns of pollutants that are 185 
otherwise not monitored in those locations. While  many time series are short and most datasets do not 186 
go back more than a few years, they provide some important  observations: 187 

¶ Air quality in most places has strong seasonal and diurnal cycles, with an important role played 188 
by meteorology. 189 

¶ Air pollution is very much a regional issue, with widespread haze extending across much of 190 
the urban and rural parts of the IGP and southern HKH foothills during the dry season.  191 

10.1.1 Air pollution seasonality in the HKH 192 

In Bangladesh, we find  particulate  levels much higher than the national ambient ai r quality standards 193 
for PM10 (150 µg/m3 for 24 hours, and 50 µg/m3 annual average) and PM2.5 (65 µg/m3 for 24 hours, and 194 
15 µg/m3 annual average) (CleanAirAsia 2016). Figure 1 shows monthly  average levels of particulate 195 
matter  with an aerodynamic diameter less than 10 micrometers (PM10) and less than 2.5 micrometers 196 
(PM2.5) collected by the only continuous monitoring station in Dhaka, Bangladesh, between 2002 and 197 
2010. We also observe in Figure 1 a distinct seasonal pattern  in Dhaka, with highest concentrations 198 
during the winter months from December to February and lowest concentrations during the summer 199 
monsoon months of June to August. A similar seasonal pattern was also found in PM10 concentrations 200 
in Kathmandu, Nepal (Aryal et al. 2008), while i n Varanasi, India, PM10 and PM2.5 were found to decrease 201 
from January to March (Kumar et al. 2015). 202 

Although detailed seasonal data are lacking in many places, the levels of particulate matter, both soot 203 
and dust, are very high in many cities in the region for which data exists, including Islamabad, Pakistan 204 
[Parekh et al. 2001] and Delhi and Kolkata, India (Gurjar, et al. 2016). A large population in the region 205 
is exposed to pollution higher than the WHO annual standard of 20 µg/m3 for PM10 and 10 µg/m3 for 206 
PM2.5 [WHO 2005]. Kathmandu, Nepal has average PM2.5 concentrations of 49 µg/m3

, exceeding Nepalɠs 207 
own 24-hour ambient standard of 40 µg/m 3 [Ref WHO].  208 

 209 
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 210 

Figure 1: Monthly avera ge levels of PM10 and PM2.5 in Dhaka, Bangladesh for the period from 2002-2010. Source: 211 
CASE, CAMS, eleven air quality monitoring sites nationwide.  212 

Dust particles tend to be coarser than smoke particles and secondary aerosols. PM2.5 is usually 213 
dominated by smoke particles and secondary aerosols, while PM10 is more affected by dust. Data from 214 
both  Dhaka and Delhi show that a dominance by fine particles  ɝ PM2.5 ɝ is a large fraction of PM10. In 215 
contrast, Karachi, Pakistan, in the arid southwestern corner of  the IGP, had PM2.5 concentrations of 75 216 
µg/m3, but  PM10 concentrations of 437 µg/m 3 in March -April 2009 (Shahid et al. 2016). Similarly,  during 217 
a two-week study period in Autumn 2009, Kabul, Afghanistan  had PM2.5 and PM10 concentrations of 86 218 
µg/m3  and 260 µg/m3 respectively, while  Mazar-e Sharif, had PM2.5 and PM10 concentrations of 68 µg/m3  219 
and 334 µg/m3 respectively. Both cities in Afghanistan also had high levels of carcinogenic polycyclic 220 
aromatic hydrocarbons (PAHs) from traffic , as well as coal and biomass combustion (Wingfors et al. 221 
2011). In addition, i t is not only the cities in the HKH that have high levels of air pollution ; rural places 222 
in the IGP are also affected, such as Lumbini, Nepal (Rupakheti et al. 2016). In places with a lot of dirty 223 
fuel combustion, a  significant fraction of PM 2.5 is composed of black carbon (BC), the light-absorbing 224 
soot that is emitted during incomplete combustion  (Shindell et al. 2013). 225 

10.1.2 Air pollution diurnal cycle in the HKH 226 

In the Kathmandu Valley, Nepal, PM10 and PM2.5 have been found to exhibit morning and evening peaks 227 
that are influenced by a combination of emissions patterns and meteorology  (Aryal et al. 2009; Panday 228 
and Prinn 2009; Panday et al. 2009). The pattern of morning and evening peaks is also found in carbon 229 
monoxide (CO) concentrations in Kathmandu (Panday and Prinn 2009), as shown in Figure 3. CO is 230 
another product of incomplete combustion. The fact that the same pattern appeared on weekends and 231 
festival days illustrates that emission patterns alone (such as rush  hour) could not explain the observed 232 
pattern, which depended on the formation a nd dissipation of a cold -air pool over the bowl -shaped 233 
valley (Panday et al. 2009). Similar diurnal patterns have also been found in CO and nitrogen oxides 234 
(NOx=NO+NO2) concentrations in Lhasa, Tibet (Ran et al. 2014) and in BC in Kanpur, India (Tripathi  235 
et al. 2005) and in Kharagpur, India (Beegum et al. 2009).  236 

 237 

Figure 2 shows the diurnal cycle of BC during four differen t seasons in Pantnagar, a semi-urban site at 238 
the northern edge of the IGP in Uttarakhand, India, and in central Kathmandu, Nepal. Both places 239 
exhibit clear morning and evening peaks in BC. Similar  pattern s were also found in Lanzhou, China 240 
during winter  (Xu et al. 2016), as well as in Kullu Valley in India  (Sharma et al. 2013).    241 
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The pattern of morning and evening peaks is also found in carbon monoxide  (CO) concentrations in 242 
Kathmandu (Panday and Prinn 2009), as shown in Figure 3. CO is another product of incomplete 243 
combustion. The fact that the same pattern appeared on weekends and festival days illustrates that 244 
emission patterns alone (such as rush hour) could not explain the observed pattern, which depended 245 
on the formation a nd dissipation of a cold -air pool over the bowl -shaped valley (Panday et al. 2009). 246 
Similar diurnal patterns have also been found in CO and nitrogen oxides (NOx=NO+NO2) 247 
concentrations in Lhasa, Tibet (Ran et al. 2014) and in BC in Kanpur, India (Tripathi  et al. 2005) and in 248 
Kharagpur, India (Beegum et al. 2009).  249 

 250 

Figure 2: Diurnal concentrations of BC during each season at Pantnagar, Uttarakhand, India (left, source Joshi et 251 
al 2016) and at Paknajol, Kathmandu, Nepal (right, source Putero et al 2015). 252 

 253 

 254 

Figure 3: CO in the Kathmandu Valley in October (a) and January (b) 2005.  Weekends are marked in light shading 255 
and festival days in medium shading. Source: Panday and Prinn 2009 256 
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The pollutant gas O3, however, shows a very different pattern  in many cities in and near the HKH . 257 
Tropospheric O3 is produced by catalytic reactions of NOx and volatile organic compounds (VOCs) 258 
under sunlight.  In a number of urban areas, O3 was found to peak during the day time and to sink to 259 
low levels at night as a result of dry deposition and t itration by NO  (Panday and Prinn 2009; Ran et al. 260 
2014). The daytime peak was a result of replenishment from higher altitudes as well as photoche mical 261 
production  (Sillman 1999; Panday and Prinn 2009). Such patterns have been studied in  Kathmandu 262 
(Panday 2006; Pudasainee et al. 2010), as well as in many other cities around the world (Imhoff  et al. 263 
1995). In Chandigarh, O3 was found to exceed Indiaɠs national ambient air quality standard on all 264 
except one day in May 2012 (Sarkar et al. 2016). 265 

Few cities have long enough records to allow us to see trends. While levels of PM and NOx have slightly 266 
increased in Delhi over the past decade, levels of sulfur dioxide (SO2) and CO have come down as a 267 
result of converting public vehicles to compressed natural gas (CNG) (Firdaus and Ahmad 2011; Gurjar 268 
et al. 2016). A study on the health  effects of the measures found improvements in the respiratory health 269 
of people who spent the most time outdoors (Foster and Kumar 2011). Lhasa, Tibet, meanwhile, has 270 
seen CO levels remain flat from 1998 to 2012, while NO 2 and SO2 have increased substantially as a 271 
result of the increased vehicle fleet but decreased biomass combustion (Ran et al. 2014).  272 

10.1.3 Air pollution observations in high mountain areas 273 

While the high altitude sites in the HKH donɠt have the same alarming levels of pollution as lowland 274 
cities, they are by no means unaffected by the regional pollution.  Despite the lack of significant local 275 
pollution sources of their  own, the high mountain areas of HKH receive substantial air pollution from 276 
the IGP. On the south side of the Himalaya, comprehensive air pollution observations have been 277 
carried out at several high-altitude sites, such as Nepal Climate Observatory-Pyramid (NCO-P, 5,079 278 
m a.s.l.) (Bonasoni et al. 2010), Manora Peak (1,950 m a.s.l.) in North India (Ram et al. 2010), and 279 
Jomsom (2,900 m a.s.l.) in Nepal (Dhungel et al. 2016). To the north of the H imalaya, long-term 280 
observations of air pollution include the Qomolangma Station (QOMS) (South Tibetan Plateau (TP), 281 
4276 m a.s.l.) (Cong et al. 2015), Lulang Station (Southeast TP, 3,326 m a.s.l.) (Liu et al. 2013), and Nam 282 
Co (inland TP, 4,730 m a.s.l.) (e.g., Wan et al. 2015; Kang et al. 2016). Parameters monitored at these 283 
sites include BC and PM mass concentrations , aerosol optical depth  (AOD), CO and O3 mixing ratios , 284 
as well as aerosol and precipitation compositions ( organic carbon (OC)/elemental carbon (EC), ions, 285 
elements, and organic tracers).  286 

 287 
Figure 4: Diurnal cycle of aerosol number concentration s at Manora Peak, Nainital, India  288 
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High altitude sites e xhibit different patterns  from those found in plains and lowlands . In Nagarkot, 289 
Nepal (Panday and Prinn 2009), as well as in Lhasa, Tibet (Ran et al. 2014), and Nainital, India  (Kumar 290 
et al., 2010b; Sarangi et al. 2013), O3 values stay high at night. That is because they have fewer local 291 
NO sources and receive O3 from the air far off the ground. High-altitude locations al so receive O3 from 292 
stratospheric intrusions (Kumar et al. 2010b; Cristofanelli et al. 2010) . Figure 4 shows the diurnal cycle 293 
of the aerosol number concentration at Manora Peak (1,954m a.s.l.) in Nainital, India, overlooking the 294 
IGP, and depicts an afternoon peak in pollution as aerosols from the IGP travel upslope to reach the 295 
site over the course of the day (Pant et al. 2006). BC in Nainital follows the same diurnal pattern 296 
(Beegum et al. 2009). Similar patterns of upslope pollution transport have also been found on the hills 297 
surrounding the Kathmandu Valley, Nepal (Panday and Prinn 2009). This pattern is common at 298 
mountaintop sites except during the monsoon  season (Dumka et al. 2015).   299 

10.1.4 Assessment of existing observational networks and gaps in the HKH for air quality 300 

In general, the observations have provided a valuable data set for modeling to assess the anthropogenic 301 
influences and evaluate the effects of radiative forcing  on the cryosphere. Because most of the high-302 
altitude sites were set up relatively recently (mostly less than 10 years ago),  it is currently difficult to 303 
determine  clear temporal trends. However, the archives of ice core and lake sediments provide 304 
information going back furt her in time.  According to the results from a Mt. Everest ice core (Kaspari et 305 
al. 2011), BC concentrations had increased almost three-fold during 1975 to 2000 compared to 1860 to 306 
1975.  307 

Compared to a decade ago, there are many more atmospheric monitoring s tations in  the HKH and 308 
nearby plains, and several important field campaigns have heightened knowledge of atmospheric 309 
processes. However, there are still major gaps in the air quality networks. Many large cities in the IGP 310 
lack air quality monitoring statio ns. There is also an urgent need to compare and validate the 311 
monitoring data among different sites that currently have different instruments or protocols. Besides 312 
the ground-based observation of air pollution, vertical variation of such pollutants is also necessary to 313 
depict the whole picture.  314 

BOX 1: CAS-coordinated monitoring network of atmospheric pollution and cryospheric changes (APCC) over 

the HKH and surroundings  

Discrete and fragmented monitoring based on individual sites has been the source for report ing the 
status of atmospheric pollution and glacier changes  over the HKH-Tibetan Plateau (TP). 
Nonetheless, a continu ous and coordinated monitoring network remains deficient . This has 
presented gaps, limiting our understanding of the distribution and o rigin of atmospheric pollutants 
and their potential impacts on cryosheric changes  over the HKH-TP.  

In early 2013, a coordinated monitoring network was initiated to obtain continuous observational 
data and systematic samples from cross-sectional regions over the HKH-TP (see below figure). The 
aim was to study the distribution, variation , and transport of atmospheric pollutants and to assess 
their impacts on cryospheric changes over the HKH-TP. The network has been completed gradually , 
covering a larger spatial scale of the HKH-TP.   

For atmospheric pollutants, CAS operates a total suspended particle (TSP <100 µm) auto sampler, 
loaded by a quartz fiber filter (ū90 mm), at a flow of 100 LPM for 24-48 hours in every six days at 
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each site. During pre-monsoon seasons (generally from March to May), with the breakout of the 
Asian Brown Clouds, sampling frequency is increased to every two-to-three days. Filters were 
punched into small pieces for analysis of multiple parameters including BC/OC, soluble ions, 
elements, and other organic matters . Real time observation (e.g., BC, PM, O3) has been operated at 
some super stations (e.g., Qomolangma, Nam Co, Southeast station).  

In the m eantime, benchmark glaciers have been chosen for pointing observation and periodic 
sampling to investigate preserved atmospheric pollutants, with special focus on light -absorbing 
impurities (e.g., BC, OC, and mineral dust) and other relevant snow chemistry . Glacier mass balance 
and meteorological  data are recorded for assessment of the impacts of light -absorbing impurities  on 
glacier melt.   

 

 

 315 

BOX 2: Observatories initiated by ICIMOD in Bhutan and Nepal  

Working closely with governments and academic institutions in Bhutan and Nepal, ICIMOD has 
contributed to establishing a network of observat ories across data-sparse regions of the two 
countries. At the time of writing, this network consisted of air quality stations in Thimphu, Pasakha, 
and Phuentsholing in Bhutan, and in Lumbini, Chitwan, Ratnapark (central Kathmandu), Pulchowk, 
and Dhulikhel in Nepal.  In addition, a BC observatory was established on Yala Glacier in Nepal, and 
its twin was being prepared for installation at Chele La in Bhutan.  Two comprehensive ridgetop 
climate and environmental observatories were in preparation in Ichhyakama na, Nepal, and Gedu, 
Bhutan that together with Manora Peak in India would form a network of three ridgetop 
observatories overlooking the Indo -Gangetic Plains. 

10.2 WORSENING HAZE AND WINTER FOG IN THE HKH 316 

Before the 1950s, Europe and North America were the largest sources of BC emissions, and they had 317 
the haziest skies. Since then, the tropics and eastern Asia have dominated (Ramanathan and 318 
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Carmichael 2008). Two regions in close proximity to the HKH experience  parti cularly heavy haze: 319 
Eastern China and the Indo-Gangetic Plains (IGP) (Ramanathan and Carmichael 2008). The IGP 320 
stretches out south and west of the Himalaya and is a big source of pollution reaching the high 321 
mountain s. The IGP is an extensive stretch of highly fertile agricultural plains covering an area of 322 
700,000 km2. It is also among the worldɠs most densely-populated regions, inhabit ed by over 900 323 
million people, which is ~1/7 th of the worldɠs population. Over the past several decades, the IGP has 324 
experienced increasing amounts of aerosol haze and winter fog. Data going back to 1982 show the 325 
increase across much of northern India (Sarkar et al. 2006). This chapter discusses the worsening haze 326 
and winter fog in the region.  327 

In recent years many studies have analyzed regional haze in the HKH, using remote sensing data. In 328 
addition, more attention is being paid to the recent winter fog occurrences in the region . While much 329 
necessary measurement data are still lacking , they provide some important  observations: 330 
¶ As air pollution worsens  in many cities in the HKH and across the IGP (WHO 2016), we observe 331 

increased regional haze and winter fog episodes, as well as increased O3 in the  HKH.  332 
¶ Many adverse impacts are associated with regional haze and winter fog. 333 

10.2.1 Regional haze pollution in the HKH 334 

During the past decade and a half, the dry season haze over the IGP has been studied extensively. 335 
Measurements of column-integrated aerosol loading retrieved from sat ellite measurements show the 336 
annual buildup of haze over the IGP (Girolamo et al. 2004, Jethva et al. 2005, Gautam et al. 2007). 337 
Figure 5 shows satellite imagery from Terra MODIS, taken on 1 December 2010, with the pollution haze 338 
extending across parts of Pakistan, India, Nepal, Bhutan , and Bangladesh.  339 

 340 

Figure 5: Winter haze blanketing the entire IGP, including regions of Pakistan, India, Nepa l, and Bangladesh, 341 
south of the Himalaya (right) . Source: MODIS imagery 342 

The haze buildup starts in the post -monsoon season when, after the rice harvest, paddy residue is 343 
burned across large parts of the region . It then intensifies in December and January (Dey and Girolamo 344 
2010).  Winter  temperatures are sufficiently cold over the IGP to allow  frequent temper ature inversion 345 
episodes, which are atmospheric conditions where a layer of warm air traps a layer of cool air below it 346 
close to the ground. This condition suppresses the buoyant vertical transport of pollutants that would 347 
otherwise have dispersed over a wide area. Temperature inversion episodes therefore result in the 348 
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trapping of pollutants within the shallow boundary layer with low wind speeds (Tare et al. 2006). As a 349 
result, an optically thick haze layer builds up (as often seen in satellite imagery), with pollution 350 
dominated by anthropogenic emissions from vehicles, industries , as well as biofuel burning for 351 
residential heating  and cooking. Elevated concentrations of carbonaceous aerosols (BC and OC), 352 
sulfate, and nitrate have been reported over several locations in the IGP (Ganguly et al. 2006). The 353 
suppressed vertical mixing in winter leads to plumes of haze getting blown far out over the Bay of 354 
Bengal by low-level westerly winds (Dey and Girolamo, 2010). 355 

The haze becomes denser in the pre -monsoon months, when there is  additional contribution from 356 
wind-blown desert dust (Dey and Girolamo 2010), most of which originates i n the Thar Desert (Gautam 357 
et al. 2009), as well as extensive agricultural and forest fires. In Delhi , both the total aer osol loading 358 
and the proportion due to dust have been found to increase over the course of the premonsoon from 359 
March to June (Pandithurai et al. 2008) .  Throughout the dry season, biomass-based cooking fires and 360 
increasing amounts of emissions from transport and industrie s also contribute to the h aze. Vertical 361 
profiles of BC during the spring have found high levels of BC up to 4.5 km altitude; higher layers of 362 
enhanced BC have been observed as high as 8 km above sea level (Babu et al. 2011). Even during the 363 
rainy season, significant aerosol buildups happen during monsoon breaks (Dey and Girolamo 2010), 364 
yet  drops of 55-70% in season-average aerosol concentrations have been found in India during the 365 
monsoon compared to the pre-monsoon (Hyvärinen et al. 2011). While at a mountain location, the 366 
combination of cloud and fog droplet activation and rain scavenging w as found to remove particles 367 
across all sizes; at an urban site near Delhi, where only rain scavenging took place, the finest 368 
accumulation mode particles were not removed  (Hyvärinen et al. 2011).   369 

10.2.2 Worsening winter fog over the IGP 370 

Often coinciding with the winter haze is the widespread and persistent occurrence of severe winter fog 371 
episodes along the IGP. The majority of the fog episodes last from mid-December int o January and 372 
result  in poor visibility conditions  that  cause major disruptions to the air and rail transportation 373 
sectors, as well as a significant number of deaths in vehicular accidents (Hameed et al. 2000, Ghude et 374 
al. 2017). The fraction of days with fog has increased three-fold in a 35-year period across the Indo-375 
Gangetic Plains (Jenamani 2007; Ghude et al., 2007; Syed et al. 2012), and ten-fold in five decades in 376 
Delhi (Mohan and Payra 2014). Figure 6Error! Reference source not found.  shows that that increase 377 
has not been linear, but with distinct regime changes (Syed et al. 2012). Within each regime, and 378 
especially within the third regime, ther e have been large inter-annual variations, with a low in 2007 -379 
2008 of just above 10%, and highs exceeding 27%.   380 

Fog conditions usually also vary within each day: At De lhi airport , fog is denser at night than during 381 
the day (Jenamani and Tyagi 2011); it appears to be the case across the IGP that visibility improves 382 
over the course of the afternoon. MODIS images also show distinct day -to-day variations, with 383 
growing, shrinking, and lateral shifts of the IGP fog deck from one day to the next, as shown in  Figure 384 
7.  385 

To date there is still a lack of  scientific consensus to explain why persistent winter fog has increased 386 
across the IGP.  The key ingredients needed for fog to form anywhere in the world  are well known: 387 
sufficient moisture, airborne surfaces that moisture can condense onto (cloud condensation nuclei ɝ 388 
CCN), and a drop in temperature that allows water vapor to condense (Gultepe et al. 2007). Most of the 389 
fog over northern India, and presumably the rest of the IGP, is radiation fog (Syed et al. 2012). This 390 
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occurs when moist near-surface air cools under clear skies in stagnant, stable air. The available 391 
literature points to the role played by synoptic scale processes in creating the conditions that allow the 392 
formation of large -scale radiation fog across the IGP within a short time period . The fog not only forms 393 
simultaneously over large regions, but interannual variations in fog are also coupled across the large 394 
region (Syed et al. 2012).   395 

 396 

 397 

Figure 6: Fog frequency at stations in the Indian IGP from 1976 to 2010 (Syed et al. 2012) 398 

 399 

   400 

   401 

   402 

Figure 7: MODIS Terra images of the IGP on 17, 18, 19 (top), 20, 21, 22 (middle), and 23, 24, 25 (bottom) December 403 
2012. 404 

For a regional-scale fog episode to occur, a high dew point temperature is needed on a regional scale 405 
(Sawaisarje et al. 2014) --  in other words, a large amount of water vapor needs to be present over a 406 
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broad region. During winter season, much of the IGP is subjected to a regional characteristic weather 407 
phenomenon known as ɢwestern disturbances,ɣ a series of alternate low- and high-pressure systems. 408 
First, a low-pressure system results in enhanced moisture content in the boundary layer ; this  is 409 
subsequently replaced by a high-pressure system with  low winds, radiative cooling of the ground , and 410 
temperature inversions (Pasricha et al. 2003). The resulting anomalous cold conditions are generally 411 
referred to as sheet lahar (cold waves) in  many parts of the IGP. In addition to western disturbances, it 412 
is also possible that the moisture needed for f og in some parts of the IGP could originate in the 413 
agricultural fields of Uttar Pradesh, Haryana , and Punjab, where large areas of wheat and vegetables 414 
are irrigated in winter (Rajendra et al. 2007). 415 

Moisture and cold temperatures alone are insufficient to form fog if there are no particle surfaces for 416 
the fog droplets to condense onto. Los Angeles, California has seen a decrease in fog as it cleaned up 417 
its air pollution problem and as its ambient aerosol concentrations dropped (LaDochy 2013). Cities in 418 
many parts of the world have seen the reverse: They have denser and more persistent fog due to 419 
increases in air pollution and thus in the availability of condensation nuclei, resulting in larger 420 
numbers of smaller drops with higher optical depth (Syed et al. 2012). Central and eastern China have 421 
seen a doubling of fog frequency over the past three decades, as aerosol concentrations have increased 422 
(Niu  et al. 2010).  423 

The increase in fog appears to be associated with the increasing trends of anthropogenic air pollution 424 
in the IGP (Habib et al. 2006; Sarkar et al. 2006). In Delhi, the onset of fog has been found to match 425 
with times of high aerosol number concentration (Mohan and Payra 2014), as well as with high 426 
concentrations of carbon monoxide (Mohan and Payra 2009), a tracer of combustion. A field campaign 427 
at Delhi airport in winter 2015 -2016 found that the fog occurred in a highly polluted environment 428 
dominated by combustion and vehicular emissions (Ghude et al. 2017). During winter, aerosols over 429 
the IGP are dominated by emissions from biomass burning and agricultural waste burning (Gustafsson 430 
et al. 2009, Ram et al. 2012). In Kanpur, a large fraction of measured organic aerosols were found to be 431 
from biomass burning . The composition of organic aerosols was different during foggy events, with 432 
higher oxygen-to-carbon ratios during foggy events (Chakraborty et al. 2015). Burning of post -harvest 433 
paddy residue produces carcinogenic benzoids that can partition into aerosol phase and oxidize into 434 
hydrophilic phenolics and cresols that have increased water vapor uptake and contribute to fog 435 
formation  (Sarkar et al. 2013).   436 

Analysis of filter samples collected in H issar and Allahabad, India found that secondary inorganic 437 
aerosol constituents (ammonia, nitrate, sulfate) increased by a factor of  two-to-three times during 438 
foggy or hazy days compared to clear days (Ram et al. 2012); unfortunately , the studies did not 439 
distinguish between foggy and hazy days. Acidic gases and ammonia are taken up by fog, as found in a 440 
study in Lahore in winter 2005 -2006 (Biswas et al. 2008). Fog water in Delhi has been found to have a 441 
higher concent ration of ions than rainwater; fog water in Delhi was found to be mostly alkaline (Ali et 442 
al. 2004).  443 

10.2.3 State of current knowledge about haze in the HKH 444 

While the increase in aerosol haze across the IGP has received a lot of attention, there have been far 445 
fewer studies on the increase in O3, which already exceeds air quality standards during the spring in 446 
many places on the IGP (Lal et al. 2000; Mittal  et al. 2007; Ojha et al. 2012; Sinha et al. 2014). We have 447 
only found single papers from a handful of higher -altitude locations in cluding Kullu (1 ,154m) (Sharma 448 
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et al. 2013), Nainital (1 ,954m) (Kumar et al. 2010a), and NCOP (5,079m) (Cristofanelli et al. 2010) , as 449 
well as several places along the northern side of Mt. Everest (Semple and Moore 2008). They all found 450 
relatively high levels of O3 in the spring, with higher altitudes also affected occasionally by 451 
stratospheric intrusions.   452 

The IndoEx field campaign in 1999 discovered the broad extent of regional haze over the Indian Ocean, 453 
and in subsequent years there was a realization that the haze was also very widespread over the IGP 454 
(UNEP 2002). This realization was further cemented with the advent  of NASAɠs satellite sensors, 455 
MODIS and MISR (Mehta 2015), which provided daily views from space (Di Girolamo et al. 2004). In 456 
the decade and a half since then, hundreds of papers have been published on various aspects of the 457 
haze over India, and a smaller number about the haze over Nepal and Pakistan. As a result, we have a 458 
fairly good understanding of its temporal vari ations and horizontal extent , vertical distribution,  459 
chemical composition , and physical and optical properties, as well as its radiative impacts. We have 460 
some hints, but not yet a good understanding of its impacts on gas -phase photochemistry and its role 461 
in changing monsoon precipitation patterns. T here is still very little understanding among the general 462 
population and policymakers about the causes and costs of the haze.    463 

10.2.4 Adverse impacts of winter haze and fog  464 

The persistent and dense haze and fog reduce the solar insolation available to warm the land surface, 465 
which can act to further lower surface temperatures, in turn providing a positive feedback to the 466 
persistence of foggy and cold conditions  (Gautam 2014). Overall, the valley-type topography of the 467 
IGP, south of the towering Himalaya, and high pollution aerosol/particulate concentrations, further 468 
favor the formation of hazy and foggy conditions.  Trends in poor visibility days due to haze and fog 469 
during winter season have been significantly increasing over the IGP , amounting to 90%, i.e. , almost 470 
every day (De and Dandekar 2001), with serious impacts on air, rail, road , and water-based 471 
transportatio n systems, as well as on agriculture and tourism.   472 

The IGP haze has been found to have increased in the winter and post-monsoon season over the time 473 
period from 2001 to 2013 (Mehta 2015). Global short-wave radiation has been found to be decreasing 474 
in many cities in India since 199 0 (Porch et al. 2007). In China, the increase in haze has been associated 475 
with the simultaneous decrease in both cloud cover and solar radiation at the surface (Qian et al. 2006; 476 
Qian et al. 2007).  477 

The aerosol haze over the IGP has significant climate influence. It reduces the solar radiation reaching 478 
the surface and warms the atmosphere due to absorption of sunlight by BC (Ramanathan and Ramana 479 
2005; Tripathi et al. 200 5; Ramanathan and Carmichael 2008). 50-70% of the warming by absorbing 480 
aerosols over the IGP takes place above clouds (Satheesh et al. 2008). The amount of warming is 481 
determined by the ratio of absorbing BC and scattering sulfate aerosols (Ramana et al. 2010).  While 482 
BC from biomass-burning cook stoves was found to directly contribute to regional climate forcing over 483 
the IGP (Praveen et al. 2012), fossil fuel -dominated BC plumes have been found to be twice as efficient 484 
in warming the atmosphere compared to biomass-burning -dominated plumes (Ramana et al. 2010). In 485 
one study in eastern China, 66% of the BC in regional haze was found to be from coal combustion, 26% 486 
from biomass, and 8% from liquid fossil fuels, while in Guangzhou, 58% was from liquid fossil fuels, 487 
32% from biomass, and 10% from coal (Andersson et al. 2015). A study using multiple sunphotometers 488 
around Kanpur, India, found that emissions from Kanpur itself contributed 10 -15% of the aerosol 489 
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optical depth observed in Kanpur (Giles et al. 2011). Models are better able to capture the seasonality 490 
of the haze at Maldives Climate Observatory than in Kathmandu (Adhikary et al. 2007). 491 

Although there seems to be a consensus in the scientific community that the winter haze and fog are 492 
a strongly coupled system, a lack of in-depth and quantitative understanding exists related to the 493 
impact of air pollution on fog variability and long -term trends. At the fundamental  level, aerosol 494 
particles (especially hydrophilic aerosols) act as efficient cloud condensation nuclei, favoring the 495 
formation of fog.  However, given the complex aerosol composition over the IGP from a wide range of 496 
emission sources, the microphysical, chemical , and radiative interactions between aerosols and fog or 497 
low-level stratus clouds requires more detailed studies. In this respect, recent ongoing field studies 498 
have focused on the winter fog characterization in the IGP led by the IITM, Pune with detai led 499 
characterization of fog in Delhi , Winter Fog Experiment (WIFEX) (Ghude et al. 2017), as well as multi-500 
institutional efforts led by ICIMOD, Kathmandu at several locations across the IGP.  In addition, there 501 
are other factors which may be linked to the long -term variability/trends in fog occurrence , such as 502 
changes in land use/land cover patterns, increase in the density of irrigation canals, and regional 503 
meteorological changes over the IGP.  504 

10.3 EMISSION SOURCES AND TRANSPORT PROCESSES IN THE HKH 505 

Major emission sources of air pollution within and upwind of the HKH include cooking and heating 506 
fires, open burning of agricultural residue and garbage, forest fires, motor vehicles, and thermal power 507 
generation (including with diesel genera tor sets), as well as brick kilns and other industries. With most 508 
of the regionɠs inhabitants still living in homes severely polluted by traditional biomass cook stoves, 509 
outdoor air quality has deteriorated in many urban and rural areas, on mountains, in v alleys, and on 510 
the IGP. Source regions include urban and rural places within the HKH and the nearby IGP; smaller 511 
amounts of pollution arrive from further away.  512 

To address air pollution in the HKH, it is essential to understand what harmful pollutants exist  at what 513 
concentrations, where they come from, and how they reach the region.  An increasing number of 514 
national and regional emissions inventories have been set up that help us to assess the magnitude and 515 
the source of air pollutant emissions in the HKH cou ntries. In addition, studies using transport and 516 
receptor models have provided estimates as to where these emissions come from. While more research 517 
is essential, they provide us with the basis for two general observations: 518 
¶ Some sources --  such as cooking and heating, agricultural residue burning, and brick kilns  --  519 

are especially important in the HKH and across the IGP. 520 

¶ We find a large seasonality in emissions for some of these sources. Agricultural residue burning 521 
and brick kilns are especially important s easonal emissions, with both taking place in dry 522 
winter season. 523 

10.3.1. The major air pollutant emissions source sectors in the HKH 524 

Different pollutants may be emitted by the same source, while many pollutants are chemically 525 
transformed in the atmosphere, forming secondary pollutants, such as secondary aerosols (both 526 
inorganic , such as nitrates and phosphates), secondary inorganic aerosols, and tropospheric O3 (Figure 527 
8).  528 

 529 
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 530 

 531 

Figure 8: Multiple pollutants and their multiple adverse  effects. (Cao et al. 2013, adapted by Clean Air Asia 2016) 532 

10.3.1.1 Cooking and heating 533 

Domestic cooking and heating, mainly using biofuel (e.g., wood and dung) is the largest source sector 534 
for CO and PM in the HKH (Venkataraman et al. 2005). Cookstove emissions are also the largest source 535 
of BC in South Asia. This is due to the high usage of solid fuels in the regio n, as illustrated in Table 2 . 536 
Although there are few studies measuring emissions in the field  (e.g., Roden et al. 2008; Stockwell et 537 
al. 2016), and some studies have attempted to estimate the contributions of indoor air pollution on 538 
outdoor air pollution in India (Rehman et al. 2011) and China (Liu et al. 2016), more research is 539 
essential to not only  understand the magnitude of various emissions coming from the residential 540 
sector, but also to assess the fraction remaining indoors versus the amount leaving the homes to 541 
contribute to ambient air pollution.  542 

Table 2. Percentage of population using solid fuel for cooking and heating in each of  the HKH countries 543 

  Afghanistan Bangladesh Bhutan China India Myanmar Nepal Pakistan 

Solid fuel 
usage >95%  89% 67%  80% 82% 95% 81%  81% 
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10.3.1.2 Agricultural residue burning (Small piles; large field fires in the plains)  544 

Agricultural residue burning takes place in two distinct forms, as illustrated in Figure 9. The first is the 545 
burning of small piles of collected agricultural residue. This may take place on the field, or near the 546 
homes, and the purpose might be to get rid of waste material, or to generate smoke to chase away 547 
mosquitoes and flies from farm animals. Such fires are lit millions of times a day across the IGP and 548 
the hilly and mountainous parts of the HKH , in both rural and peri -urban areas. The second is the 549 
open-field burning of rice and wheat stubbles on the IGP plains after mechanical harvest using 550 
combine harvesters. The purpose is to clear the fields quickly for the  planting of the next crop.  551 

  552 

   553 

Figure 9: Burning of small piles of agricultural residue (left  and center) versus open-field burning (right). Photos 554 
by Arnico Panday 555 

Agricultural residue burning emits OC and BC aerosols, as well as a variety of gaseous air pollutants, 556 
including CO, CO2, CH4, NOx, and NMVOCs (Andreae and Merlet 2001; Guyon et al. 2005; Sharma et al. 557 
2010). Jain et al. (2014) estimated that 21.32 Mt/year of residue is burned in Punjab alone, leading to 558 
1961 Gg/yr of CO, 53 Gg/yr of NOx, 335 Gg/yr of NMVOCs, 83 Gg/yr of PM2.5, and 15 Gg/yr of BC in the 559 
year 2008-2009. The NAMaSTE campaign (see Box 3) also found that agricultural residue burning is a 560 
large contributor to brown carbon  (BrC) and SO2 (Stockwell et al. 2016). These emissions are believed 561 
to contribute to the atmospheric brown cloud and winter fog in the HKH. The large agricultural fires 562 
detected by MODIS satellite sensors illustrate that burning i s most prevalent in Bangladesh, Bhutan, 563 
China, India , Mongolia, Nepal, and Pakistan. MODIS is unable to capture the smaller fires, although 564 
they are also important sources of air pollution.  565 

Two distinct periods of post-harvest agri cultural residue burning  are prevalent in the IGP --  the 566 
burning of  paddies between October and November and the burning of wheat residue between April 567 
and May. Significantly elevated PM2.5 mass concentrations of 60-390 µg/m 3 have been observed during 568 
paddy-residue burning , with high OC contribution of more than 30%. Approximately 250 Gg/year of 569 
OC and 60 Gg/year of BC are estimated to be due to agricultural-residue burning in the IGP (Rajput et 570 
al. 2014). 571 
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10.3.1.3 Garbage burning 572 

The open burning of the waste contributes substantially to local and regional air pollution, and it is a 573 
common way to dispose of garbage in South Asia (Asian Productivity Organization 2007). Waste 574 
management is considered one of the most important issues in urban areas in the HKH. Indeed, the 575 
public opinion shows that 59% of urban residents consider solid waste to be the most important 576 
problem in Nepal. In the same survey, only 7% listed air pollution as the most important problem. 577 
Garbage burning is also one of the most poorly characterized emissions even in developed countries 578 
(USEPA 2006; Stockwell et al. 2016). Garbage burning in HKH is ubiquitous on a range of scales, and 579 
mixed garbage items, including paper products, plastics, plastic bags, and tires, are burned together.  580 

Garbage burning is a large contributor to BC, OC, PM, and CO emissions. Wiedinmyer et al. (2014) 581 
estimated emissions of various trace gases and PM from the open burning of waste globally and they 582 
show a large hotspot in the HKH, as shown in the figure. Unceratinty is still large in these emissions 583 
estimates and more effort to validate and improve these emissions is essential. For example, the 584 
NAMaSTE campaign results estimated benzene emissions due to Nepal trash burning to be 1.68 585 
Gg/year (Stockwell et al. 2016), compared to 0.580 Gg/year estimated by Wiedinmyer et al. (2014) using 586 
a different methodology .  587 

10.3.1.4 Forest and scrub fires 588 

During the dry months , especially in March and April,  many forest and scrub fires occur in the southern 589 
HKH foothills of India, Nepal , and Bhutan. Some of these can take place at high altitudes, close to the 590 
cryosphere. We are unaware of any successful attempts to quantify emissions from such fires. While 591 
the biggest fires do show up on MODIS firespots, we have personal experience of entire burning 592 
landscapes (20+ fires seen from a mountaintop) not appearing on MODIS. There are a number of 593 
reasons that MODIS underestimates fires in the HKH. First, it cannot see fires taking place under clouds 594 
or heavy haze. Second, MODIS only takes instantaneous snapshots four times a day. Often, the fires 595 
take place in the early evenings when there is no MODIS overpass.  Fires on steep slopes travel rapidly 596 
upwards until they reach the ridgeline or some other  barrier, and extinguish themselves when they run 597 
out of fuel in their path.   598 

   599 

Figure 10: Forest fires in the HKH. Photos by Arnico Panday 600 

10.3.1.5 Brick kilns and industries 601 

Data on emissions from brick kilns is still lacking , but there  are estimates of almost 100,000 brick kilns 602 
across the IGP. In the two Indian States of Uttar Pradesh and Bihar, almost 23,000 brick kilns are known 603 
to be in operation.   There are no brick kilns in Bhutan and just over 100 and 1,000 brick kilns  within 604 
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the Kathmandu Valley and in Nepal , respectively. Indeed, 75% of global brick production is considered 605 
to be concentrated in four countries --  China (54%), India (11%), Pakistan (8%), and Bangladesh (4%) 606 
--  all part of the HKH . Pradhan et al. (2012) estimated that manufacturing industries including these 607 
brick kilns and other petroleum products contribute to 1%, 6%, and 74% of CO, NOx, and SO2 emissions 608 
in the Kathmand u Valley, respectively (Figure 11a). Randall et al. (2014) estimated that approximately 609 
640 brick kilns exist in Dhaka and that they contribute to more than 98% of SO 2, more than 91% of 610 
PM10, and more than 84% of PM2.5 in Dhaka (Figure 11b). 611 

The recent NAMaSTE campaign indicated that brick kilns are a significant source of SO2, NOx, BC, OC, 612 
and PM, and that  the type of kilns, as well as the primary fuels burned , matter s in the resulting 613 
emissions (Stockwell et al. 2016). Brick production levels are not well understood and more data need 614 
to be collected. What seems to be the case is that the number of brick kilns is growing rapidly in many 615 
countries within the HKH with increasing population (Bisht and Neupane 2015) , other than Bhutan, 616 
which has no production.  617 

Figure 11: Contribution of brick kilns to (a) CO, NOx, SO 2, and PM10 emissions and  in the Kathmandu Valley 618 
(Source: Pradhan et al. 2012) and (b) to SO2, PM2.5, and PM10 emissions in Dhaka (Source: Randall et al. 2014) 619 

10.3.1.6 Thermal power plants, generators, and diesel pumps 620 

Fossil fuel combustion in the pow er sector contributes a large portion of SO2 emissions in the HKH, 621 
excluding brick kilns . Diesel generators are an important source of emissions that are often neglected ; 622 
they are used to meet power demand during frequent power shortages in the region (Lag hari 2013). 623 
Distributed generator sets are a significant pollution source and contribute to local and regional air 624 
pollution, especially during the winter and the pre -monsoon seasons due to the prolonged power 625 
shortages (World Bank 2014). BC emissions estimated for the Kathmandu Valley are 75% of what is 626 
estimated in the Regional Emissions inventory in ASia v2 (Kurokawa et al., 2013) and illustrates the 627 
importance of these emissions from diesel generator sets in the region.  628 
















































