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with where | have been that should be of interest.
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ABSTRACT

Major combustion sources in the Indo-Gangetic Plain (IGP) of southern Asia form
persistent haze layers, also known as atmospheric brown clouds (ABC), from December
through early June. ABC is a mixture of high concentrations of reactive trace gases and light-
absorbing and light-scattering particles like black carbon (BC) and ozone (Os) precursors.
Models and satellite imagery suggest that strong wind systems within deep Himalayan valleys
are major pathways by which pollutants from the IGP are transported to the higher Himalaya.
However, there is a lack of observational evidence to elucidate Himalayan valleys as major
pollutant pathways. To evaluate the pathway of pollutants from IGP to higher Himalaya, |
measured BC, Os, and associated meteorological conditions within the Kali-Gandaki Valley
(KGV), Nepal, from January 2013 to July 2015. High concentrations of BC and Oz were
observed during pre-monsoon (March-June) and post-monsoon (September- February) seasons.
Frequent episodes of BC concentrations two to three fold higher than average persisted from
several days to a week during non-monsoon months. Observation of increases in BC
concentration and fluxes in the valley were found during pre- and post-monsoon seasons and in
conjunction with widespread agricultural burning and wildfires over the IGP.

In addition to surface sources, tropospheric Oz can also be transported from the
stratosphere that contributes significantly to background concentrations. Tropospheric O3
modulates the atmospheric lifetime of many atmospheric gases and like BC influences climate
via direct and indirect radiative forcing. I collected ozonesonde data from Pokhara, Nepal in
winter (December 2015 — January 2016) focusing on the distribution and sources of
tropospheric Oz in the Himalayan region. Stratospheric influence was inferred when
tropospheric air masses had potential vorticity (PV) above 1.5 PVU, relative humidity (RH)
under 20% and potential temperature (theta) above 320 K. | found that the ozonesondes that
stayed south of the Himalaya measured higher Oz concentrations between 3 and 10 km and
ozonesondes launched during high PV period were 10-20 ppbv higher between 9 and 13 km. |
also found that the topography and surface temperature induced a consistent thermal structure
over the Tibetan plateau. When the jet was positioned south of the thermal gradient, high O3
concentrations were observed above 8 km. Higher Oz concentrations were detected when the jet
stream had high wind speeds (above 60 ms™) and during periods of high PV given the location
of the SJS was south of the thermal gradient. Layers of diffused air masses were frequently
detected with PV values showing both stratospheric and tropospheric origin. This dissertation
supports the hypothesis that trans-Himalayan valleys are important conduits for transport of
pollutants from the IGP to TP and provides insight, for the first time, on the vertical
concentrations Oz adjacent to Himalaya using MERRA-2 as a tool to understand the role of SJS
and the influence of stratospheric air.
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CHAPTER 1. INTRODUCTION

1 Short-lived Climate Pollutants

Short-lived climate pollutants (SLCPs) that impact the climate or their precursors including black
carbon, tropospheric ozone, methane, and hydrofluorocarbons are emitted to the atmosphere
during the combustion of biomass (agricultural waste, biofuel, and wildfires) and fossil-fuel and
from various industrial processes (e.g., production and use of refrigerants and paint).
Atmospheric lifetimes range from days to a greater than one decade (black carbon: 8-10 days;
ozone: ~3 weeks; methane: ~12 years; hydrofluorocarbons: ~15 years). In contrast, longer-lived
climate pollutants SLCPs such as carbon dioxide have atmospheric lifetimes ranging from
hundreds to thousands of years. Despite relatively much shorter atmospheric lifetimes, SLCPs
are responsible for 40 to 45% of atmospheric warming, and reduction in their emissions would
substantially mitigate climate change (Jacobson 2005; UNEP and WMO, 2011). Specifically,
relative to a “business as usual” scenario, reductions in SLCP emissions could avoid 0.6° C of
warming by mid-century and 1.5° C of warming by 2100. Corresponding reductions in carbon
dioxide emissions would avoid 0.1° C warming by 2050 and 1.1° C by 2100 (Xu et al., 2013;
IGSD, 2013). SLCPs with relatively shorter lifetimes (black carbon) have relatively greater
impacts on local and regional climate while those with relatively longer lifetimes (methane and
hydrofluorocarbons) impact climate globally (UNEP and WMO, 2011). Pollutant particles
deposited on snow surface of the Himalayas can decrease the duration of snow cover by 1 to 8
days annually and snow cover on the southern slopes of Nepalese Himalaya by 5% (Ménégoz et
al., 2014). In addition to the consequences of melting for regional water supplies, air pollutants
also negatively impact human health, agriculture, and the regional economy (WHO, 2014). This
dissertation investigates the cycling of black carbon and ozone in the Himalayan region (1) to
resolve the processes by which regional pollutants are transported through Himalayan valleys
and to quantify the associated fluxes and (2) to understand how surface and stratospheric sources
modulated the vertical distribution of tropospheric ozone.

2 Black carbon and ozone

The effect of black carbon on climate forcing and radiative budget varies in part as a function of

vertical distribution within the atmosphere. Black carbon acts as cloud condensation nuclei,



which affects cloud formation and lifetime and can modulate precipitation patterns. Black carbon
absorbs incoming solar radiation thereby cooling the surface while warming the atmosphere,
which decreases relative humidity and increases stability in the atmosphere. When deposited
over snow and ice, it can change the surface albedo and promote melting, which affects

freshwater resources that are dependent on glacier melt.

Pollutant ozone is detrimental to human health, crop yields and ecosystems (UNEP and WMO,
2011). It also has a warming effect on the atmosphere similar to that of black carbon.
Tropospheric ozone is integral to atmospheric chemistry, acting as the primary precursor of the
oxidizing hydroxyl radical, which modulates the atmospheric lifetime of many atmospheric gases
(Thompson, 1992). Concentrations of tropospheric ozone vary in response to proximity to
precursor sources, topography, UV radiation, temperature, relative humidity, and atmospheric
transport (Monks, 2000; Ganguly and Tzanis, 2013). For example, downwind of the city of
Ahmedabad, ozone mixing ratios reached 100 ppbv (Lawrence and Lelieveld, 2010). Ozone
concentrations are also relatively high in biomass-burning plumes (Lelieveld and Dentener,
2000).

Most tropospheric ozone originates from either photochemical reactions involving nitrogen
oxides (NOx) and volatile organic compounds or transport from the stratosphere (Crutzen et al.,
1995). If mixed into the free troposphere, ozone can be transported over long distances,
enhancing concentrations downwind of the sources (Fiore et al., 2002; Cooper et al., 2010).
Globally, isentropic transport to the extratropics occurs in the stratosphere and in the northern
hemisphere highest rate of transport occurs in the fall to spring period (Waugh et al., 1996) along
with downward flux via stratosphere-troposphere exchange (STE) in the middle and high
latitudes (Holton et al., 1995). Mass flux of ozone from the stratosphere to the troposphere can
range from 2.3 x 10Y" kg yr! (Reiter et al., 1975) to 3.8 x 10" kg yr! (Appenzeller et al., 1996).
Stratospheric air is characteristically dry and contains ozone concentrations that are typically
greater than 100 ppbv (Stohl et al., 2000). During isentropic transport, stratospheric air can be
injected into the troposphere often forming long streamers of ozone rich, dry air. These air
parcels can be quasi-adiabatically mixed by the large-scale synoptic weather patterns and are
completely diluted in tropospheric air over time (Stohl et al., 2000). Tropopause folding and the

subsequent cut-off low formation have been known to inject stratospheric air at upper



troposphere over the Alps and can be mixed to the surface via fronts and high pressure systems
(Davies and Schuepbach, 1994; Bonasoni et al., 1999; Cooper et al., 2001). Cristofanelli et al.,
(2010) report influences of stratospheric air in surface observations at the base of Mount Everest
(5079 m asl) but associated relationships among upper air dynamics, the subtropical westerly jet,

and Himalayan topography have not been resolved.

3 The Himalayan region and atmospheric brown clouds

The Himalaya range forms a 2500 km long and 8 km high complex topographic barrier
separating the northern edge of the Indo-Gangetic plains from the Tibetan Plateau (Figure 1).
The fertile floodplains of the Ganges, Indus and the Brahmaputra river system form the IGP, a
255 million hectare area extending from eastern Pakistan across northern India and southern
Nepal to Bangladesh. Major crops including rice, wheat, corn, cotton, and sorghum are grown in
the region and provide food for over 400 million people.

Anthropogenic emissions associated with expanding industry and economic growth over
southern Asia contribute to rising black carbon and ozone concentrations in this region
(Ramanathan and Carmichael, 2008). This increase in pollution loading over the South Asia is
visible in satellite imagery as a persistent haze layer referred to as an Atmospheric Brown Cloud
(ABC, Ramanathan and Crutzen, 2003). In southern Asia, ABC covers extensive areas
particularly during the period of mid-November to mid-June preceding the summer monsoon
season. Major combustion sources (primarily anthropogenic) including wildfires and the burning
of agricultural waste, garbage, biofuel, and fossil fuels emit volatile and particulate-phase
compounds to the atmosphere that contain oxidized and reduced forms of sulfur, nitrogen, and
organic carbon together with elemental black carbon and other species. These emissions are
intermixed and chemically interact with mechanically produced aerosols (e.g., sea salt and
mineral dust) forming optically thick layers of light absorbing and light scattering particles
(Menon et al., 2002) that modulate radiative transfer. Haze over the IGP often reaches heights of
greater than 3 km above sea level via convection and advection. However, satellite imagery
(Ramanathan et al., 2007), back trajectories (Lu et al., 2011), model calculations (Kopacz et al.,
2011), ice core analyses (Lee et al., 2008, Kang et al., 2010), and measurements in the higher

Himalaya (Bonasoni et al., 2010) strongly suggest that pollutants are efficiently transported from



the Indo-Gangetic plains to the higher Himalaya and onto the Tibetan Plateau, especially during
spring prior to the monsoon. Lithi et al. (2015) found that synoptic circulation patterns, in
combination with local weather phenomena, are associated with the transport of polluted air
masses from the Indo-Gangetic plain to the Tibetan Plateau. Brun et al. (2011), use processed
Moderate Resolution Imaging Spectroradiometer and Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation images to reveal the intrusion of pollutants into the Arun Valley,
Nepal. Although, that study provides evidence of pollutants transported into the Himalayan
valleys, to date, no in situ observations have characterized transport through Himalayan valleys.

4 Overview of chapters

Chapter 2 of this dissertation evaluates the role of trans-Himalayan valleys in the transport of
black carbon from the Indo-Gangetic plain to the high Himalaya. A trans-Himalayan valley
refers to any Himalayan valley through which air can be directly transported from the Indo-
Gangetic plain to the Tibetan plateau. The Kali-Gandaki valley in western Nepal was selected as
a case study of the nature and magnitude of such transport. Chapter 2 provides the first
observational evidence of seasonal and diurnal variability in the transport of pollutants through
trans-Himalayan valleys. A 2-year record of black carbon, ozone and related meteorology in in
the Kali-Gandaki valley demonstrates that strong mountain wind system throughout the year
drives the transport of black carbon and ozone. These pollutants exhibit distinct diurnal and
seasonal features, which are most pronounced during non-monsoon seasons. In addition, air
within the Kali-Gandaki valley contains substantially higher concentrations of black carbon but
lower concentrations of ozone relative to a higher elevation observatory in the region. This
chapter has been submitted for publication and is currently under review. The manuscript was
co-authored by Arnico Panday, Bhogendra Kathayat and Khadak Mahato.

Chapter 3 of this dissertation interprets profiles of ozone and meteorological parameters
measured with sondes launched from Pokhara, Nepal, during December 2015 and January 2016,
from Pokhara, Nepal, in conjunction with reanalysis data from Modern-Era Retrospective
analysis for Research and Applications, version 2 (MERRA-2) to characterize stratospheric
contributions to tropospheric ozone in the Himalayan region. Relationship among ozone and
meteorological variables including potential vorticity, potential temperature, and relative
humidity from the ozonesondes and MERRA-2 reveal significant variability in the upper



troposphere. High potential vorticity values (1.5 to 2.0) at 250 hPa, low relative humidity (less
than 20%), and high potential temperature (theta, less than 310 K) are used to identify significant
stratospheric influences. Results show higher ozone concentrations (10 to 20 ppbv) between 9
and 13 km altitude during periods of high relative to low potential vorticity. | also compared
ozone concentrations south of the Himalayan versus north based on the transport paths of the
ozonesondes. Ozone concentrations were higher between 6 and 10 km altitude in air south of the
Himalaya relative to those measured at the same altitude over the Himalaya. Possible signatures
of stratospheric influence were detected as low as 7.5 km. The manuscript is currently in
preparation and is co-authored by Jennie Moody, Arnico Panday, Ryan Stauffer, Patrick Cullis,

Anne Thompson, and Bryan Johnson.

Chapter 4 builds on results from chapter 3. For each ozonesonde, meridional cross-sections
through Pokhara were generated to characterize the vertical and horizontal structure of wind
velocity, potential vorticity, and relative humidity across the Himalaya. These cross sections
were interpreted in conjuction with measured vertical profiles to evaluate the synoptic processes
that modulated tropospheric o0zone concentrations above 8 km altitude. Results indicate that
upper tropospheric ozone in the Himalayan region is significantly influenced by the position of
the subtropical westerly jet stream relative to the thermal gradient between the foothills south of
the Himalaya and the cold Tibetan Plateau to the north. The Himalaya and Tibetan Plateau create
a strong thermal gradient along the southern slope. Even though the subtropical westerly jet
stream changes location, structure, and velocity, the thermal gradient contours remain a
consistent feature that is sustained by the regional the topography. This thermal gradient allows
isentropic transport of ozone-rich air from the stratospheres. Stratospheric influences of the
ozone profiles were greatest and penetrated deeper within the troposphere when the subtropical
westerly jet stream was over or south of the thermal gradient. In addition, high potential vorticity
over the region and the location of the subtropical westerly jet stream south or above the theta
can enhance the transport from the stratosphere into the troposphere. The manuscript is currently
in preparation and is co-authored by Jennie Moody, Arnico Panday, Ryan Stauffer, Patrick

Cullis, Anne Thompson, and Bryan Johnson.

Chapter 5 summarizes the key findings of the dissertation research and how this work advances
current knowledge of black and ozone transport and distribution in the Himalayan region. Black



carbon and ozone are the two most important short-lived climate pollutants with large impacts on
local and regional climate versus methane and hydrofluorocarbons that have atmospheric
lifetimes over a decade and have larger global impacts. Results provide the first estimates of
black carbon fluxes through a trans-Himalayan valley. The wind system in the Kali-Gandaki
valley had been studied previously only during September and October 1998 (Egger et al., 2000).
My work revealed that this system is persistent throughout the dry season and more importantly
controls the flux of pollutants. The valley funnels pollutants from the source regions to remote
higher altitudes where they can modify regional climate. In addition, this work provides new
insight regarding the vertical profiles of ozone south of the Himalaya and how the position of the
subtropical westerly jet stream relative to the thermal gradient coupled with potential vorticity

modulate influences of the stratosphere on tropospheric ozone in this region.
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Figure 1. Map of parts of Central, South and South-east Asia showing the location of the
Himalaya and the Tibetan Plateau. The flood plains of the Indus, Ganges and Brahmaputra
Rivers form the Indo-Gangetic plains (The Economist, 2017).
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CHAPERT 2. TRANSPORT OF REGIONAL POLLUTANTS THROUGH A TRANS-
HIMALAYAN VALLEY IN NEPAL

Abstract

Anthropogenic emissions from the combustion of fossil fuels and biomass in Asia have increased
in recent years. High concentrations of reactive trace gases and absorbing and light-scattering
particles from these sources over the Indo-Gangetic Plain (IGP) of southern Asia form persistent
haze layers, also known as atmospheric brown clouds, from December through early June.
Models and satellite imagery suggest that strong wind systems within deep Himalayan valleys
are major pathways by which pollutants from the IGP are transported to the higher Himalaya. To
evaluate this pathway, we measured black carbon (BC), ozone (O3z), and associated
meteorological conditions within the Kali-Gandaki Valley (KGV), Nepal, from January 2013 to
July 2015. BC and O3 varied over both diurnal and seasonal cycles. Relative to nighttime, mean
BC and Oz concentrations within the valley were higher during daytime when the up-valley flow
(average velocity of 17 m s) dominated. BC and O3 concentrations also varied seasonally with
minima during the monsoon season (July to September). Concentrations of both species
subsequently increased post monsoon and peaked during March to May. Average concentration
for Os during April, August, and November were 41.7 ppbv, 24.5 ppbv, and 29.4 ppbv,
respectively, while the corresponding BC concentrations were 1.17 pug m3, 0.24 ug m3, and 1.01
ug m=3, respectively. Up-valley fluxes of BC fluxes were significantly greater than down-valley
fluxes during each season. In addition, frequent episodes of BC concentrations two to three fold
higher than average persisted from several days to a week during non-monsoon months. Our
observations of increases in BC concentration and fluxes in the valley, particularly preceding the
monsoon and in conjunction with widespread agricultural burning and wildfires over the IGP,
support the hypothesis that trans-Himalayan valleys are important conduits for transport of
pollutants from the IGP to TP.
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Introduction

Persistent atmospheric haze, often referred to as Atmospheric Brown Clouds (ABC)
(Ramanathan and Crutzen, 2003), affects broad geographic regions including the Indo-Gangetic
plain (IGP) in southern Asia (Ramanathan and Carmichael, 2008), eastern China (Ma et al.,
2010), southeast Asia (Engling and Gelencser, 2010), sub-Saharan Africa (Piketh et al., 1999),
Mexico (Vasilyev et al., 1995), and Brazil (Kaufman et al., 1998). In southern Asia, the haze
covers extensive areas particularly during the period of mid-November to mid-June preceding
the summer monsoon season. Major combustion sources (primarily anthropogenic) including
wildfires and the burning of agricultural waste, garbage, biofuel, and fossil fuels emit volatile
and particulate-phase compounds to the atmosphere that contain oxidized and reduced forms of
sulfur, nitrogen, and organic carbon (OC) together with elemental (black) carbon (BC) and other
species. These emissions are intermixed and chemically interact with mechanically produced
aerosols (e.g., sea salt and mineral dust). Important secondary pollutants such as ozone (O3) from
photochemical reactions involving nitrogen oxides and volatile organic species are also
produced. Together, this mixture of atmospheric species constitutes the ABC over South Asia
(Ramanathan et al., 2005; Gustafsson et al., 2009). These optically thick layers include high
concentrations of light absorbing and light scattering particles (Menon et al., 2002) that modulate
radiative transfer. Light absorbing aerosols (primarily BC and crustal dust) contribute to
warming of the atmosphere while light scattering aerosols (primarily S-, N-, and OC dominated
particles) drive cooling at the surface. The combined effects of light absorbing and light
scattering aerosols from anthropogenic sources reduce UV and visible wavelength radiation at
the surface (i.e., surface forcing), increase the warming of the troposphere (i.e., atmospheric
forcing) and change the net top of the atmosphere solar flux (i.e., top-of-the-atmosphere forcing)
(Andreae and Crutzen, 1997; Kaufman et al., 2002, Ramanathan et al., 2005). Absorbing
anthropogenic pollutants like BC significantly influence global warming, in terms of direct
radiative forcing (Jacobson, 2001; Bond et al., 2013); regional influences from such pollutants

close to sources are greater than those on the global scale (Ramanathan et al., 2007b).

Elevated regional concentration of aerosols weakens the anti-cyclone circulation pattern and
reduces total monsoon precipitation over southern India (Ramanathan et al, 2005; Fadnavis et al.,
2013) while intensifying the monsoon over the foothills of the Himalaya (Lau et al., 2006). In
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addition to warming the atmosphere, the rising concentrations of BC and Oz over southern Asia
(e.g., Ramanathan and Carmichael, 2008) have detrimental impacts on human health (Janssen et
al., 2011). Oz also compromises pulmonary function (Krupnick et. al, 1990) and is a leading
pollutant causing biodiversity loss (Royal Society, 2008) and declining crop yields by directly
damaging leaves (Auffhammer et al., 2006).

Haze over the IGP often reaches heights of more than 3 km above sea level via convection and
advection but the Himalaya range forms a 2500 km long complex topographic barrier along the
northern edge of the IGP extending more than 8 km high. However, satellite imagery
(Ramanathan et al., 2007a), back trajectories (Lu et al., 2011), model calculations (Kopacz et al.,
2011), ice core analyses (Lee et al., 2008, Kang et al., 2010), and measurements in the higher
Himalaya (Bonasoni et al., 2010) strongly suggest that pollutants are efficiently transported from
the IGP to the higher Himalaya and onto the Tibetan Plateau (TP), especially during spring prior
to the monsoon. Absorbing aerosols warm the atmosphere at high altitudes and, when deposited
onto snow and ice surfaces, decrease albedo thereby substantially increasing the rate of glacial
and snow melting (Kang et al., 2010). Model simulations show that the absorbing aerosols
change the surface radiative flux in the higher Himalaya and the TP by 5 to 25 W m2during the
pre-monsoon months of April and May (Qian et al., 2011). The TP plays a vital role in regulating
the regional climate due to its effect on the Asian summer monsoon (ASM) and the hydrologic
cycle. The interrelated perturbations of the ABC on radiative transfer, air quality, the hydrologic
cycle, and crop yields have important long-term implications for human health, food security,

and economic activity over southern Asia.

Lithi et al. (2015) found that synoptic circulation patterns in combination with local wind fields
transport polluted air from the IGP to the TP. In addition to synoptic-scale transport over the
Himalaya, several major Himalayan valleys including the Arun Valley in eastern Nepal and the
Kali Gandaki Valley (KGV) in western Nepal provide topographical connections for the
transport of air from the south to the TP (Fig.1). MODIS (MODerate-resolution Imaging
Spectroradiometer) and CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation) imagery reveal northward slanted transport of polluted air towards higher
elevations in the Arun Valley (Brun et al, 2011). However, to date, there has been little research
to understand the role of mountain valleys on how air pollutants from the IGP and the Himalayan
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foothills flow through the topographic barrier of the mountain range.

Well-known flow patterns transport polluted air up valleys to higher elevations by providing a
path of least resistance between tall mountains. For example, in the European Alps, prevailing
wind systems in the mountain river valleys funnel polluted air from peripheral source regions to
high elevations in a phenomenon known as “Alpine Pumping” (Weissmann et al., 2005). Under
fair weather conditions during daytime, the upslope winds are capable of transporting significant
pollutants and moisture into the free troposphere (Henne et al., 2004). Relative to air over plains,
the air within the valley heats and cools more quickly (Steinacker, 1984). The resultant
differences in temperature create gradients in pressure and density, which in turn drive transport
of air from the plains to higher-elevations during the daytime (Reiter and Tang 1984, Whiteman
and Bian, 1998; Egger et al., 2000). The Himalayan range obstructs large-scale flow, which
contributes to the accumulation of high concentrations of pollutants in air over the IGP that are
visible in satellite imagery especially during pre-monsoon seasons (Singh et al., 2004; Dey and
Di Girolamo, 2010; Gautam et al., 2011). Despite this large barrier, measurements clearly
indicated that pollutants are transported from the IGP to the Himalayan foothills (Pant et al.,
2006; Dumka et al., 2008; Komppula et al., 2009; Hyvdrinen et al., 2009; Ram et al., 2010; Brun
etal., 2011; Gautam et al., 2011; Srivastava et al., 2012) and to higher elevations in the
mountains (Bonasoni et al., 2010; Decesari et al., 2010; Marinoni et al., 2010). However, direct
observational evidence of the mechanisms by which pollutants are transport via Himalayan
valleys and the corresponding fluxes is lacking. Our data fills this gap by characterizing the role
of the wind system within a deep Himalayan valley in transporting pollutants from the IGP to the

high mountains.

2. Measurement Sites and Methods

2.1 Measurement Sites and Instrumentation

The KGV is located in the Dhaulagiri zone of western Nepal. Figure 1(a), shows the TP in the
upper right, with the Himalayan arc, the Himalayan foothills of India, and Nepal, and the haze
covered Himalayan foothills. The intrusion of haze into Himalayan valleys is clearly visible. The
KGV floor changes elevation from approx. 1100 m to 4000 m asl over a horizontal distance of
90 km (Fig. 1(b)). Passing between the two eight thousand meter peaks of Dhaulagiri and

Annapurna, it forms one of the deepest valleys in the world. The valley is a narrow gorge at the
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lower end and opens up into a wider, arid basin at the approximate mid-point (Fig. 1(b)). The
maximum width of the basin is approximately one kilometer. The orientation of KGV varies
from the entrance to the exit. The valley is oriented southeasterly (~135°) to northwesterly
(~315°) at the bottom. The valley’s orientation changes to southwesterly (~225°) to northeasterly
(~45°) at the core of then turns north (~20°) past the core of the valley (Fig. 1). Approximately
13,000 inhabitants in several small settlements sparsely populate the valley. Emission sources
within the valley include biofuel combustion for cooking and fossil-fuel combustion by off-road
vehicles. A total of 5245 vehicles have been registered in Dhaulagiri Zone since 2008, but most
are based in the southern towns of Kusma, Baglung, and Beni, below 1 km altitude, at the lowest
left corner of the map in Figure 1(b) (DOTM, 2016).

The atmospheric observatory at Jomsom (JSM_STA) (28.87° N, 83.73° E, 2900 m asl) is located
within the core region of the KGV and was equipped with instruments to measure equivalent BC
(hereafter referred to as BC), Oz, and meteorological parameters (Figure 2). With the exception
of aerosol optical depth measured as part of AERONET (AErosol RObotic NETwork) (Xu et al.,
2015), atmospheric characteristics at Jomsom have not been reported previously. The
observatory was located on the southeast corner of a plateau jutting out from an east-facing slope
about 100 m above the valley floor and with no major obstructions either up or down the valley.
BC was measured with a Thermo Multiangle Absorption photometer (MAAP), model 5012 that
incorporates a multi-angle photometer to quantify modification of radiation fields in the forward
and back hemisphere of a glass-fiber filter caused by deposited particles. MAAP was operated at
a flow rate of 20 L min™ and measures BC at 1-minute frequency. Hyvirinen (2013) reports
MAAP significantly underestimates BC concentrations at high aerosol loadings (greater than 9
ug m3). However, the median monthly concentrations for the duration of the measurement
campaign were less than 1 pg m=and 90" percentile less than 2 pg m™ and,

consequently, MAAP corrections were not applied. Oz was measured with a 2B Tech model 205
via the attenuation of ultraviolet light at 254 nm passing through a 15 cm long absorption cell
fitted with quartz windows. The instrument operates at a flow rate of 1.8 L min. Wind speed
and direction were measured by an automated weather station (AWS) installed on a ridge 900 m

above the sampling site for BC and Os.
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The observatory operated from January 2013 through July 2015 but periodic power disruptions
caused occasional data gaps (Supplementary Table 1). Unless otherwise noted, data reported
herein correspond to periods when BC, O3 and meteorological data were available
simultaneously. Data were binned by season as follows: monsoon (July-September), post-
monsoon (October-February) and pre-monsoon (March-June). Times correspond to Nepal’s local
time (LT) (UTC + 5.75 h). From March to May 2015, four additional AWSs were operated along
a transect roughly 10 meters above and in the center of the valley floor where wind speeds are
typically greatest: Near the entrance of the valley at Lete (LET), within the core at Marpha
(MPH) and Jomsom (JSM_2), and near exit at Eklobhatti (EKL) (Fig. 1b). Power outages,
instrument malfunction and a major earthquake on April 25", 2015 (and its aftershocks) limited
the durations of record at all sites. However, between 1% and 14" May, all stations operated
simultaneously and the resulting data provide information with which to evaluate diurnal
variability of wind fields along the valley. BC, O3 and meteorological data were averaged over

10 minute intervals.

3. Results and Discussion

3.1 Seasonal variability in BC and O3

All data generated during the measurement period were binned by month to evaluate the seasonal
patterns of BC and Os (Fig. 3). In addition, individual months with the most complete data
coverage during the pre-monsoon (April 2013), monsoon (August 2014), and post-monsoon
(November 2014) seasons were selected to evaluate aspects of temporal variability in more detail
(Fig. 4). Based on median values, the highest concentrations of both species were during the
months preceding the monsoon and the lowest were during months of the monsoon. We infer
that the significantly lower concentrations during the monsoon reflect the influences of synoptic
easterly airflow that transports cleaner marine air over the region, reduced agricultural residue
burning (Sarangi et al., 2014), and more efficient removal via wet deposition (Dumka et al.,
2010). O3 production is also suppressed under cloudy conditions during the monsoon (Lawrence
and Lelieveld, 2010). Similar seasonal variability in BC concentration is evident across the IGP
from urban to remote locations. For example, high concentrations of BC (~1.48 to 1.99 pg m™)
have been reported in near-surface air across the IGP as well as in layers of the atmosphere at

~900 m asl and ~1200 m asl during the post-monsoon over Northern India (Tripathi et al, 2005;
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2007). Sreekanth et al (2007) reported BC concentrations in Vishkhapatnam, in eastern India, to
be 8.01 ug m=2in pre-monsoon and 1.67 pug m during monsoon while Ramchandran et al (2007)
observed BC concentrations in Ahmedabad, western India, of 0.8 pg m™ during the monsoon in
July to 5 pg m during the post monsoon in January. Similar seasonable variability has also been
reported in the high Himalaya. For example, the Nepal Climate Observatory-Pyramid (NCO-P)
station at the 5079 m asl in the Himalaya measured large seasonal variability in BC (0.44 £0.44
ug m=during pre-monsoon and 0.064 +0.101 pg m™ during monsoon season and ozone
concentrations 61 £9 ppbv during pre-monsoon season and 39 £10 ppbv during monsoon
(Cristofanelli et al., 2010, Marinoni et al., 2013) (Table 1). Our results indicate that seasonable
variability in BC and Oz within the KGV and presumably other deep Himalayan valleys is
coupled with these larger regional-scale patterns.

3.2 Diurnal variability in BC and O3

To normalize for the influence of day-to-day variability in absolute concentrations, relative
diurnal variability in Oz and BC concentrations measured during a given month were normalized
to a common scale ranging from 0 to 1 by subtracting the minimum for the month from each
individual value and then dividing by the range for the month (e.g., Sander et al., 2003; Fischer
et al., 2006). The data were then binned into twenty-four, 1-hour increments and plotted (Fig. 5).
Based on median values during all three periods, O3 peaked during daytime and decreased to
minimal levels before sunrise. However, in the pre-monsoon period, Oz peaked in the late
afternoon whereas in the post-monsoon, it peaked in the early afternoon. In addition, the
normalized diurnal excursions were greater during the pre- and post-monsoon periods relative to
the monsoon period. In contrast, based on median values during all three periods, BC
concentrations increased rapidly in the early morning, decreased during late morning, and then
rose through the afternoon and early evening hours (Fig. 5). Normalized diurnal variability was
somewhat greater during the post-monsoon relative to the pre-monsoon periods and lower during
the monsoon period. The more skewed distributions for BC relative to O3 reflect infrequent

periods of high BC concentrations during all three seasons.

Several factors contributed to differences in the diurnal variability of Oz and BC. These include
diurnal variability in emissions of BC versus Oz precursors and/or production in source regions

followed by regional transport, diurnal variability in the photochemical chemical production and
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destruction of Oz and contributions of Oz from non-combustion sources. Os is produced
photochemically and is lost via deposition to surfaces and chemical reactions. In contrast, BC is
a primary emission product of combustion that may originate from both local and distant
sources. The early morning peak during all three seasons suggests probable contributions from
the local combustion of biofuels for cooking and heating, which are most prevalent during early
morning. The secondary peak in the afternoon and early evening occur when the local

anthropogenic sources are at minimum in the KGV.

3.3 Evolution of the local wind system in the KGV

Wind roses based on all data illustrate the temporal evolution of up- and down-valley flows at
JSM_2 for each season (Fig. 6). Up-valley flows are southwesterly and dominant during daytime
with peak velocities above 15 m s between about 0900 LT to 1800 LT. Wind velocities
decreased substantially after 1800 LT, with variable wind direction until midnight then
northeasterly winds are common during pre- and post-monsoon seasons (Fig. 6a and 6c)). The
wind pattern during monsoon was strongly influenced by the monsoon anticyclone, consistent
with wind direction measured in other Himalayan valleys (Ueno et al., 2008; Bonasoni et al.,
2010) (Fig. 6b) Although wind velocities at JSM_2 varied somewhat over the year, similar
diurnal patterns during non-monsoon months evolved seasonally as a function of sunrise and
sunset (Fig. 6). As discussed below, this alternating pattern in wind velocity and direction from
strong up-valley flow during daytime to weak down-valley flow at night resulted in a net

transport of pollutants up the valley.

Theodolite observations at different locations along the KGV in 1998 show shifts of less than
45° in wind direction and less than 2 m s in wind speed in the lower 1000 m above the surface
during daytime (Egger et.al 2000). Based on the average daytime wind speed, the valley can be
partitioned into three regions: the entrance, core, and exit (average wind speeds range from 5 to
10 ms?, 8to 18 ms?, and less than 5 m s respectively) (Egger et al 2000). The strongest winds
within the core region are most prevalent in the lower 1000 to 1500 m of the boundary layer
within the valley (Egger et al, 2000; Zangl et al., 2000, Egger et al., 2002). Our measurements at
the four AWS stations on the valley floor illustrate the evolution of surface wind velocities along
the length of the KGV (Supplementary Figure 1). In addition, comparison of measurements at
JSM_1 between 1% and 14™ May 2015 with those for the longer-term record JSM_2 during same
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period (Fig. 6 and Supplementary Figure 1) provide information regarding vertical variability.
Velocities at the higher elevation site of JSM_2 were about 5 m s* greater than those near the
valley floor during the day and 3 m s greater at night but with both exhibited similar diurnal
cycles. Wind speed along the valley floor peaked within the core of the valley at MPH, JSM_1
and JSM_2 and were lower in the entrance (LET) and exit (EKL) regions (Supplementary Figure
1). The duration of strong wind speeds within the valley during daytime is consistent with the
hypothesis that local wind patterns are modulated by pressure gradients created by differential
heating of the arid valley floor relative to the mouth (Egger et al., 2000).

3.3.1 Local winds as drivers of BC and O3 in the KGV

Figure 4 shows the time series of BC and Oz during individual months of each season (April/pre-
monsoon, August/monsoon, November/post-monsoon). For pre-monsoon, BC concentrations
peaked at 0700 LST (Fig. 4) when wind velocities were relatively low (Fig. 4). During the post
monsoon, BC peakedabout an hour later. During all seasons, BC concentrations decreased over
the rest of the morning as wind speeds increase (Fig. 5). Dilution of local emissions associated
from increasing wind speed likely contributed to decreasing BC concentration during late
morning. Thereafter, concentrations increased over the afternoon and early night, reaching
secondary peaks near midnight LST during the pre-monsoon and several hours earlier during
other periods (Fig. 4 and 5). Distinct morning and afternoon peaks were evident during the post-
monsoon season when the up-valley wind speeds are relatively lower than during the pre-
monsoon season (Fig. 5 and 6). This bimodal diurnal distribution of BC concentration at Jomsom
is similar to that at other high elevation sites during non-monsoonal periods (Hindman et al.,
2002; Hegde et al., 2007; Bonasoni et al., 2010). In contrast, Oz mixing ratios exhibited a distinct
minimum in the early morning, increased during the morning, peaked in the early afternoon well

before that of BC, and decreased overnight (Fig. 5).

Results for all days for which complete BC and meteorological data were available over entire
24-hour periods were binned by season and partitioned into subsets of up-valley (southwesterly)
flow defined as between 35° and 55° down-valley (northeasterly) flow defined as between 215°
and 235°. Percentage distributions of up-valley and down-valley BC concentrations, fluxes, and
net daily fluxes per unit cross section are depicted in Figure 7 and summarized in Table 1. The

statistical significance of differences between up-valley and down-valley flow conditions during
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different seasons were evaluated using the non-parametric Kruskal Wallis and Mann-Whitney
tests. The distribution of BC concentrations between up-valley and down-valley flow are
statistically significant for all seasons (Figure 7a). However, because wind velocities were
relatively higher during up-valley daytime flow and the durations of up-valley were modestly
longer than those of down-valley flow, the corresponding up-valley fluxes of BC during daytime
were significantly greater than down-valley fluxes during all seasons (Fig. 7b). These results
suggest an oscillatory movement of polluted air within the valley. Differences between up-
valley versus down-valley fluxes yielded significant net positive up-valley fluxes of BC during
all seasons (Fig. 7c). Because heating would have driven growth of the boundary layer and thus
greater ventilation and dilution of pollutants during daytime relative to night, we infer that the
calculated differences between up-valley versus down-valley fluxes correspond to lower limits

for net BC fluxes.

Positive up-valley fluxes are consistent with an “alpine pumping” mechanism in the Himalayan
valleys and support the hypothesis that these valleys are important pathways for pollution
transport. If we assume that (1) the polluted boundary layer within the valley at Jomsom is 800 m
deep (i.e., the approximate elevational difference between the two AWS sites at Jomsom), (2)
BC within the polluted boundary layer is well mixed, and (3) wind velocities do not vary
significantly with altitude through the polluted layer, the mass flux BC through a vertical plane
across the valley can be estimated. Because some BC is almost certainly transported above 800
m elevation, this approach yields a conservative estimate. The long lifetime of particulate BC
against deposition (several days to a week or more) coupled with turbulent flow within the valley
supports the assumption that BC is well mixed. As noted previously, wind velocities measured
at JSM_1 (2800 m) and JSM_2 (3700 m) were similar suggesting minimal variability through the
lower 800 m depth of the valley. Extrapolation of the net daily BC flux per unit area to the
cross-sectional plane of the valley at Jomsom (1.62 km?) yields net daily fluxes of BC through
the valley during the pre-monsoon season of 1.2 kg day™ (based on the average daily net flux)
and 0.83 kg day™* (based on the median daily net daily flux) (Table 1). A significant up-valley
flux exists even during monsoon season with 0.36 kg day™ (average) and 0.23 kg day (median)
of total BC flux across the cross-sectional plane. Such estimates provide useful semi-quantitative
constraints on mass fluxes of BC from the IGP to the high Himalaya through deep valleys and,
more generally, on the regional cycling of BC over southern Asia.
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3.4 Evidence of regional transport episodes in valley concentration

In addition to the diurnal and seasonal variability driven by local winds (described above), we
also observed anomalous periods of several days during which concentrations of both BC and Os
were significantly greater than the 90" percentile for corresponding annual averages
(Supplementary Table 3). These extended periods of high BC and O3 suggest large-scale
transport during regional pollution events from the IGP to the foothills in conjunction with local
valley winds (Fig. 8). Most of the episodes were associated with satellite imagery of enhanced
emission over the IGP including persistent haze, agricultural and biomass burning in Punjab
regions of India and Pakistan, and forest fires in the foothills of the Himalaya in northern India or
southern Nepal (Supplementary Table 3). The 90" percentile for each year 2013, 2014 and 2015
were 1.53 pg m=3, 1.60 ug m and 1.47 ug m respectively. The year 2015 only included
January through July data.

A total of 31 regional episodes were identified from January 2013 till July 2015. The wind
speeds and directions at Jomsom during these transport episodes exhibited diurnal variability
similar to those during other periods (Fig. 8 [I1]). For each episode, Hybrid Single-Particle
Lagrangian Integrated Trajectories (HYSPLIT) starting at altitudes of 300 m, 500 m and 1000 m
from the mouth of the valley were run back in time for 72 hours (Stein et al., 2015). The back
trajectories indicate air-mass transport from the above source regions during these episodes (Fig.
9).

During the regional transport period in November 2014, the average daily BC concentration was
1.29 ug mwhich is greater than the 75" percentile (0.88 pg m) of the BC concentration
throughout measurement duration. The maximum daily concentration during the episode was
3.04 pug m=. However, the corresponding average Os was (28.1 ppbv) was slightly less than the
average (29.5 ppbv) for the entire data set (Figure 8 [Ia]). The diurnal wind pattern in the KGV
during this episode was similar to that during the rest of the year (Figure 8 [1la]). The MODIS
fire data couples with HYSPLIT back trajectories indicate extensive haze and fire events within
the fetch regions for air transported to the mouth of the valley during this period (Figure 9).
These results indicate that the transport of BC emitted from agricultural burning and wildfires

during this period probably contributed to the high concentrations measured within the KGV.
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Another example of a regional transport episode occurred in May 2014, during which BC
concentration was 1.77 pug m (Figure 8[1b]). It was above the 90" percentile (1.49 pg m) for
entire measurement period while the average O3z concentration (49.7 ppbv) wasslightly less than
the 90 percentile (52.9 ppbv) for the entire period. The wind pattern in the KGV exhibited
diurnal flow patterns but with a somewhat longer period (about 2 hours) of up-valley flow
compared to pattern A (Fig. 8 [I1b]). During this period, MODIS imagery and HYSPLIT back
trajectories revealed widespread burning within the fetch region of the Himalayan foothills and
the Punjab of India (Figure 9).

In May 2013, the average concentrations of BC (2.09 pug m=) and O3 (57.5 ppbv) were greater
than the corresponding 90" percentiles for both (Fig. 8 [Ic]). Diurnal wind patterns were similar
to those of pattern B with relatively longer durations of up-valley flow (Fig. 8 [lIc]). MODIS
and HYSPLIT back trajectories revealed extensive agricultural burning in the fetch region over
the Punjab of India and the southern plains of Nepal (Figure 9). Again, these results indicate that
high concentration of combustion products emitted from regional burning were transported to the
valley mouths via synoptic circulation patterns and then efficiently funneled through the KGV to

higher elevations via wind system within the valley.

3.5 Pollution in the Higher Himalaya

Average BC concentrations in European cities including Barcelona, Lugano and London
typically range from about 1.7 to 1.9 pg m= (Reche et al., 2011). National Ambient Air Quality
Standards (NAAQS) for the United States for O3 is 70 ppbv (8-hour maximum average). During
regional transport episodes, BC and Oz levels at the remote Jomsom observatory occasionally
exceeded the above levels for both BC and Oz. In addition, seasonal patterns in BC and Os at
JSM-STA were similar to those at NCO-P CNR (Bonasoni et al., 2010) with highest
concentrations during the pre-monsoon season and lowest during the monsoon. However,
relative differences between BC and Os at the two locations varied seasonally (Table 2). During
the pre-monsoon, BC concentrations at JSM_STA were a factor of two higher than those at
NCO-P CNR whereas, during the post-monsoon season, BC concentrations at JSM_STA were a
factor of five higher. In contrast, Oz concentration at JSM_STA were systematically lower than
those at NCO-P CNR during both the pre- and post-monsoon seasons. NCO-P CNR is located at

a higher elevation (5079 m) relative to Jomsom (2800 m) and is impacted by frequent intrusions
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of Ogz-rich stratospheric air (Cristofanelli et al., 2010), which we infer contributed to the
consistently higher Oz concentrations at NCO-P CNR relative to those at JSM_STA.

4. Conclusion

Results of this study supports the hypothesis that trans-Himalayan valleys are important
pathways by which air pollutants are transported from the IGP to the higher Himalaya and TP.
We found that:

e Concentrations of BC and Os in the KGV exhibited systematic diurnal and seasonal
variability. The diurnal pattern of BC concentrations during the pre- and post-monsoon
seasons were modulated by the oscillating nature of up-valley and down-valley flows.
Concentrations of BC during the pre-monsoon season were higher than those during

post-monsoon.

e The morning and afternoon peaks in BC during the post monsoon season was more
pronounced than those of pre-monsoon season likely due to the relatively lower wind
speeds and associated low dilution during post-monsoon.

e Significant positive up-valley fluxes of BC were measured during all seasons.

e During episodes of regional pollution over the IGP, relatively higher concentrations of

BC and O3 were also measured in the KGV.

e Relative to those at NCO-P CNR, a higher-elevation site in the Himalaya, BC
concentrations at JSM-STA were higher during all seasons whereas the corresponding Os

concentrations were lower.

Further studies are needed to understand the vertical and horizontal distribution of particulate
matter and Os in the Himalayan region, and their impact on the radiative budget, the ASM
and climate. Investigations using sondes, LiDar and air-borne measurements could help

characterize the stratification of the vertical air masses.
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Figure 1. (a) NASA Worldview image from November 4, 2014 depicting thick haze intruding the

Himalayan foothills with red arrow over the KGV. (b) Expanded scale of the KGV showing
locations of LET near the entrance of the valley (yellow star); MPH in the core region (gray
star); the JSM_STA sampling station for BC and Oz and the two associated AWS sites (JSM_1
and JSM_2) in the core region (orange star); and EKL near the exit (blue star). (c) The
atmospheric observatory at Jomsom (JSM_STA). (d) Cross-sectional elevation profile at the
indicated locations.
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Station Location |Elevation Instrument(parameters measured)
Thermo BC MAAP-Model 5012
28.87N, (Black carbon)
JSMSTA | g3.73F 2850m 2B Tech Ozone instrument-Model 205
(Ozone)
28.87N, DAVIS-Model Vantage Pro 2
JSM_AWS 1| 83.73E 2800m (WD, WS, T, RH, DP)
28.87N, NexSens-Model Vaisala WXT520
M ISM_AWS 2 83.73E 3700m | (WD, WS, T, RH, DP, Precip, Solar rad)
28.93N, Nexsens-ModelVaisala WXT520
LET AWS | 83.35E | 2500m | (WD, WS, T, RH, DP, Precip, Solar rad)
28.44N, HOBO-Model AWS U-30
MPH AWS | 834lE 2665m (WD, WS, T)
28.49N, NexSens-ModelVaisala WXT520
EKL AWS | 83.46E | 2804m | (WD, WS, T, RH, DP, Precip, Solar rad)

Figure 2. The valley roor of KV is shown in purple along with details pertaining to

measurement sites and the installed instruments.
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Figure 3. Box and whisker plots depicting the 90", 75™, 501" 25" and 10" percentiles for
monthly of BC (upper panel) and O3 (lower panel) between January 2013 and August 2015 at
JSM_STA. Orange shaded areas indicate the post-monsoon season (Post-mon), green shaded

area indicates the pre-monsoon (Pre-mon) and blue are indicates the monsoon (Mon) season.
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Table 1. Total daily and seasonal BC flux across the cross-sectional plane at JSM_1.

Season Daily flux [Kg day'] Seasonal flux [Kg month-']
Mecan Median Mecan Median
Pre-monsoon 1.2 0.83 36.6 253
Monsoon 0.36 0.23 6.73 4.28
Post-monsoon 0.60 0.44 11.2 8.15
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Table 2. Seasonal variability in mean BC and O3 concentrations (+1 standard deviation) at NCO-

P CNR and JSM_1.

Sites Altitude (m) Co-ordinates Season BC (ug m?) O; (ppb)
NCO-P 5079 27.95°N,86.81°E  Pre-monsoon 0.32 (+0.34) 60.9 (+8.4)
Nepal Climate Observatory
Pyramid Monsoon 0.05 (+0.06) 38.9 (9.
(Bonasoni et al., 2010)

Post-monsoon (.14 (£0.08) 46.3 (£5.0)
JSM_1(Jomsom) 2800 28.87° N, 83.73°E Pre-monsoon 0.90 (£0.45) 39.5 (£8.23)
Kali Gandaki Valley

Monsoon 0.21 (£0.24) 25.1 (+6.48)

Post-monsoon 0.71(x0.42) 31.4(x4.5)

43



Google Earth

Google Earth

¢ arth
0 100 200 400 km §& 3 Google‘F.. f

Figure 9 MODIS imagery depicting haze and individual fire events (left) during the regional
transport episodes associated with the patterns depicted in Figure 8 and corresponding HYSPLIT
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Supplementary materials

Supplementary Table 1. Regional transport episodes and source location based on (*) MODIS

imagery.
2013 (90th Percentile = 1.53)
MONTH | EPISODE LENGTH SOURCE LOCATION*
6th-15th 'Widespread regional haze
Jan 28th-31st Fire in the Punjab region of Pakistan
Feb Jan (contd.)- Feb 2nd [Widespread regional haze
1st-3rd 'Widespread regional haze along with fires west of Nepal in northern India
6th-9th Fire in the Punjab region of Pakistan
Mar 11th-13th Fire in the Punjab region of Pakistan
18th-27th Fire in the Punjab region of Pakistan and scattered fire in Northern India, west of Nepal
6th-10th Fire in the Punjab region of Pakistan and in central and western Nepal
Apr 12th-14th Fire in the Punjab region of Pakistan and fire in central Nepal
27th-30th Fire-z in the Punjab region of Pakistan and in Northern India-west of Nepal; Widespread
regional haze
May 3rd-11th Fire in the punjab region of India (over 100 events) and in Pakistan
Oct 28th-30th Fire in the punjab region of India and Pakistan and widespread regional haze
Nov 1st-Sth Fire in the punjab region of India and widespread regional haze
23rd-30th ‘Widespread regional haze
Dec 17th-24th ‘Widespread regional haze
2014 (90th Percentile=1.60)
MONTH | EPISODE LENGTH SOURCE LOCATION*
Jan 13th-15th High cloud cover
Feb Jan31st-Feb 1st  |High cloud cover
Mar 14th-16th Fire in Punjab region of Pakistan
Apr 5th-8th Fire in central and western Nepal and Haze
10th-30th Fire events in Punjab, India and Pakistan
Apr 10th-May 1st  [Fire in western Nepal, central India and Punjab, Pakistan
May 8th-13th Fire in western Nepal and over 150 fire events in the Punjab region of India and Pakistan
17th-23rd Fire.in India-west of Nepal- and over 100 fire events in the Punjab region of India and
Pakistan
Jun Sth-8th Fire in India-west of Nepal (Uttarakhand-India)
10th-17th Fire in the foothills of the Himalaya (western Nepal and northern India-west of Nepal
Nov 15th-30th 'Widespread regional haze and fire events in India
Dec Nov 15th-Dec 8th  |Widespread regional haze and a few fire events in Punjab, Pakistan
2015 (90th Percentile=1.47)*
MONTH | EPISODE LENGTH SOURCE LOCATION*
15th-17th Cloudy/indeterminant
Jan 21st-25th Cloudy/indeterminant
Feb 21st-26th Cloudy/indeterminant
6th-9th Extensive burning (over 200 fire events) in Punjab region of Pakistan and India
May 18th-26th Fire events in the western region of Nepal and Northen India- southwest of Nepal
29th-31st Fire in northern India-west of Nepal (Uttarakhand) and western Nepal
Jun 6th-12th Fire in northern India-west of Nepal (Uttarakhand) and western Nepal
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CHAPTER 3. VERTICAL DISTRIBUTION OF TROPOPSHERIC OZONE OVER THE
HIMALAYAN REGION DURING WINTER

Abstract

Tropospheric ozone (Oz) is a short-lived pollutant that impacts climate and originates from both
anthropogenic and natural sources including photochemical reactions involving nitrogen oxides
and volatile organic compounds and transport from the stratosphere. Tropospheric Oz modulates
the atmospheric lifetime of many atmospheric gases and influences climate via direct radiative
forcing. In response to emissions of precursors associated with economic and industrial growth,
tropospheric Os concentrations over Asia have increased over the past decades. Surface
measurements over the Himalaya and vertical profiles measured over the Tibetan plateau suggest
that stratospheric air influences the vertical distribution of Os in the region. To evaluate relative
contributions from surface emissions versus transport from the stratosphere, 29 ozonesondes
were launched from the Himalayan foothills in Nepal during December 2015 and January 2016.
Results provide the first measurements of Oz vertical distributions along the southern slopes and
over the Himalayan range. Potential vorticity (PV), relative humidity, and potential temperature
were interpreted to distinguish influences of stratospheric air. Relative to air over the Himalaya,
O3 concentrations between 3 and 10 km altitude in air over the foothills to the south averaged 10
ppbv higher. Relative to periods of low PV, O3 concentrations between 9 and 13 km altitude
during periods of high PV averaged ~10 to 20 ppbv higher. Oz enhancements, compared to the
median for all profiles, below 5 km (lower troposphere) were seen in 65% of the profiles due to
possible surface sources while 50% of profiles in the mid-troposphere (5 to 10km) and 46% in
the upper-troposphere (10 to 20 km) suggested stratospheric influence. Our observations support
the hypothesis that the Oz concentrations over the southern slopes of the Himalayan range are
influenced by both surface emissions of precursors and stratosphere-troposphere exchange

events.
1. Introduction

Tropospheric ozone (Oz) is integral to atmospheric chemistry, acting as the primary precursor of
the oxidizing hydroxyl radical, which modulates the atmospheric lifetime of many atmospheric

gases (Thompson, 1992). Tropospheric Oz is a short-lived climate pollutant that influences

47



climate via direct radiative forcing. Oz is a greenhouse gas that traps outgoing radiation. Rising
emissions of tropospheric O3 precursors since the Industrial revolution has increased radiative
forcing by approximately 0.40 W m (IPCC, 2014). Os at higher altitude in the atmosphere has
greater impact on radiative forcing than at surface. Increasing Oz concentrations in conjunction
with increasing CO> can also reduce gross primary production. Model calculations predict 14%
to 23% loss in gross primary productivity by 2100 thereby suppressing the land-carbon sink
(Sitch et al., 2007). Pollutant O3 can also adversely impact human pulmonary health (Brook et
al., 2004), decrease crop yields (Ghude et al., 2014), and reduce biodiversity (The Royal Society,
2008). Most tropospheric Os is either produced via photochemical reactions involving nitrogen
oxides (NOx) and volatile organic compounds emitted from surface sources or transported from
the stratosphere (Crutzen et al., 1995). Concentrations vary in response to proximity to precursor
sources, topography, UV radiation, temperature, relative humidity (RH), and atmospheric
transport (Monks, 2000; Ganguly and Tzanis, 2013). If mixed into the free troposphere, Oz can
be transported over long distances and modulate concentrations downwind (Fiore et al., 2003;
Cooper et al., 2010).

Concentrations of tropospheric Oz and the frequency of extreme events over Asia have increased
temporally (e.g., Dickerson et al., 2007; Ohara et al., 2007, Wang et al., 2009) in response to
industrial and economic growth (Akimoto, 2003). Anthropogenic combustion sources including
wildfires, biomass and biofuel burning, and fossil-fuel combustion emit volatile and particulate-
phase compounds to the atmosphere that contribute to the persistent regional haze visible in
satellite imagery during winter. Anthropogenic emissions from power plants, vehicles, biofuel
combustion are present year round (Reddy and Ventakaraman, 2002). However, emissions from
agricultural burning during harvest seasons (March- May and September-November) in northern
India can increase average Os concentrations in the lower troposphere by about 20 ppbv and in
the mid-troposphere by about 30 ppbv over average seasonal concentrations (Ojha et al., 2014).
High near-surface O3z concentrations over densely populated areas of northern India coincide
with high NOx concentrations from anthropogenic sources (Fishman et al., 2003; Ghude et al.,
2013). Os concentrations over western India were found to be enhanced above average
concentrations during transport of air masses with longer residence times over continental versus
marine regions and exhibited lowest concentrations during monsoon season when the air masses

were primarily of marine origin and agricultural combustion was minimal (Srivastava, 2012; Lal
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et al., 2014). Ozonesondes launched in western India coupled with back trajectories show that
regional pollution sources increase Oz concentrations in the lower troposphere by 20% to 40%
relative to background levels (47.7 (£3.2) ppbv) during winter (Srivastava et al., 2012). In
addition, model simulations show strong mid-troposphere winds can transport biomass-burning

emissions from Africa to the higher Himalaya (Kopcaz et al., 2011).

The downward transport of stratospheric O3 during large-scale stratosphere-troposphere
exchange (STE) events also contributes to tropospheric Os. The intensity of STE events varies
spatially and temporally. STE episodes can produce high Oz concentrations (up to
approximately 100 ppbv) at sea level and greater than 250 ppbv in mountainous regions (Davies
and Schuepbach, 1994). In the Northern mid-latitudes Oz-rich stratospheric air is injected into
the troposphere primarily during spring and winter due to frequent upper level cyclogenesis and
tropopause folding associated with synoptic features associated with the polar front, frontal
passages and cut-off lows (Monks, 2009). Tropopause folds near the subtropical westerly jet
stream can enhance STE through the development of multiple tropopause heights and associated
intermixed layers of stratospheric and tropospheric air (Randal et al., 2007). Radiosonde
observations over the Tibetan Plateau (TP) reveal a high frequency (~80% of all profiles) of
multiple thermal tropopauses during winter (Chen et al., 2011). Stable potential temperature
(hereafter referred to as theta) and low RH over the Tibetan Plateau during winter can potentially
enhance the downward transport of Oz rich dry eddies of stratospheric origin as a part of Brewer-
Dobson circulation (Chen et al., 2013; Bracci et al., 2012; Hocking et al., 2007). Model
calculations, surface observations, and back trajectories suggest that stratospheric intrusions in
the Himalayan region occur most frequently during winter and early spring (Cristofanelli et al.,
2010; Chen et al. 2013). STE events have also been detected during winter over the Indian
plains (Gupta et al., 2007) and at the edge of the Himalayan foothills (Ojha et al., 2014). These
observations suggests that stratospheric Oz can be a significant source of tropospheric Os during
winter in the Himalayan region. However, the percentage of days affected by STE events is
lower than that observed at high altitude locations in central and Western Europe where polar
jets and cyclogenesis are frequent (Cristofanelli et al., 2010). Low RH, high potential vorticity
(PV) and high theta are often used to characterize STE events. High PV with protruding
filaments extend equatorward due to isentropic transport associated with large-scale cyclones

and anti-cyclones (Zanis et al., 2003). Under certain synoptic conditions, portions of these high
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PV filaments can be cut off or trapped in characteristically distinct air masses resulting in
isolated “streamers” of high PV. These filaments, of dry, high-Oz air can be transported long

distances by synoptic scale flow patterns (including jet streams).

Relatively few vertical profiles of Oz have been measured over the Indo-Gangetic plains (IGP)
(Srivastava et al. 2012) and a single year-long measurement campaign was conducted in India at
the edge of the Himalayan foothills (Ojha et al., 2014). In this paper, we investigate influences of
orography, synoptic weather patterns including STE, and regional pollution in modulating
vertical profiles of tropospheric O3 in the Himalayan region.

2. Measurement site and methods

Between December 29, 2015 and January 7, 2016, twenty nine ozonesondes were launched from
the city of Pokhara (28.12°N, 83.58°E, 800 m asl, population of 400,000) situated in a valley
about 30 km from the Himalayan range (Table 1, Fig. 1). Five of the sondes yielded incomplete
information (2 missing GPS location and 3 flights terminated lost radio communication). The
following analysis is based on data for the other 26 sondes expect for 0zonesonde path based
analysis includes only 24 sondes are analyzed since 2 sondes did not have GPS data.

Synoptic weather in the region surrounding Pokhara is influenced by oscillation of the
subtropical westerly jet (October to May) and the summer monsoon anticyclone (June to
September) (Bonasoni, 2010). Extensive haze over the Indo-Gangetic Plain (IGP) during dry
seasons is typically evident in MODIS (Moderate Resolution Imaging Spectroradiometer),

imagery and was present throughout the duration of the measurement campaign.

O3 mixing ratios were measured with electrochemical sensors (ECC/EN-SCI model 2z) and
ambient pressure, temperature, theta, wind speed (WS), wind direction (WD), and RH were
measured in parallel with coupled meteorological radiosondes (i-Met 403MHz GPS). The sondes
were flown with 1200 g rubber balloons and ascended at an average rate of approximately 5 m s
1. The absolute accuracy of Os mixing ratios greater than 100 ppbv varied as a function of
altitude from +5% to £10% and precision varied from +3% to £5% (Smith, et al., 2007). Pressure
offsets were corrected using the geopotential height and GPS altitude from the radiosonde.
Theta, WS, and RH were integrated over 1-s time intervals and Oz was integrated over 100-m

altitude intervals. In addition, global PV anomalies were calculated at 250 hPa using Modern-Era
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Retrospective analysis for Research and Applications, version 2 (MERRA-2) (Bosilovich, 2015).
MERRA-2 provides long-term global reanalysis based on assimilated aerosol observations from

satellites and associated interactions with physical processes.

3. Results and Discussions

3.1 Partitioning ozonesondes based on flight path and PV

Figure 2 depicts percentile distributions (25", 50" and 75'") for all vertical profiles of O3, RH,
WS, and theta and summary statistics are reported in Table 1. Based on median values, O3z
concentrations in the troposphere increased from 43 ppbv in the lowest 2 km to 130 ppbv near
the tropopause at 14 to 16 km. Median concentrations increased sharply at higher altitudes within
the stratosphere. Median RH decreased from greater than 60% in the lowest 4 km to less than
23% at higher altitudes. The lapse rate of theta is generally positive (greater than 0), which
indicates generally stable tropospheric conditions (Table 1). Oz, RH, WS, and temperature (not
shown) profiles were in good agreement with those measured over Nainital, India (29.4°N,
79.5°E) during winter 2011 (Ojha et al., 2014). In Addition, wind velocities peak between 10 and
18 km in association with sub-tropical westerly jet (SJS) similar to the findings the magnitude,
location and variability seen in the profiles from Nainital.

Thirteen sondes were transported to the northeast or crossed over the Himalayan range (hereafter
referred to as N) while 11 sondes were transported to the east and remained south of the
Himalayan range (hereafter referred to as S, Fig. 3). Vertical profiles (Fig. 4) provide insight
regarding the impact of the Himalaya on Oz distributions. The median distribution profiles for O3
concentrations measured by N- and S-sondes exhibit similar concentrations within the lower
troposphere (below 5 km). However, the S-sondes recorded relatively higher concentrations (~10
ppbv based on median values) between 6 and 10 km. At 14 km, median Oz concentrations
measured by S-sondes increased sharply by about 100 ppbv while N-sondes exhibited a
comparable change at 16 km, suggesting a difference in the height of the tropopause. Generally,
dryer air masses (RH less than 25%) were measured by both N- and S-sondes when O3
concentrations were 10 ppbv higher than the median. For N-sondes, median theta profiles
between 4 and 10 km altitude indicate a neutral atmosphere with no relative change in lapse rate.

Isothermal layers near the tropopause are indicative of STE. Windspeeds between 10 and 16 km
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altitude was about 20 m s greater. We observed greater variability in the O3 concentrations in
the sondes that crossed the Himalaya than those that stayed south of the Himalaya. MERRA-2
wind data at 140 and 250 mb (Supplementary Fig. 1) indicated that that flight paths were driven
by synoptic circulation. An upper-level ridge over the region transported the sondes over the

Himalaya to the North while upper-level trough transported them to the south.

Profiles were also partitioned into two categories based on MERRA-2 PV maps at 250 hPa (Fig.
5). PV anomaly maps were generated by calculating the difference between mean PV values
from 1982 to 2010 at 1200Z and global PV mean at 1200 Z for the launch day. The positive
anomalies show higher PV while negative anomalies indicate lower PV values. Ozonesondes
were stratified into two groups that were launched when PV anomalies over the Himalaya were
greater than (16 profiles) and less than (10 profiles) 1.5 PVU (Fig. 6). This partitioning provides
insight regarding potential contributions of stratospheric Os in the upper troposphere via STE
(Stohl et al., 2000). Median Oz profiles in the lower troposphere (below 5 km) during periods of
high and low PV were similar as might be expected since high PV is indicative of stratospheric
air and is pronounced in mid- and upper troposphere. During periods of high PV, median Os
concentrations in the mid- to upper troposphere (6 to 13 km) were about 20 ppbv greater relative
to those during periods of low PV. Concentrations at altitudes greater than 13 km were similar
during periods of both high and low PV. During periods of high PV, the relatively low RH (~15
%) and high Oz concentrations above 10 km are also consistent with stratospheric influences.
These results suggest that the high Oz air may have been transported to the region either via
active tropopause folding over the Himalaya or by advection of air mass from tropopause folding
events upwind. This will be addressed further in Chapter four where we make use of model cross

sections.

3.1.1 Case studies - High Os in the lower troposphere

We looked for evidence of Os layers that have regional pollution origin, rather than an origin in
the upper troposphere. These layers would be expected to have higher RH and lower theta
representing transport from near the surface. Seventeen of the 26 Oz profiles (65% of the total
profiles) exhibited one or more peaks in Oz concentrations within the lower troposphere

(between surface and 5 km altitude) that exceeded the corresponding 50" percentile for that
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altitude based on all profiles (Table 1; Supplementary Fig. 2). These relatively high Oz
concentrations were characterized as “enhanced”. Among the enhanced profiles, we analyze
three profiles that exhibited peaks above 75" percentile (55 ppbv) to discern surface or
stratospheric influence.

Ozonesonde flight, flt13, between 2.5 and 3.25 km and again between 3.5 and 4.75 km showed
peaks above the 55 and 65 ppbv at two altitudes. When these peaks were compared to their RH
(Fig. 7A) and theta (Fig. 7B), the lowest peak layer was relatively moist (RH above 45%) and
theta was below 300K. These point to the fact that the peak between 2.5 and 3.25 km was
potentially a result of surface emissions. However, the second peak between 3.5 and 4.75 km
was in a layer that had decreasing RH and rising theta values which could possibly have resulted

due to adiabatic subsidence of STE enhanced upper tropospheric air.

FIt16 shows peak Os values (58 ppb) in layer between 1.5 km and 3 km (Fig. 8). This is a
relatively moist layer of air with RH increasing from above 30% to above 50% and theta under
300 K. The meteorological variables again suggest influence from surface emissions. Similarly,
f1t20 between 1.5 and 3 km peaked above 55 ppbv with 55 % RH and theta below 310 K
indicating a surface influence (Fig. 9).

MODIS imagery and CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation) show haze layers as deep as 3 km (not shown) over the Indo-Gangetic plains (IGP)
during our study period. We observe median Oz concentrations around 50 ppbv within this the
haze layer which is similar to background concentrations, during winter, in Ahmedabad, Western
India (47.7 (£3.2) ppbv, Srivastava et al. 2012) and Nainitaal (about 50 ppbv, Ojha et. al 2014).
This appears to suggests minimal impact of the haze layer in Oz concentration in the lower
troposphere, although individual events as shown above can exhibit peak values enhanced by at
least 5ppb. More studies incorporating Oz precursors and regional chemical modeling like
GEOS-Chem and WRF-Chem are needed to delineate the sources and paths of transport in the

lower troposphere during these winter haze conditions.
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3.1.2 Case studies - High Oz in the mid-troposphere

Thirteen of the 26 Os profiles (50% of total profiles) had Os layers above 50" percentile
(Supplementary Fig. 3). Profiles with peaks above the 75" percentile (Table 1) were looked at in
detail using RH and theta to provide insight regarding relative influences of surface-based

emissions or stratospheric sources on Oz concentrations.

FIt09 observed Oz above 70 ppbv between 6 to 7 km with RH below 20% and increasing theta
value close to 320 K (Fig. 10 A and B). The dry layer with relatively high theta values suggest
stratospheric influence in that particular layer. Again, a second peak between 7.25 and 8.25 km
was observed in flt09 with similar moisture content but higher theta value (above 320 K). The

peaks in this profile are probably due to subsidence of an air mass of stratospheric origin.

Similarly, flt10b also showed high Oz between 7.5 to 8 km and then again from 8.3 km and
above (Fig. 11 A and B) state the Oz concentration. Both the high O3 layers were dry with around

10% RH and theta above 320 K. This shows a clear stratospheric influence.

The peaks at altitude between 8.5 and 9 km then again from 9.2 and above in flt13 were dry
(below 20% RH) with theta values above 320 K (Fig. 12 A and B). These layers exhibited O3

concentrations of

Occurrence of rich-Oz layers in dry air mass with high theta values in the mid-troposphere shows
that the air in the Himalayan region is frequently influenced by stratospheric air. Our findings are
consistent with Cristofanelli et al., (2010), who observed stratospheric influence in O3
concentrations in higher Himalaya during winter season. In order to understand the path and
sources of transport isentropic back trajectories and regional transport models should be used.
Isentropic back trajectories will help discern the transport of Oz between subsidence of active
tropopause folding and STE over the Himalayan and advection from locations upwind of the

Himalayan region.

3.1.3 Case studies - High Os in the upper-troposphere

We looked at 12 profiles (46% of the total) with enhanced Os in the upper troposphere between
altitudes 10 and 20 km (Supplementary Fig. 4). Eight of the enhanced profiles show rapid
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increase in Os concentrations above 14 km. In this section, we look at the three profiles that
show the greatest increase in Oz concentrations in the upper troposphere. O3 concentrations in
flt24 increase rapidly (about 270 ppbv increase) between 13 and 15 km in a dry environment
(less than 15%) with theta above 350 K. This clearly indicates stratospheric influence (Fig. 13 A
and B).

FIt 25 shows O3 peak between 13.5 and 15 km, with O3 profile suggestive of a tropopause
folding like event with O3 concentrations decreasing before increasing again (Fig. 14). The RH
(less than 16%) and theta (above 350 K) profiles again show a strong stratospheric influence.
Figure 15 shows Oz concentrations increasing above 13.5 km with Oz profile similar to that of
flt25. These observations show that stratospheric air has an influence on the vertical distribution
of Oz in the southern slopes of the Himalaya as illustrated by Chen et al., (2011) along the

northern slopes of the Tibetan Plateau.

Although stratospheric influences are clearly evident in these vertical profiles of Oz over the
Himalaya, further studies using satellite assimilation data, isentropic back trajectories and model

calculations would help us to understand the dynamics of STE in this region during winter.
4. Conclusion

Our observations indicate that regional pollution arising from surface emissions have some
impact in the lower troposphere. The more obvious influence on the vertical distribution of
ozone is that of stratosphere to troposphere exchange resulting in layers of enhanced ozone in

the mid- and upper troposphere over the Himalaya. Specifically:

e Ozconcentrations in the mid troposphere (6 to 10 km) south of the Himalaya range were
approximately 10 ppbv higher that those measured at the same altitude over the

Himalaya.

e O3 concentrations between 9 and 13 km altitude during periods of high PV (>1.5) were
10 to 20 ppbv higher than those at the same altitude during periods of lower PV. In
contrast, Os concentrations in the lower troposphere did not vary systematically as a

function of PV.
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e Mid- and upper-troposphere were observed to have higher stratospheric influence than

surface influence.

e Possible signatures of stratospheric intrusions as low as 7.5 km were detected using

corresponding RH and theta profiles.

The next chapter addresses the apparent dynamics of these exchange events, and how conditions

in the upper troposphere varied over the time frame of this month-long ozonesonde campaign.
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Figures

Figure 1. Images depicting (A) the locations of Pokhara (star), Kathmandu (dot), and mountain

peaks greater than 8000 m asl (triangles) and (B) the city of Pokhara and surrounding

mountains.
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Figure 2. Vertical profiles depicting the 25" (light gray), 50" (black), and 75™ percentiles (dark
gray) for (A) ozone, (B) relative humidity, (C) wind speed and (D) theta measured by all

ozonesondes.
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Table 1. Summary statistics for Os, RH, temperature and wind speed measured by all

ozonesondes (N=24).

th

th

Variable Altitude [km]| Mean |Median| —Stendard 25 [
deviation percentile | percentile

0-2 447 | 453 5.2 413 485
2-4 487 | 484 45 456 516
4-6 498 | 50.3 6.2 46.3 53.8
oz0ne [ppb] 6-8 548 | 537 50 474 56.4
8-10 616 | 56.0 29.3 48.7 66.3
10-12 658 | 58.7 20.1 50.7 85.0
12-14 651 | 606 18.6 476 82.8
14-16 571 | 5.6 15.8 43.8 618
0-2 66.4 | 67.8 12.8 59.8 749
2-4 56.6 | 614 247 38.6 78.2
4-6 257 | 210 15.9 146 30.8
6-8 249 | 221 13.4 155 29.9

RH [%6]
8-10 238 | 197 13.1 13.1 314
10-12 206 | 159 127 126 245
12-14 163 | 134 8.17 111 18.6
14-16 155 | 127 6.6 114 16.1
0-2 296.8 | 297.2 1.87 295.2 298.2
2-4 303.1 | 3011 5.4 299.5 3055
4-6 3136 | 3144 6.4 309.5 317.3
6-8 3278 | 319.2 56.1 316.4 3247

Theta [K]
8-10 333.1 | 3269 415 3204 333.1
10-12 367.8 | 339.2 4447 328.9 354.9
12-14 3818 | 356.4 104.4 3428 3747
14-16 383.6 | 3786 517 3615 399.8
0-2 24 23 1.02 16 3
2-4 48 31 15 18 56
4-6 149 | 142 8.7 8.7 20.5
_ B 6-8 224 | 219 13.7 121 30.7
Wind speed [ms ] 8-10 319 | 291 145 229 42.9
10-12 373 | 348 18.2 25.1 52.9
12-14 395 | 374 18.8 374 52.9
14-16 359 | 3L5 18 229 52.8
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Figure 3. Ozonesonde flight paths from Pokhara (starred) color coded by those that crossed or

were over the Himalayan range (in orange) and those that stayed south of the range (in green).
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ozone, (B) RH, (C) wind speed, and (D) theta measured by ozonesondes that crossed or were

over the Himalayan range (orange) and those that were south of the range (green).
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Figure 5. PV maps from MERRA-2 showing positive (red) and negative (blue) anomalies over

Pokhara (star).

68



Altitude |km|

18
16 - A
14
12 -
10
8 L
6
4-
2 L
0 ) I 1 L
0 50 100 150 200 2506 0 20 40 60 80 100
Ozone [ppbyv] Relative Humidity [%]
: D
15+
E
=
S 10
=
=
=
5
0 10 20 30 40 50 60 70 280 320 360 400 440 480
Wind speed [m s"l Theta [K]
median Low PV - Low PV 75™ percentile

——median High PV - High PV 75" percentile

Figure 6. Vertical profiles of median (solid lines) and 75" percentiles(dotted lines) for (A) O3,
(B) RH, (C) wind speed, and (D) theta during periods of high (red) and low (blue) PV.

69



RH [%] Theta [K]
20 40 60 80 290 300 310 320

5 T T T T T T T I I I T T

A

B
FMe_--_--—--_TN--_-_—_— | R - -1
|
|
|
|

il
w
T
T
]

Altitude [km]

[ ]
T
1
T
1

=
W
T
1
T
]

T
1

0.5
Flt 13

30 40 50 60 70 30 40 50 60 70

Figure 7. Profiles of (A) Oz and RH and (B) Os and theta for FIt13. The dashed and solid boxes
show O3 peaks above 75" percentile.
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Figure 8. Profiles of (A) Oz and RH and (B) Oz and theta for FIt16 between surface and 5 km.

The solid box shows O3 peak above 75" percentile.
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The solid and dashed boxes show O3 peak above 75" percentile.



RH [%]
5 10 15 20 25 30 310

320

Theta [K]

330

340

10 T T T

9.5

-
%]
T
o

T 1l

0
T
J

e
%]
T
\
1
T

Altitude [km]
|

-
%]
T
|

5.5

Flt 10b

40 50 60 70 80 90 40

70

80 90
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Figure 12. Profiles of (A) Oz and RH and (B) Os and theta for FIt13 between 5 km and 10 km.

The solid box shows peak above 75" percentile.
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Figure 14. Profiles of (A) Oz and RH and (B) Oz and theta for FIt25 between 10 km and 20 km

The solid box shows peak above 75" percentile.
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The solid box shows peak above 75" percentile.
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Supplementary materials

Supplementary Table 1. Ozonesondes launch dates and times (local time is GMT +5 hours 45
minutes). Flights with (*) were omitted in path based analysis as they did not have GPS data
while (+) were omitted from all analysis due to incomplete data.

. Time of launch
Flight no. Date of Launch

GMT
002 18 Dec. 2015 0915
004 19 Dec. 0639
005 19 Dec. 1049
008" 22 Dec. 0707
009 22 Dec. 1139
010A" 23 Dec. 0632
010B 24 Dec. 0656
011’ 24 Dec. 1140
013 25 Dec. 0633
014 25 Dec. 1154
016 26 Dec. 1135
017 27 Dec. 0806
018 28 Dec. 0635
020 29 Dec. 0421
022 30 Dec. 0431
023 30 Dec. 0816
024 2 Jan. 2016 0731
025 2 Jan. 1045
027 3 Jan. 1027
028 4 Jan. 0518
029 4 Jan. 0835
030 5 Jan. 0838
031 6 Jan. 0458
032 6 Jan. 0820
033’ 7 Jan. 0300
034 7 Jan. 0624
035 7 Jan. 1031
036 8 Jan. 0649
037 8 Jan. 0924
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Supplementary Figure 1. The flight paths south of the Himlaya (A) and north of the Himalaya
(B) shown with red arrows on 250 hPa wind maps from MERRA-2.
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Supplementary Figure 2. Profiles of (A) Os, (B) RH, and (C) theta corresponding to Os
concentrations in the lower troposphere (between surface and 5 km altitude) that were greater

than the 50" percentile (shown in black) for all data.
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the 50™ percentile (shown in black) for all data.
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CHAPTER 4. DYNAMIC FACTORS THAT MODULATE STRATOPHERIC
CONTRIBUTIONS TO TROPOSPHERIC OZONE OVER THE HIMALAYAN REGION
DURING WINTER

Abstract

The major sources of tropospheric ozone (O3) are photochemical reactions involving
hydrocarbons, carbon monoxide, and nitrogen oxides and transport from the stratosphere. During
frontal passages and below jet streams, a fold can be created in the tropopause due to the sinking
of stratospheric air. These tropopause folding events, can inject stratospheric air into the
troposphere often forming long streamers of Oz rich, dry air. This process contributes
significantly to background tropospheric Os in the free troposphere. Ozonesonde profiles were
evaluated in conjunction with Modern-Era Retrospective analysis for Research and Applications,
version 2 (MERRA-2) to investigate stratospheric contributions to tropospheric Oz in the
Himalaya region. Low relative humidity and stable potential temperatures over the Tibetan
plateau during winter facilitate the downward transport of Os rich dry eddies driven by the
subtropical westerly jet (SJS). Topography induced thermal structure over the Tibetan plateau,
during winter, creates a steep gradient along its northern and southern slopes. When the SJS was
positioned south of the thermal gradient and the Himalayan range, Oz concentrations above 10
km altitude south of the Himalaya increased rapidly with increasing altitude. Topography,
thermal structure, and the position and strength of the SJS were found to be important
interrelated factors in modulating the transport of stratospheric Os into the troposphere in the

Himalayan region.

1. Introduction

Tropospheric ozone (O3) is a short-lived climate pollutant that warms the atmosphere via
radiative heating. Sources of tropospheric Oz include photochemical oxidation of hydrocarbons
with nitrogen oxides and transport from the stratosphere. During adiabatic transport (i.e., no
transfer of heat) theta and PV are conserved. Globally, isentropic transport to the extratropics
occurs in the stratosphere (at long time scales) (Waugh et al., 2006) along with downward mass

flux via stratosphere-troposphere exchange (STE) in the middle and high latitudes (Holton et al.,
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1995). The mass flux of ozone from the stratosphere to the troposphere ranges from 2.3 x 10" kg
yr! (Reiter et al., 1975) to 3.8 x 10'7 kg yr'* (Appenzeller et al., 1996). Stratospheric air is
characteristically dry and contains high Os concentrations (Stohl et al., 2000). To a first
approximation, dry air masses move along isentropic surfaces (lines of equal potential
temperature) in the atmosphere. During frontal passages and below jet streams, a fold can be
created in the tropopause due to the adiabatic subsidence of stratospheric air. Strong thermal
gradients create isentropic surfaces with steep slopes (relative to altitude). These isentropic
gradients exists along the polar front where airmasses of different thermal characteristics meet.
In the upper troposphere, there are isentropic gradients around the subtropical jet stream (SJS).
Tropopause folding and STE allow air from the stratosphere to enter the troposphere often
forming long streamers of Oz rich, dry air. Tropopause folding and subsequent cut-off low
formation inject stratospheric air into the free troposphere, which can be mixed to the surface via
fronts or high pressure systems (Bonasoni et al., 1999; Davies and Schuepbach, 1994; Cooper et
al., 2001). They can be quasi-adiabatically mixed by the large-scale synoptic weather patterns
and completely diluted in tropospheric air over time (Stohl et al., 2000). Increases in
tropospheric Oz as a result of stratospheric intrusion are not limited to areas of active tropopause
folding but can also be advected downwind. For instance, Stohl (2000) found that the advection
of stratospheric air, intruded over Greenland, increased Oz concentrations in the Alps. Dynamical
processes related to global-scale circulation patterns are responsible for STE in the mid-latitudes
(Stohl et al., 2000). Stratospheric intrusions in the mid- and lower troposphere are controlled
primarily by the subsidence of the dry air from mid-latitude cyclones (Cooper et al., 2001).
Exchange between the stratosphere and troposphere can occur in both directions but the injection
of stratospheric air into the troposphere peaks during spring in the mid-latitudes (Appenzeller et
al., 1996). Stratospheric air contributes significantly to background tropospheric O3
concentrations due to its long chemical lifetime (1 to 2 months) in the free troposphere (Liu et
al., 1987). Because weak stratospheric intrusions can be difficult to detect via in-situ
observations, relative contributions to tropospheric Oz from the stratosphere may be

underestimated.

Model calculations indicate that approximately 40% of tropospheric Oz originates from the
stratosphere (Reolofs and Lelieveld, 1997). Mountain summits are frequently influenced by
stratospheric intrusions (Reiter et al., 1991) due to their high altitudes (Tsutsumi et al., 1998).
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Low relative humidity (RH), high potential vorticity (PV), and high potential temperature (theta)
can be used to detect stratospheric air in the troposphere (e.g., Beekmann et al., 1994;
Cristofanelli 2006). Model calculations indicate that stratospheric intrusion events over the
Himalaya are most frequent during winter (Putero et al., 2016). Low RH and stable potential
temperatures over the Tibetan plateau during winter season can facilitate the downward transport
of Oz rich dry eddies (Chen et al., 2013).

In this paper, we compare ozonesondes with model cross sections and illustrate steeply sloping
isentropic features are characteristic of strong thermal contrast between the cold, high terrain of
the Tibetan plateau and the surrounding plains. The presence of a strong SJS south of the
Himalaya along with the geography favoring isentropic subsidence appears to enhance STE in
the foothills as observed by our sondes launched from Pokhaara. O3 profiles measured with
sondes launched along the southern face of the Himalayan range were interpreted in conjunction
with PV, RH, and theta to evaluate potential contributions of the stratosphere to tropospheric O3
in the region. Stratospheric influences were evident in the Os profiles in mid- and upper
troposphere. In this paper, we employ the Modern-Era Retrospective analysis for Research and
Applications, version 2 (MERRA-2) reanalysis data to investigate the interrelated influences of
topography, thermal structure, and the position and strength of the SJS on the dynamics driving

stratosphere-troposphere exchange and associated impacts on tropospheric Oz in the region.
2. Methods

Between December 29, 2015 and January 7, 2016, twenty nine ozonesondes were launched from
the city of Pokhara (28.12°N, 83.58°E, 800 m asl, population of 400,000) situated in a valley
about 30 km from the Himalayan range (Fig. 1). One or more of the suite of parameters were not
recorded by five of the sondes (e.g., missing global position system) and 10 sondes yielded less
than 90% of complete Os vertical profiles mostly above 6 km altitude. The following analysis
interprets results for the 14 sondes with greater than 90% altitudinal coverage for all parameters.
Synoptic weather in the region surrounding Pokhara is influenced by oscillation of the
subtropical westerly jet (October-May) and the summer monsoon anticyclone (June-September)
(Bonasoni, 2010). The maximum temperature in Pokhara ranges from 13.2 °C in January to 25.5
°C in July-August and the annual rainfall amounts to about 0.37 m with 80% of the total annual

precipitation occurring from June-September (Khadka and Ramanathan, 2013). The extensive
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haze over Indo-Gangetic plains (IGP) in dry seasons is visible in the valley. MODIS imagery

showed haze over IGP throughout the duration of the campaign.

O3 mixing ratios were measured with electrochemical sensors (ECC/EN-SCI model 2z) and
ambient pressure, temperature, theta, wind speed (WS), wind direction (WD), and RH was
measured in parallel with coupled meteorological radiosondes (i-Met 403MHz GPS). The sondes
were flown with 1200 g rubber balloons and ascended at an average rate of approximately 5 m s
! The absolute accuracy of Oz mixing ratios greater than 100 ppbv varied as a function of
altitude from £5% to £10% and precision varied from +3% to £5% (Smith, et al., 2007). Pressure
offsets were corrected using the geopotential height and GPS altitude from the radiosonde.

Theta, WS, and RH were integrated over 1-s time intervals and Os was integrated over 100-m
altitude intervals. In addition, global PV anomalies were calculated at 250 hPa using Modern-Era
Retrospective analysis for research and applications, version 2 (MERRA-2). MERRA-2 provides
long-term global reanalysis by assimilating space-based observations of atmospheric aerosol and
associated interactions with physical processes and is a product of NASA’s Goddard Earth
Observation System (GOES-5.12.4) atmospheric data assimilation. The horizontal resolution of
the model is 0.5° x 0.625° in latitude and longitude, respectively, and has 72 levels from the
surface to 0.01 hPa with data provided at 3-hour intervals. MERRA-2 uses stratospheric profiles
from the Microwave Limb Sounder (MLS) instrument and total ozone column observations from
the Ozone Monitoring Instrument (OMI), both on NASA’s Earth Observing System Aura (EOS

Aura) satellite.
3. Results

3.1 Comparison between observations and MERRA-2

Seven of the 14 profiles correspond to sondes that were launched during periods of high PV
(greater than 1.5) and the other 7 were during periods of lower PV. In addition, 9 of the 14
sondes crossed or remained over the mountain range and the other 5 stayed over the foothills to
the south of the range. Six of the 7 sondes launched during high PV were transported over the
range whereas 4 of 7 sondes during low PV remained over the foothills. (Supplementary Table
1).
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We compared theta, RH, and wind speed predicted by MERRA-2 with the corresponding in-situ
measurements at each elevation. Scatter plots with standard linear regressions for all paired
results are depicted in Figure 1. MERRA-2 over predicted RH at most levels in the troposphere
as expected based on a reported moist bias (Basilovich et al., 2015). Predicted and measured
wind speeds below about 40 m s agreed reasonably well but MERRA-2 overestimated higher
wind speeds by about 5 to 10 m s. The generally good agreement between predicted and
observed wind speeds allow MERRA-2 to be used with reasonable confidence in evaluating the
role of SJS in STE over the Himalaya. Our analysis over this region of the Himalaya also
suggests that MERRA-2 has a cold bias. MERRA-2 consistently underestimates theta, with a few
notable exceptions of overestimate between 320 K and 360 K. This cold bias over the Himalayan
region may represent a limitation of the coarse representation of the topography in the model, but
as noted, it is a significant bias. The elevation of Pokhara is 800 m asl however in MERRA-2
surface elevation is about 3200m asl, surface elevation being about 2400 m higher may be
responsible for the cold bias. Os profiles predicted by MERRA-2 fell within the 75" percentile
distribution profile for Oz measured below 12 km altitude and near the median profile for
measured concentrations at higher altitudes (Fig. 2). The differences between measurements and
MERRA-2 relate in part to the fact that MERRA-2 profiles are not based on the flight track of
the ozonesondes and are integrated over relatively coarse model grids in complex terrain. The
launch site at Pokhara and the closest mountain peak (~ 5000 m asl) fall within the same grid
cell.

3.2 Subtropical westerly jet

The Himalayan range is a topographic barrier that induces anomalies to the general flow pattern
on both regional and hemispheric scales. The orographic effects of the Himalayan range can
dampen the magnitude of eastward moving troughs (Academica Sinica, 1958). Schiemann et al.
(2008) conducted a 40-year subtropical westerly jet (SJS) climatological study and found that the
mean position of the SJS is located south (at approximately 28° N) of the Tibetan Plateau with
the highest wind speeds during winter. MERRA-2 indicates that the SJS migrates north and
south of the Himalaya with wind speeds ranging from ~30 to 80 m s (Fig. 3). Despite the
movement of the SJS, the topography driven regional thermal gradient between the Tibetan

plateau and the overlying atmosphere did not vary significantly resulting in a persistent
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isentropic feature contouring the Tibetan plateau with steep thermal gradients on the southern

and northern slopes of the Tibetan plateau.

The SJS frequently exhibited multiple cores with maximum wind speed centered in more than
one location within the jet. Profiles with enhanced Oz concentrations (greater than 10 ppb) in the
upper troposphere above 10 km altitude did not vary systematically based on the location of the
jet or the number of cores within. However, O3 concentrations above 10 km were consistently
high relative to mean concentrations when the core of a single jet or the north most core of a
multiple core SJS was over or south of the strong thermal (theta) gradient over the Himalaya.
These positions allowed Oz-rich stratospheric air to subside along the isentropic surface. In
addition, MERRA-2 showed STE over the Tibetan plateau when the core(s) of the SJS was
(were) south of the thermal gradient, regardless of the velocity or structure of the SJS core
(Supplementary figures 1-14). For example, on December 22 (Fig. 4), the SJS was located over
the Tibetan plateau, north of the thermal gradient, resulting in low O3 concentrations above 10
km. In contrast, on January 6 (Fig. 5), the north-most core of the SJS was over the thermal
gradient with relatively high concentrations of Oz (~100 ppbv) above 10 km. On January 8 (Fig.
6), the SJS was south of the thermal gradient with high Oz concentration (~90 ppbv) above 8.5

km.

3.3 Thermal, dynamic, and chemical tropopause

The diffusion of stratospheric air along the isentropic sloped surfaces occurs in the vicinity of the
tropopause break. The tropopause fundamentally marks the boundary between the troposphere
and the stratosphere reflected by a change in temperature lapse rate or static stability at the
boundary (Randel et al., 2007). However, this boundary, is not well defined near the tropopause
break. The tropopause is often defined based on temperature lapse rate (thermal tropopause), PV
values (dynamical tropopause) and Oz content (chemical tropopause). World Meteorological

Organization (1957) defines the first and second thermal tropopause as follows:

“The first tropopause is the lowest level at which the lapse rate decreases to 2 °C/km or
less, provided also that the average lapse rate between this level and all higher levels

within 2 km does not exceed 2 °C/km.
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The second tropopause can be defined using the same criteria as the first tropopause if the
average lapse rate at any level above the first tropopause exceeds 3 °C/km. This

tropopause can be within or above the 1 km layer.”

The dynamical tropopause exists at the interface between troposphere and stratosphere where the
PV values exceed 1.5 to 3 PVU (Holton et al., 1995). We use 1.5 PVU to mark the dynamical
tropopause in profiles launched from Pokhara. A study based on radiosondes, reanalysis data and
GPS radio occultation temperature profiles showed that the difference between thermal and
dynamical tropopause is most evident near the SJS (Randel et al., 2007). In addition, O3
concentration (100 ppbv) can be used to define a chemical tropopause as a sharp gradient in O3
concentration at the tropopause (e.g. Bethan et. al., 1996, Thouret et al., 1998). Bethan et al.
(1996) found that the chemical tropopause was ~2 km lower than the thermal tropopause for

98% of the ozonesonde profiles and was more closely related to the dynamic tropopause.

In this study, we distinguished thermal, dynamic and chemical tropopause altitudes for each
sonde. We found multiple thermal tropopauses in 4 out of 14 sondes; multiple tropopauses are
often found when there is a break in the first thermal tropopause near the SJS (Randel et al.,
2006). A characteristic break in the thermal tropopause is indicative of a potential STE. Based on
MERRA-2 PV data, the dynamic tropopause was defined at the altitude where PV was higher
than 1.5 PVU (Table 1). The chemical tropopause was defined as the lowest altitude with 100
ppbv Oz concentration based on ozonesonde profiles. In general, our results show the chemical
tropopause height was in better agreement with the lowest dynamic tropopause than with the
lowest thermal tropopause. Lower chemical and (lowest) dynamical tropopause conditions
resulted in enhanced Oz concentration in the upper troposphere. These relationships support the
hypothesis that STE contributes significantly to Os in the free troposphere over the Himalayan
region. In addition, layers of tropospheric air (under 1.5 PVU) in profiles with multiple thermal
and dynamic tropopause illustrate the occurrence of frequently intermixed tropospheric and

stratospheric air layers of stratospheric air which further suggests active STE in this region.

4. Case study: possible tropospheric folding over the Tibetan Plateau

MERRA-2 data suggest possible tropopause folding over the Tibetan Plateau on January 8.
Profiles of O3, RH and theta measured earlier in the day indicated a sharp increase in O3

concentrations at about 7.5 km in association with dry air (RH below 20%) with theta values
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greater than 320 K (Fig. 6¢). The MERRA-data shows tropopause folding with enhanced O3
concentrations as low as 7 km (Fig. 6a) along the theta gradient (Fig. 6b). This tropopause
folding is still evident about 2.5 hours later (Fig. 7a) in MERRA-2 cross-section and in
ozonesonde data (Fig. 7c). In the morning profile (0649 Z), chemical tropopause (100 ppbv) is at
around 10 km however in Figure 7c the chemical tropopause is lower at around 9 km altitude.
These results suggest subsidence of Os-rich stratospheric air. The SJS was located south of the
theta gradient. Similar enhancements in Oz concentrations associated with theta values greater
than 320 K and dry air were evident on other days (see Supplementary Figs. 9, 10, 11 and 12).
These profiles reveal dynamics similar to those reported over to the northern slopes of the
Tibetan Plateau (Chen et al. 2011) and support the hypothesis the position of the SJS relative to
thermal gradients plays an important role in modulating STE and associated concentrations of
tropospheric Oz over the Himalaya.

Our analysis revealed enhancements in Oz concentrations due to stratospheric influences as low
as 7.5 km altitude. In addition, local katabatic flows (downslope flows) along the mountain
slopes, especially at night, may contribute to the downward transport of Os-rich air downwind of

the Himalaya.

Global model calculations suggest that the intensities of tropical storms will increase by 2% to
11% over the next century in response to projected global warming (Knutson, et al., 2010) while
anthropogenic climate change will push SJS towards the pole which will impact the strength and
impact of the SJS (Leroy et al., 2006). Based on our analysis, climate induced changes in the
position of the SJS would also drive corresponding changes in STE over the Himalaya.
Associated modulation of Oz concentrations in the upper free troposphere could result in positive

or negative feedbacks in radiative forcing, based on the direction of the shift in SJS in the region.
5. Conclusion

We investigated influences of the SJS in modulating tropospheric Oz over the Himalaya using
MERRA-2 reanalysis data in conjunction with measured profiles of Oz, RH, theta, and wind

speed. Results revealed important interrelated factors that drive STE. Key findings are:

e The Tibetan plateau during winter creates a strong thermal gradient resulting in a

persistent isentropic surface that contours the plateau.
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e The position, strength, and structure of the SJS varied temporally across the feature of
the cold plateau.

e The location of SJS with respect to the thermal gradient along the southern slope appears
to modulated STE over the southern foothills of the Himalaya.

e O3z concentrations above 8 km altitude were consistently higher than median
concentrations when the SJS core(s) were over or south of the thermal gradient
regardless of the velocity and structure of the SJS.

e The altitude of the dynamic tropopause and chemical tropopause corresponded better to
observed Oz enhancements than the thermal tropopause.

e Discrete air masses exhibiting high and low PV were intermixed down to altitudes above
8 km

e Active tropopause folding over the Tibetan plateau resulted in increase in O3

concentrations over the Himalaya to up to 100 ppb as low as 9 km altitude.
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Figure 1. Scatters plots of (A) theta, (B) RH, and (C) wind speed measured in situ (X axes)

versus those predicted by MERRA-2 (Y axes). Dashed lines depict standard linear regressions.
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Figure 4. Curtain plots depicting (A) Oz concentration with wind speed contours and (B) RH
with theta contours predicted by MERRA-2 at 1200 Z on 22 December 2015 and the
corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 09 in Supplementary Table 1).
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Figure 6. Curtain plots depicting (A) Oz concentration with wind speed contours and (B) RH
with theta contours predicted by MERRA-2 at 0600 Z on 8 January 2016 and the corresponding
vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ on the same

day with ozonesondes (Flight 36 in Supplementary Table 1).
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Figure 7. Curtain plots depicting (A) Oz concentration with wind speed contours and (B) RH
with theta contours predicted by MERRA-2 at 0900 Z on 8 January 2016 and the corresponding
vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ on the same

day with ozonesondes (Flight 37 in Supplementary Table 1).
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Supplementary material

Supplementary Table 1. Ozonesonde launch dates and times (local time is GMT +5 hours 45

minutes).
Date Flight no. Time (GMT)
19 Dec. 004 0639
22 Dec. 009 1139
27 Dec. 017 0806
28 Dec. 018 0635
30 Dec. 022 0431
2 Jan. 024 0731
2 Jan. 025 1045
3 Jan. 027 1027
6 Jan. 031 0458
6 Jan. 032 0820
7 Jan. 034 0624
7 Jan. 035 1031
8 Jan. 036 0649
8 Jan. 037 0924
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Supplementary Figure 1. Curtain plots depicting (A) Os concentration with wind speed contours
and (B) RH with theta contours predicted by MERRA-2 at 1200 Z on 19 December 2016 and the

corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 04 in Supplementary Table 1).
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Supplementary Figure 2. Curtain plots depicting (A) Oz concentration with wind speed contours
and (B) RH with theta contours predicted by MERRA-2 at 1200 Z on 22 December 2015 and the

corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 09 in Supplementary Table 1).
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Supplementary Figure 3. Curtain plots depicting (A) Os concentration with wind speed contours
and (B) RH with theta contours predicted by MERRA-2 at 0900 Z on 26 December 2015 and the
corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 17 in Supplementary Table 1).
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Supplementary Figure 4. Curtain plots depicting (A) Oz concentration with wind speed contours
and (B) RH with theta contours predicted by MERRA-2 at 0600 Z on 28 December 2015 and the

corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 18 in Supplementary Table 1).

108



A o,lppbv]| | ©
20 : 200
ind s -1
180 RH [%] Wind speed [ms™']
0 20 40 60 80 100 0 20 4 60 80 100
15 160 20 T T T T ‘ i ‘ .
i 140 18 | 1L |
< 10 120 '
=t I
- wo| 100 ] 1T il
5 80 14 - ) 1 L i
60 |E
=12 - | 1k 1
0 ' M | o
25 30 35 'g )
Latitude E 10 - } 1 - I I 1
B <
2
8
15 6
E 4
§1
= 2
[ 0431
0 I I | I | | | YAl
0 50 100 150 200 250280 320 360 400 440 480

Theta [K]

25 30 35
Latitude

Supplementary Figure 5. Curtain plots depicting (A) Oz concentration with wind speed contours
and (B) RH with theta contours predicted by MERRA-2 at 0600 Z on 30 December 2015 and the
corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 22 in Supplementary Table 1).
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Supplementary Figure 6. Curtain plots depicting (A) Os concentration with wind speed contours

and (B) RH with theta contours predicted by MERRA-2 at 0900 Z on 2 January 2016 and the

corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 24 in Supplementary Table 1).

110



0O, [ppby]
20 T 200
180 RH [1%'] Wind speed [m5'1]
0 20 40 60 80 100 ¢ 20 4 60 80 100
160 20 T T T T T T
140 181 | |
120
wo| 17 1 1
30 14 F 4 il
o |8
= 12 1
0 | @
=
) =
Latitude 10 . 3|
B RH [%)] “
20 100 8 i |
- 90
L 80 L _ 1
15 6
70
i - 60 47 1 4
< 10 50
2 2+ .
= 40
- 1045 Z
5 30 0 | | s | |
N 20 0 50 100 150 200 250280 320 360 400 440 480
10 Theta |K]
0 ' ' 1]
25 30 35
Latitude

Supplementary Figure 7. Curtain plots depicting (A) Oz concentration with wind speed contours
and (B) RH with theta contours predicted by MERRA-2 at 0900 Z on 2 January 2016 and the
corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 25 in Supplementary Table 1).
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Supplementary Figure 8. Curtain plots depicting (A) Os concentration with wind speed contours
and (B) RH with theta contours predicted by MERRA-2 at 0900 Z on 3 January 2016 and the
corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 27 in Supplementary Table 1).
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Supplementary Figure 9. Curtain plots depicting (A) Os concentration with wind speed contours
and (B) RH with theta contours predicted by MERRA-2 at 0900 Z on 6 January 2016 and the

corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 31 in Supplementary Table 1).
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Supplementary Figure 10. Curtain plots depicting (A) Oz concentration with wind speed contours

and (B) RH with theta contours predicted by MERRA-2 at 0900 Z on 6 January 2016 and the

corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 32 in Supplementary Table 1).
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Supplementary Figure 11. Curtain plots depicting (A) Os concentration with wind speed contours
and (B) RH with theta contours predicted by MERRA-2 at 0600 Z on 7 January 2016 and the

corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 34 in Supplementary Table 1).
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Supplementary Figure 12. Curtain plots depicting (A) Os concentration with wind speed contours

and (B) RH with theta contours predicted by MERRA-2 at 0900 Z on 7 January 2016 and the

corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 35 in Supplementary Table 1).
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Supplementary Figure 13. Curtain plots depicting (A) Os concentration with wind speed contours

and (B) RH with theta contours predicted by MERRA-2 at 0600 Z on 8 January 2016 and the

corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 36 in Supplementary Table 1).
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Supplementary Figure 14. Curtain plots depicting (A) Oz concentration with wind speed contours
and (B) RH with theta contours predicted by MERRA-2 at 0900 Z on 8 January 2016 and the
corresponding vertical profiles of (C) Oz and RH and (D) wind speed and theta measured in situ

on the same day with ozonesondes (Flight 37 in Supplementary Table 1).
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CHAPTER 5. CONCLUSION

The research reported in this dissertation provides new and important insight regarding processes
by which Oz and BC are introduced to the Himalayan region. First, | found that emissions from
the IGP are transported to the mouth of the Himalayan foothills by the synoptic weather systems
and were subsequently transported up the valleys by the local wind system. The local wind
system consisted of rapid up-valley flow during daytime and relatively slow down-valley flow at
night. This pattern persisted throughout the year but the highest velocities and most efficient
transport occurred during dry seasons. BC concentrations peaked in the morning and afternoon
whereas Oz peaked only in the afternoon. Local emissions from combustion sources within the
valley under relatively low wind conditions probably contribute to the early morning peak in BC.
The afternoon peaks in both BC and Os in conjunction with high up-valley wind velocities likely
reflect broader regional patterns in pollutants transported from the IGP. Concentrations of BC
and Os varied seasonally with the highest concentrations during pre-monsoon season (March to
June). Chemical constituents were transported up the valley during the day and down the valley
at night. Due in part to this oscillatory flow pattern, BC mean concentrations within the valley
did not differ significantly between day and night. However, during all seasons, the velocity and
duration of up-valley winds and, thus the associated flux of BC, during the daytime were greater
than those at night yielding a significant net BC flux up valley throughout the year. Based on a
conservative estimate, the net up-valley flux of BC through a cross section of the valley at
Jomsom during the pre-monsoon season was 1.2 kg day™. Multi-day periods during which BC
concentrations within the valley were greater than the 90" percentile for the year were
characterized as regional transport episodes. These episodes occurred primarily during late
spring and early fall and, based on back trajectories and satellite imagery, were attributed
primarily to emissions from crop residue burning. Lastly, when we compared BC and O3
concentrations measured within the KGV with measurements a high elevation site at the base of
Mount Everest. BC concentrations within the KGV were consistently higher by factors of 2 to 5
whereas Oz concentrations were consistently lower by a factor of 1.5. These differences are

driven in part by relatively greater contributions of stratospheric Oz at the higher elevation.

Vertical profiles of Os over the Himalaya coupled with tracers of stratospheric air including high
PV values (greater than1.5 PVU), low RH (less than 20%) and high theta (greater than 320 K)
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revealed significant stratospheric contributions to tropospheric Oz. Maps of PV anomalies at 250
hPa were constructed from MERRA-2 reanalysis data. Profiles of Oz and related meteorological
parameters were then partitioned into two groups based on PV at the time of the launch (greater
than or less than 1.5 PVVU). During periods of high PV, median Oz concentrations between 9 and
13 km were 10 to 20 ppbv higher than those during low PV conditions. Profiles were also
partitioned into two groups based on the transport path of sondes (over the Himalaya versus
south of the range). Relative to air over the Himalaya, median O3 concentrations at 6 to 10 km
altitude, in air south of the Himalaya were approximately 10 ppbv higher. The findings show
frequent influences of stratospheric air masses near the Himalaya. This can possibly be a result
of active tropopause folding over the Himalaya as well as advection or subsidence of
stratospheric air masses upwind the Himalayan region. PV based back-trajectories would help
inform paths of transport from the stratosphere and the location of transport. In addition, studies
designed to measure Oz along with Oz precursors like nitrogen oxides throughout the year would

be helpful in understanding the roles of surface based O3 enhancements.

Profiles measured with ozonesondes were interpreted in conjunction with MERRA-2 reanalysis
data (wind speed, theta, RH and O3) to evaluate processes that modulate tropospheric Oz over the
Himalaya. The complex topography formed by the Himalaya ranges and the Tibetan Plateau
caused an upwelling of isentropic surfaces above this cold, high-elevation region. The upwelling
created a strong potential temperature gradient along the southern slopes of the Himalaya, which
facilitated isentropic transport of stratospheric air along these surfaces into the troposphere.
However, the degree of influence was varied substantially based on the position of the SJS core
(or cores) with respect to the thermal gradient. When the core(s) of the SJS was (were) south of
the thermal gradient, we hypothesize that the stratospheric air was transported down from the
northern edge of the SJS along the isentropic surface south of the Himalaya. When the core of
the SJS was above or south of the thermal gradient, Oz concentrations above 8 to 10 km altitude
were consistently higher by 10 to 20 ppbv relative to mean values. We also frequently observed
intermixed layers of air with distinct PV values in conjunction with multiple chemical,
dynamical and thermal tropopauses, which suggests both stratospheric and tropospheric origins

and implies that transport along the tropopause is diffusive in nature.
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In summary, this dissertation fills important gaps in our understanding of processes that
modulate BC and O3 cycling in the Himalaya region. Results confirmed the hypothesis that local
wind systems within deep trans-Himalayan valleys are important pathways by which pollutants
are transported from the IGP to the high Himalaya and TP. The first quantitative estimates of BC
fluxes and seasonal variability in those fluxes through the KGV are reported. This research also
demonstrated that STE events contribute significantly to tropospheric Os in the region and
identified major dynamic and topographic factors that modulate exchange. However, additional
studies are needed to quantify fluxes of pollutants other than BC through the KGV and to
characterize magnitude and nature of pollutant transport through other trans-Himalayan valleys.
In-situ measurements nitrogen oxides, hydrocarbons, and CO in conjunction Oz and
meteorological conditions within Himalayan valleys in parallel with concurrent sonde-based
measurements of Oz and meteorological conditions through the overlying atmosphere would also
help deconvolute relative influences of regional emissions versus transport from the stratosphere
on vertical profile of Os. This work yielded a new and broadly applicable set of measurements

for key short-lived climate pollutants in a data sparse region of the world.
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