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Abstract Simultaneous in situ measurements of ozone, CO, and NOy have been made for the first time at a
high altitude site Nainital (29.37°N, 79.45°E, 1958 m above mean sea level) in the central Himalayas during
2009–2011. CO and NOy levels discern slight enhancements during the daytime, unlike in ozone. The diurnal
patterns are attributed mainly to the dynamical processes including vertical winds and the boundary layer
evolution. Springtime higher levels of ozone (57.5±12.6 ppbv), CO (215.2±147 ppbv), and NOy (1918±1769.3
parts per trillion by volume (pptv)) have been attributedmainly to regional pollution supplementedwith northern
Indian biomass burning. However, lower levels of ozone (34.4 ± 18.9 ppbv), CO (146.6 ± 71 ppbv), and
NOy (1128.6 ± 1035 pptv) during summer monsoon are shown to be associated with the arrival of air
mass originated from marine regions. Downward transport from higher altitudes is estimated to
enhance surface ozone levels over Nainital by 6.1–18.8 ppbv. The classification based on air mass
residence time, altitude variations along trajectory, and boundary layer shows higher levels of ozone
(57 ± 14 ppbv), CO (206 ± 125 ppbv), and NOy (1856 ± 1596 pptv) in the continental air masses when
compared with their respective values (28 ± 13 ppbv, 142 ± 47 ppbv, and 226 ± 165 pptv) in the regional
background air masses. In general, positive interspecies correlations are observed which suggest the
transport of air mass from common source regions (except during winter). Ozone-CO and ozone-NOy

slope values are found to be lower in comparison to those at other global sites, which clearly indicates
incomplete in situ photochemistry and greater role of transport processes in this region. The higher
CO/NOy value also confirms minimal influence of fresh emissions at the site. Enhancements in ozone, CO, and
NOy during high fire activity period are estimated to be 4–18%, 15–76%, and 35–51%, respectively. Despite
higher CO and NOy concentrations at Nainital, ozone levels are nearly similar to those at other global high-
altitude sites.

1. Introduction

It has long been realized that the tropospheric ozone plays a key role in air quality, tropospheric chemistry,
and climate change [e.g., Fishman et al., 1979]. Higher levels of ozone near surface have harmful effects on
living beings, vegetation, and ecosystem [Mauzerall and Wang, 2001; Desqueyroux et al., 2002]. Ozone is the
major precursor of OH radical and thereby controls the oxidizing capacity of the troposphere [Brasseur et al.,
1999]. Furthermore, being a greenhouse gas, it contributes to global warming [Schwarzkopf and Ramaswamy,
1993]. Despite its importance, the budget of tropospheric ozone and its contribution to global warming
consists of large uncertainties as compared to the long-lived greenhouse gases mainly due to the large
spatiotemporal variability in its levels and the lack of measurements with sufficient spatial and temporal
density [Forster et al., 2007].

Ozone, in the lower troposphere, is mainly produced by photo-oxidation of its precursor gases (e.g., carbon
monoxide, methane, and non-methane hydrocarbons) in presence of sufficient NO-NOx [e.g., Crutzen, 1973;
Brasseur et al., 1999]. Moreover, dependence of ozone production on its precursors is very complex and
nonlinear [Brasseur et al., 1999]. The simultaneous measurements of ozone and its precursor gases are,
therefore, extremely essential to improve our understanding of ozone chemistry and its variability over a
region of interest. Besides their role in ozone formation, the precursor gases are also detrimental to health
and can be used as an indicator for the transport of continental polluted air masses from local to over regional
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and global scales. The sources of precursor gases are both natural and anthropogenic. The common sources
of CO, NOx, and hydrocarbons include fossil fuel combustion, biomass burning, vegetation, soils, and oceans.
CO is also produced from oxidation of methane and non-methane hydrocarbons, and NOx is produced from
lightning and aircraft emissions. In addition to photochemistry, the stratosphere-to-troposphere transport
(STT) contributes significantly to the tropospheric ozone budget. Downward transport of ozone is shown to
contribute significantly to ozone variations observed over alpine sites, the Himalayas, the Tibetan Plateau,
western United States, and western Europe [e.g., Stohl et al., 2003; Ding and Wang, 2006; Langford et al., 2009;
Kumar et al., 2010]. Though STT influences the ozone levels in the middle to upper troposphere occasionally,
it can deeply penetrate down to the lower troposphere and can enhance near-surface ozone levels [Ludwig
et al., 1977; Haagenson et al., 1981; Stohl et al., 2000; Cooper et al., 2005; Akriditis et al., 2010; Lin et al., 2012a].

The anthropogenic emissions of ozone precursors have been shown to rapidly increase over Asia, whereas, they
are relatively stable or decreasing over Europe and the U.S. [Akimoto, 2003; Beig and Brasseur, 2006; Dalvi et al.,
2006; Naja et al., 2003a; Ohara et al., 2007; Logan et al., 2012; Sahu et al., 2012; Kurokawa et al., 2013]. Such in-
creasing emissions are anticipated to enhance photochemical activity in the tropical Asia, which receives higher
solar radiation and has a large amount of water vapor (about 80% of the global budget) [Crutzen, 1995].
Furthermore, stronger convection alongwith higher wind speeds aloft can spread pollutants from this region over
a larger area that, in turn, can affect the atmospheric composition and radiation budget over regional to
global scales.

The above mentioned importance of the tropical Asian region led to the initiation of surface ozone and
precursor gases observations in India [e.g., Lal et al., 2000; Naja and Lal, 2002; Jain et al., 2005; Beig et al., 2007;
Reddy et al., 2008]. However, most of these studies are on ozone alone and were confined to only the
southern and western parts of India. Such studies are scarce in northern India where higher pollution load-
ings have been documented in several other investigations using spaceborne and ground-based
observations of trace gases [Fishman et al., 2003; Ghude et al., 2008; Kumar et al., 2010] and aerosols [Di
Girolamo et al., 2004; Jethva et al., 2005; Tripathi et al., 2005; Ganguly and Jayaraman, 2006] in the Indo-
Gangetic Plain (IGP).

In order to improve our understanding of ozone variability in northern India, surface ozone observations
were initiated at Nainital (1958 m above mean sea level (amsl)), a high-altitude site in the central Himalayas
[Kumar et al., 2010], which have provided fairly good information on surface ozone seasonality at Nainital.
However, our knowledge about the chemical characteristics of this site is still limited mainly due to the lack
of observations of precursor gases like CO and NOy. In this direction, surface observations of CO and NOy

were also added from January 2009 and, in the present paper, we report the first simultaneous observations
of CO and NOy with ozone at Nainital during the period of January 2009 to December 2011. Since the
observation site is located at a high-altitude mountain and it is away from major anthropogenic activities,
these measurements are expected to be a good regional representative for northern India. These mea-
surements, at Nainital, are used to identify the contributions of regional pollution, downward transport, and
biomass burning on ozone and its precursors. Role of the vertical winds and boundary layer processes is
also studied using weather research and forecasting (WRF) model output. The paper begins with a brief
description of the observation site, general meteorology, and measurement techniques of different gases in
section 2. Results from this study are presented in section 3, followed by a conclusion and discussion in
section 4.

2. Measurements and Data Analysis
2.1. Observation Site

The observation site is at a mountaintop called Manora Peak (29.37°N, 79.45°E, 1958 m amsl) near Nainital,
located in the central Himalayas (Figure 1). Sharply peaked mountains are located toward north and east of
Nainital and the site faces the low-altitude areas of the Indo-Gangetic Plain (IGP) toward south and west.
Thick vegetation cover (Figure 1) surrounds the site. There is no industry in Nainital and total population is
about 0.5 million. The nearby towns Haldwani (~423m asl) and Rudrapur (~209 m asl), about 20–40 km South
of Nainital, have small-scale industries. Delhi, the nearest major industrialized mega city, is about 225 km
toward southwest. The synoptic-scale wind patterns are generally westerly or northwesterly during winter. In
contrast to the summer monsoon season (June–August), the air masses generally circulate over northern
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Indian region during spring and autumn (May and September) and it is worth noting that such changes in
synoptic wind patterns repeat every year [Asnani, 2005].

2.2. Observational Techniques

The continuous in situ measurements of surface ozone, CO, and NOy (sum of nitrogen oxides) were made
using online gas analyzers employed from Thermo Scientific, USA. Ambient air sample for ozone, CO, and NOy

analyzers is drawn (1–3 L/min) from a height of about 5 m above ground level through a common 5–6m long
Teflon tube. Ozone measurements have been made using a standard UV absorption based instrument
(Thermo Scientific, Model 49i). The response time of the instrument is about 20 s and the lower detectable limit
(LDL) is about 1 ppbv. The absolute accuracy of this method is reported to be about 5% [Kleinman et al., 1994].
CO measurements (Thermo Scientific, Model 48i) are based on nondispersive infrared (NDIR) absorption tech-
nique utilizing gas filter correlation. It operates on the principle of the absorption of infrared radiation by CO
molecules at a wavelength of 4.6 μm [Nedelec et al., 2003]. The response time of this instrument is about 60 s
and LDL is 40 ppbv for an averaging time of 300 s. The precision of this instrument is about 1 ppbv.

NOy measurements are made using an ultrasensitive instrument from Thermo Scientific (Model 42i) based
upon chemiluminescence method. In this, NO reacts with ozone and produces electronically excited NO2

molecules (NO2
*). These molecules reach the ground state by light emissions in the 580 to 2800 nm band,

peaking around ~630 nm with intensity proportional to the NO concentration. NOy is measured by
converting it into NO by an external molybdenum converter heated to about 325°C [Williams et al., 1998;
Wang et al., 2001]. The external molybdenum converter (Mo) is widely used due to its low cost, higher sen-
sitivity, and ease of operation [Xu et al., 2012]. The total residence time until air reaches the NOy converter is
about 1 s. The molybdenum converters are found to have higher sensitivity and higher conversion efficiency
[Winer et al., 1974; Pitts and Pitts, 2000; Xu et al., 2012]; however, some of the NOy species, in particular HNO3, have
been shown to suffer from the incomplete conversion. Further detail on this is provided in Heard [2006] and
Steinbacher et al. [2007] and references therein. The instrument has a detection limit of 50 parts per trillion by
volume (pptv) with a linearity of ±1% of full scale for 300 s averaging time. The uncertainty in such NOy

instruments varies from ±10% to ±20% [Williams et al., 1998].

Figure 1. (a) Map of India with population density (persons km
�2
) and the location of Nainital, along with a nearby mega city, Delhi. (b) Map

of Nainital town along with location of the observation site. (c) A zoomed figure of the observation site at ARIES, which is surrounded by thick
vegetation.
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Periodic zero and span calibrations were performed for all the analyzers using zero air generator (Thermo
Model 1160) with heatless air drier and a dynamic gas calibrator (Thermo 146i). Zero checks of CO and NOy

instruments were made on a daily basis. Zero air is generated by first passing air through a heatless air drier
and silica gel, followed by different scrubbers including purafil and charcoal. The scrubbed air is then passed
through the zero air generator where air is further scrubbed by heating and passing it through another
volume of charcoal kept inside the zero air generator. Ozone analyzer has an internal ozone generator for
span check. Primary span gas cylinders from Linde, UK, and secondary span gases from Ultra Pure Gases,
India, are used for multipoint calibrations of CO and NO. This also ensures the linearity of these instruments.

Data from the analyzers are averaged over 15 min and stored for further analysis. Carbon monoxide and NOy

data are not available during November–December 2009 and July–September 2010 due to technical problems
in the instruments. In addition, continuous measurements of all the meteorological parameters like solar radi-
ation, air temperature, pressure, relative humidity, wind speed, wind direction, and rainfall have been made
using automatic weather station (Campbell Scientific Inc., Canada, and Astra Scientific, India).

2.3. Satellite Data

The fire count data from Moderate Resolution Imaging Spectroradiometer (MODIS) instrument aboard the
Terra and Aqua satellites are used in this study. Terra and Aqua view the entire Earth’s surface every 1–2
days. Spatial resolution of the MODIS instrument is 1 km. MODIS monitors global fire activity twice during a
day. Further details of the MODIS fire count data can be seen elsewhere [Kaufman et al., 1998; Giglio et al.,
2006]. In the present study, fire count data are used to investigate the variations in fire activity over the
northern Indian subcontinent during the 2009–2011 period and to classify the observations of ozone, CO,
and NOy into high and low fire activity periods.

2.4. Weather Research and Forecasting (WRF) Model and Back Air Trajectories

The present study uses Weather Research and Forecasting (WRF) model version 3.3.1 to simulate the
variations in meteorological parameters with its focus on the vertical wind component (w) and boundary
layer variations. In this study, the simulation domain is defined on the Mercator projection centered at 25°N
and 80°E. The domain covers nearly the entire South Asian region with a spatial resolution of 45 km and has
90 grid points in west–east and 85 grid points in north–south directions. Here we have used WRF meteo-
rology to investigate the diurnal variability in vertical wind component and seasonal variations in the
boundary layer height at Nainital. The detailed evaluation of meteorological fields simulated by WRF model
over this region has been presented recently [Kumar et al., 2012].

Furthermore, HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) model has been used to simulate
10 day back air trajectories over Nainital, every day at 00, 06, 12, and 18 GMT for the 2009–2011 period. Clusters of
five trajectories, four trajectories at the corners of a 0.5° ×0.5° grid aroundNainital and one centered at Nainital, are
generated at an altitude of 2500 m amsl. HYSPLIT has been driven by the meteorological data from GDAS
(Global Data Assimilation System) available every 6 h at the spatial resolution of 1° × 1°. More details of the back
air trajectory simulations using HYSPLIT model and use of other meteorological data sets are available in Draxler
and Rolph [2012].

3. Results and Discussion
3.1. Variations in Meteorological Parameters

Diurnal variations in average solar radiation, temperature, relative humidity, and wind speed during four
seasons are shown in Figure 2. As expected, solar radiation and temperature show higher values during
daytime. On the other hand, relative humidity and wind speed are observed to be higher during the evening,
except during summer when relative humidity shows nearly constant values (~80%) throughout the day.
Unlike solar radiation and temperature, relative humidity and wind speed are higher during the late after-
noon and evening hours. The solar radiation shows highest diurnal amplitude in spring and lowest in summer
monsoon, while the temperature is highest in summer monsoon and lowest in winter.

Seasonal variations in daytime solar radiation (0700–1700 h), temperature (average, maximum, and mini-
mum), relative humidity, rainfall, and wind speed during 2009–2011 are shown in Figure S1 (supporting in-
formation). Daytime solar radiation is most intense during spring with daytime average values as high as
634 ± 257 W/m2 in April and least intense during summer monsoon with daytime average of 264 ± 218 W/m2
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in July. Seasonal variations in average temperature are characterized by a broad spring-summer maximum
with highest values (31.5°C) in May and lowest values (0.4°C) in January. The average relative humidity is
highest during summer monsoon (~90%) and lowest (~33%) in April. The highest values of relative humidity
during summer (June-July-August (JJA)) mark the prevalence of monsoon at Nainital. Total rainfall at Nainital
during June–September constitutes more than 80% of annual total rainfall. Average wind speed shows an
increase from winter (2.2 ± 0.4 m/s) to spring (3 ± 0.3 m/s), while it decreases gradually during summer
monsoon (2.3 ± 0.3 m/s) and autumn (1.96 ± 0.12 m/s).

Figure 3 shows the monthly variations in wind direction at Nainital in terms of the percentage contribution
from four sectors (0°–90°, 90°–180°, 180°–270°, and 270°–360°). The northwesterly winds dominate (30–65%)
at Nainital for most of the time but the prevalence of southeasterly winds increases during summer mon-
soon season, which is responsible for bringing moist marine air. The dominant northwest winds may be
responsible for bringing air masses from northern India-Pakistan, northern Africa, and southern Europe.
These variations in wind patterns are consistent with the backward air trajectory simulations shown later in
section 3.3.1.

3.2. Diurnal Variations in Ozone, CO,
and NOy

Diurnal variations in hourly average
ozone, CO, and NOy at Nainital during
the four seasons namely winter, spring,
summer monsoon, and autumn are
shown in Figure 4. The diurnal variations
in ozone at Nainital have already been
reported by Kumar et al. [2010] and are
shown here for comparison with the
variations in precursor gases. In general,
ozone mixing ratios at Nainital do not
show daytime buildup, except on very
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Figure 2. Average diurnal variations in (a) solar radiation, (b) temperature, (c) relative humidity, and (d) wind speed in four seasons
during 2009–2011 period at Nainital. Error bars represent 1 sigma standard deviation, which is shown only for winter season for
clarity.

Figure 3. Monthly variations in wind direction (% in four quadrants) during 2009–
2011 at Nainital.

Journal of Geophysical Research: Atmospheres 10.1002/2013JD020631

SARANGI ET AL. ©2013. American Geophysical Union. All Rights Reserved. 1596



few occasions (1–2 days in 3 years) during spring. Explicitly, CO and NOy are showing higher levels during the
day and the diurnal variations are of opposite pattern when compared with those in ozone. The diurnal
variability, i.e., peak-to-peak amplitudes, shows considerable seasonal changes in all the species (Table 1).
Ozone levels show largest amplitude in spring (13.3 ± 4.0 ppbv), while CO (99.0 ± 24.3 ppbv) and NOy

(1323.1 ± 395.1 pptv) show largest amplitudes during winter and autumn, respectively. Average NO values
are also higher (50–300 pptv) during the day and are very low at night, even below detection limit (50 pptv)
of the instrument, and thus are not shown.

Lower daytime ozone levels such as at Nainital have been observed at several other cleaner high-altitude
sites around the globe, such as Mauna
Loa, Mount Cimone, Mount Waliguan
(WLG), Mount Lulin, and Mount Abu [e.
g., Tsutsumi et al., 1994; Oltmans and
Levy, 1994; Fischer et al., 2003; Naja et al.,
2003b; Wang et al., 2006; Ou Yang et al.,
2012]. However, the ozone diurnal
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Table 1. Diurnal Amplitudes in O3, CO, and NOy During the Four Seasons

Seasons O3 (ppbv) CO (ppbv) NOy (pptv)

Winter (DJF) 5.8 ± 1.8 99.0 ± 24.3 1054.1 ± 318.8
Spring (MAM) 13.3 ± 4.0 54.7 ± 11.5 544.2 ± 126.2
Summer-monsoon (JJA) 6.8 ± 2.3 65.0 ± 9.2 666.6 ± 159.0
Autumn (SON) 7.0 ± 2.3 56.0 ± 18.2 1323.1 ± 395.1
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patterns at Nainital do not show seasonal change like those seen at Mount Abu in western India, where
springtime ozone shows a double hump feature [Naja et al., 2003b]. The diurnal variations in ozone at high-
altitude sites are generally attributed to the diurnal changes in wind flows and boundary layer evolution.
The diurnal pattern in NOy at Nainital is similar to those at other high-altitude sites like Jungfraujoch (JFJ)
and Mount Cimone [e.g., Deolal et al., 2012a; Fischer et al., 2003]. The NOy diurnal cycle at JFJ was attributed
to the snow photochemistry and local influences [Deolal et al., 2012a, 2012b]. In contrast, no considerable
diurnal variation in NOy was observed at Pico Mountain [Martin et al., 2008] with an exception during
summer with negative median amplitude, which was due to the rapid removal of summertime NOy.

Observed ozone diurnal variations at Nainital are dissimilar to those at few other high altitude sites, e.g.,
Niwot Ridge, which shows the influence of polluted air masses leading to daytime ozone production
[Oltmans and Levy, 1994]. The diurnal variations in CO and NOy at Nainital are also different than those at
Mount Waliguan, in China, where CO and NOy levels show enhancements in the nighttime during spring that
is associated with the transport of air masses from nearby urban areas and biomass burning emissions from
central Asia [Wang et al., 2006]. NOy observations at Nainital also show a tendency of a somewhat different
diurnal pattern in spring, when compared to other seasons. The comparison of the observed diurnal vari-
abilities with other global sites suggests that the role of in situ photochemistry is minimal over Nainital, while
the dynamical processes including the boundary layer evolution, mountain winds along with the transport
and en route photochemistry influence the levels at Nainital.

3.2.1. Role of Upslope and Downslope Mountain Winds
Figure 5 shows diurnal variations in the vertical wind component (w) and the deviation in ozone (ΔO3), ΔCO,
and ΔNOy from monthly average at Nainital in January, April, July, and October months representing winter,
spring, summer, and autumn seasons of the year 2011. Positive w values are indicator of upslope winds while
negative w values represent downslope winds. Vertical winds start increasing after sunrise and it is upslope
(positive) during daytime, which coincides with the observed decrease in ozone values and increases in CO
and NOy values. Vertical wind attains its maximum value (about 0.1 m/s) during the noon hours, when ozone
levels are observed to be the lowest, while CO and NOy values are higher. The w values show a decreasing
tendency toward the evening hours and remain downslope (negative) during the nighttime. Such diurnal
changes in vertical winds are commonly observed at mountain sites having complex topography and are
mainly associated with the solar heating (cooling) of air, adjacent to the mountain surface, during the day-
time (nighttime). These diurnal changes in wind flows are shown to play very important roles in the diurnal
variabilities of trace gases over the mountains [e.g., Kleissl et al., 2007]. However, such influence on ozone has
not been reported from any other Indian high-altitude site so far.

Figure 5. WRF-simulated diurnal variation in w component of wind (m/s; green boxes) and ΔO3 (red circles), ΔNOy (blue circles),
and ΔCO (pink circles) from surface ozone, NOy, and CO observations at Nainital is shown for months January, April, July, and
October 2011.
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Ozone, CO, and NOy values are classified
in upslope (1000–1600 h) and down-
slope (2200–0400 h) regimes based on
w values. The ozone levels in the down-
slope regime are observed to be higher
by as high as 15% than those in the up-
slope regime. Absolute enhancement in
ozone levels is estimated to be highest
(8.6 ppbv) in May. In contrast, CO and
NOy levels are generally higher in the
upslope flows in comparison with the
downslope flows, except NOy in May.
This is expected since upslope winds
bring relatively polluted air from the
low-altitude areas to the mountaintop.
However, ozone levels in the low-alti-
tude Indo-Gangetic Plain during the
early morning hours (0700–1100 h) are
significantly lower mainly due to titra-
tion overnight [Ojha et al., 2012] and
thus polluted air arriving during the early
morning hours at this site is anticipated
to be relatively poorer in ozone.
Additionally, the depositional loss of
trace gases along the mountain surface
could decrease their levels in the up-
slope flows. However, it is difficult to

quantify the contribution of depositional losses due to the lack of suitable measurements here. The down-
slope winds during nighttime would bring air masses from higher altitudes to the observation site. These air
masses are rich in ozone but poorer in CO and NOy, while the downslope winds are very weak during mon-
soon in nighttime. Weak downslope winds would lead to weaker transport of ozone-rich air masses from
higher heights in nighttime and hence somewhat lower nighttime ozone levels during July (representing
summer monsoon).

3.3. Seasonal Variations in Ozone, CO, and NOy

Observed seasonal variations in average ozone, CO, NO, and NOy during 2009–2011 are shown in Figure 6.
Surface ozone exhibits a distinct seasonal cycle with highest values during spring (62 ± 12 ppbv in May) and
lowest during summer monsoon (22.8 ± 7.4 ppbv in August) (Table 2). A secondary maximum in ozone levels
can also be seen during autumn (39.6 ± 6.4 ppbv in November). CO levels show slightly higher levels
during spring (245±159.6 ppbv in March) and lower levels during summer monsoon (131±52.8 ppbv in
August). The daily average CO levels are observed to be higher occasionally (550 ppbv andmore) during spring.
Seasonal variation in NOy also shows highest values during spring (2242.5 ±1999.6 pptv in May), lower during
summer monsoon (822.6± 669 pptv in August), and a secondary maximum during autumn (1861±1692.5 pptv
in November). NOy levels are also lower in January (740±832 pptv). Unlike other gases, NO does not show a
clear seasonal cycle and observations show a large variability in all the seasons. However, a tendency of higher
NO levels is seen during autumn (September-October-November (SON)) and somewhat during early winter too.
NO levels are lower than 1 ppbv and are most times lower than about 150 pptv.

Ozone seasonal variation over this central Himalayan site is different from that over another high-altitude site
(Mount Abu: 24.6°N, 72.7°E, 1680 m amsl) in western India, which shows highest ozone levels during late
autumn and winter. Furthermore, CO observations made during 1993–1997 at Mount Abu show less pro-
nounced seasonality. A fewmonths observations of oxides of nitrogen show larger variation with values even
higher than 1 ppbv but less than 10 ppbv at Mount Abu. The continuous measurements of CO and NOy with
complete seasonal cycle are not yet available at any other high-altitude site in India.
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Figure 6. Seasonal variations in daily and monthly average (a) ozone and CO, and
(b) NO and NOy at Nainital during the 2009–2011 period. In boxplots, the solid
white and black lines inside the box represent mean and median of the data, re-
spectively. The lower and upper edges of the boxes represent 25th and 75th per-
centiles. The whiskers below and above are 10th and 90th percentiles and the
outliers in the boxplot show 5th and 95th percentiles in 15 min average ozone, CO,
NO, and NOy.
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Observed seasonal variations in ozone and CO at Nainital are found to be similar to those over other
global high-altitude sites such as Happo in Japan [Narita et al., 1999], Mondy in East Siberia [Pochanart
et al., 2003], Mount Lulin in central Taiwan [Ou Yang et al., 2012], and Mauna Loa in the U.S. [Oltmans
and Levy, 1994]. However, ozone seasonality at Nainital is different from Niwot Ridge and Izana
[Oltmans and Levy, 1994]. The seasonality in ozone at Niwot Ridge and Izana was associated with
enhanced photochemical production during summer and the transport from the European
continent, respectively.

Seasonality in ozone, CO, and NO2 is also different at some European high-altitude sites such as Zugspitze (ZUG),
Hohenpeissenberg (HPB), and Sonnblick (SNB) [Gilge et al., 2010]. All these stations show a broad spring-summer
or summer maximum in ozone, which is generally attributed to photochemical production from regional
emissions in summer and background impact [Chevalier et al., 2007]. CO mixing ratios show a maximum in
February at HPB. NOy levels at Pico Mountain were observed to be higher during summer, which is attributed to
the transport of air masses and variability in boreal wildfire emissions [Martin et al., 2008].

As discussed earlier, the upslope and downslope winds control the diurnal variations in ozone and precursors
at high-altitude sites, which are reasonably away from any major anthropogenic sources. In addition,
boundary layer evolution also influences their variations through convective uplifting of pollutants and
photochemically processed air masses from the surrounding low altitude regions (including IGP) and mixing
it with the cleaner air over Nainital. In order to assess the role of this boundary layer dynamics on the ob-
served variabilities in the trace gases, seasonal variation in the noontime and midnight average boundary
layer height at Nainital is analyzed (Figure S2). The noontime boundary layer height is the highest during
spring (~2031 m in April) and the lowest during winter (395 m in January). As expected, this seasonality in the
boundary layer height is in agreement with the seasonal variations in solar radiation and temperature as well
as with the observed seasonal variations in trace gases, mainly ozone (Figure 6). It is suggested that the
convective mixing associated with the boundary layer evolution would be strongest during the noon hours of
spring months, which will strongly uplift emissions and photochemically processed air masses from the sur-
rounding regions enabling its mixing with the cleaner air over Nainital. On the other hand, during winter and
summermonsoon seasons, the lower boundary layer height would suppressmixing and associated transport of
pollution. The surface observations and box model (Facimile and NCAR (National Center for Atmospheric
Research) Master Mechanism) simulations have shown that suppressed boundary layer height, due to reduced
temperature and solar radiation, can lead to significant reductions in ozone [Naja and Lal, 1997; Reddy et al.,
2012]. It has also been shown that boundary layer dynamics can significantly influence the surface ozone levels
[Naja and Lal, 1997; Lin et al., 2009; Reddy et al., 2012].

3.3.1. Ozone, CO, and NOy Associated With Continental and Marine Air Masses
In this section, an attempt is made to investigate the influence of continental and marine origin air masses
[e.g., Tanimoto et al., 2002; Naja et al., 2003b] on the levels of ozone, CO, and NOy at Nainital. Figure 7 shows
HYSPLIT simulated five-particle, 10 day back air trajectories at Nainital during spring and summer monsoon
months in the year 2011. During spring months, the air masses generally circulate over the continental parts

Table 2. Monthly Average Values of Ozone, CO, and NOy With 1 Sigma Values During 2009–2011

Month

Ozone CO NOy

Avg. ± Std Counts(days) Avg. ± Std Counts(days) Avg. ± Std Counts(days)

Jan 38.0 ± 6.4 8,663 (91) 215.1 ± 115.7 6,698 (80) 740.0 ± 832.0 5,324 (53)
Feb 44.0 ± 8.0 7,544 (80) 144.7 ± 86.7 4,709 (69) 974.0 ± 852.0 4,585 (52)
Mar 52.9 ± 12.8 8,548 (93) 245.0 ± 159.6 6,304 (89) 1,728.0 ± 1,687.0 6,700 (71)
Apr 57.8 ± 11.8 8,320 (88) 201.2 ± 148.4 6,132 (85) 1,815.0 ± 1,564.0 5,904 (66)
May 62.0 ± 12.0 8,116 (88) 200.2 ± 128.0 6,772 (83) 2,242.5 ± 1,999.6 5,807 (71)
Jun 54.0 ± 18.0 7,978 (86) 174.3 ± 87.6 5,933 (77) 1,339.0 ± 1,212.0 5,853 (69)
Jul 26.5 ± 11.0 8,581 (92) 136.0 ± 61.0 6,854 (80) 856.6 ± 629.4 3,018 (35)
Aug 22.8 ± 7.4 8,018 (86) 131.0 ± 52.8 5,855 (67) 822.6 ± 669.0 1,306 (14)
Sep 26.0 ± 9.0 7,933 (83) 172.0 ± 67.5 6,457 (73) 951.0 ± 585.0 1,404 (16)
Oct 39.5 ± 7.0 8,555 (89) 139.8 ± 68.0 6,109 (77) 1,211.0 ± 939.4 3,443 (40)
Nov 39.6 ± 6.4 8,471 (90) 135.3 ± 65.6 2,635 (37) 1,861.0 ± 1,692.5 4,789 (60)
Dec 39.0 ± 10.0 8,600 (93) 148.3 ± 78.0 2,639 (41) 1,550.0 ± 1,397.4 4,557 (55)
Annual 42.0 ± 16.0 99,327 (1059) 174.4 ± 108.8 67,133 (858) 1,455.0 ± 1,456.0 52,690 (602)
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of the northern Indian region before arriving at the observation site. On the other hand, marine-origin air
masses reach to the observation site during summer monsoon. The residence times of these air masses are
estimated over the northern Indian continental region and the marine regions (Figure S3) and are used to
associate them with the levels of trace gases during spring and summer monsoon. The continental region
consists of two grids, (i) 22°N to 38°N and 50°E to 81°E and (ii) 22°N to 30°N and 81°E to 95°E, and is shown by
the region enclosed by a solid boundary line (Figure 7), while the marine region is defined by five grids, (i)
�13°N to 8°N and 39°E to 98°E, (ii) 8°N to 15°N and 51°E to 73°E, (iii) 8°N to 15°N and 80°E to 98°E, (iv) 15°N to 22°
N and 57°E to 72°E, and (v) 15°N to 22°N and 83°E to 95°E, and is shown by the region enclosed by a dashed
boundary line.

Ozone, CO, and NOy levels are classified into two categories as “continental” and “regional background” using
the back air trajectory data, boundary layer condition, and activation of photochemistry (daytime or night-
time). The air masses originating from the marine region and having a residence time of 3 days or more over
the marine regions with the median pressure along the trajectory lesser than or equal to 800 hPa have been
used for classifying regional background levels. The back air trajectory in the altitude region lesser than or
equal to 800 hPa will have minimal influence of continental emissions. The nighttime observation at Nainital
represents the free tropospheric background conditions (discussed in section 3.2) as emissions and processes in
the surrounding low altitude areas are isolated by their shallower nighttime boundary layer. The nighttime
(0100–0300 h) observations (when the boundary layer height is low and photochemistry is least active) of ozone,
CO, and NOy mainly during the monsoon period and associated with marine origin air masses are therefore
called the regional background levels of the respective gases.

Figure 7. Five-particle, 10 day back air trajectories simulated using HYSPLIT model for spring and summer monsoon during 2011. Location of
Nainital site is shown by black filled star symbol. The trajectories are color coded to depict the pressure/altitude attained by the air mass. The de-
fined continental and marine regions are also shown by solid lines and dotted lines, respectively.
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Likewise, the residence time of conti-
nental air masses is coupled with the
noontime data from April to June as the
planetary boundary layer height is
higher than the altitude of the Nainital

site during this period and photochemistry
is also most active. Therefore, the noontime (1130–1630 h) observations of those days during April to June, in
which air masses have a residence time of 7 days or more (70% of time) over the continental regions, are
classified as continental.

Considering the above criterion, the estimated average levels of ozone, CO, and NOy show significant en-
hancement in the continental levels when compared with the regional background levels (Table 3).
Maximum enhancement (~721%) is seen in NOy, followed by ~104% in O3 and ~45% in CO. The estimated
ozone levels in continental air mass over this central Himalayan region (57 ± 14 ppbv) are significantly higher
than those estimated (without trajectory assisted analysis) over the western Indian high-altitude site (48 ± 9
ppbv) during 1993–2000 [Naja et al., 2003b]. Regionally polluted ozone levels over East Asia are found to be
similar (44–57 ppbv) to those for continental levels. However, background (32–45 ppbv) ozone levels over
East Asia [Pochanart et al., 1999] are found to be slightly higher than the regional background levels of the
present analysis. Unlike ozone, average CO levels (206± 125 ppbv) in the continental air mass over Nainital
are lower than those in East Asia and nearly similar in regional background (142± 47 ppbv), where these
levels are 225 ppbv and 140 ppbv, respectively [Pochanart et al., 1999]. The levels for East Asia were

suggested to be strongly influenced by
the outflow from the China mainland.

As mentioned above, the enhancement
in NOy levels is much larger. NOy level is
estimated to be 1856±1596 pptv in the
continental air mass, while it is 226±165
pptv in the regional background.
Background NOy level is higher
(571.0± 317.8 pptv) at Jungfraujoch
[Balzani et al., 2008] than those at Nainital.
Unlike over the central Himalayas and
East Asia, the background ozone level is
higher (52± 8.7 ppbv) and background
CO level is lower (109±17 ppbv) over
Jungfraujoch [Balzani et al., 2008].

3.3.2. Frequency Distributions
The frequency distributions of the con-
tinental and regional background ozone,
CO, and NOy are shown in Figure 8. The
regional background ozone levels are
mainly distributed over the lower range
of the distribution with about 34% con-
tribution in 15–20 ppbv range, while the
continental air masses have more con-
tribution from significantly higher range
(50–70 ppbv). The distribution of re-
gional background ozone has very little
(7%) contribution from the higher range
of the distribution (more than 35 ppbv).
The frequency distribution of regional
background CO shows maximum con-
tributions (~40%) from 100 to 150 ppbv
range, while a broader maximum is

Table 3. Average Values of Ozone, CO, and NOy in the Continental and Regional
Background Levels During 2009–2011

Air mass type O3 (ppbv) CO (ppbv) NOy (pptv)

Continental 57 ± 14 206 ± 125 1856 ± 1596
Regional background 28 ± 13 142 ± 47 226 ± 165
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Figure 8. Frequency distributions of (a) O3, (b) CO, and (c) NOy during the period
2009–2011 in the continental air masses and the regional background air masses.
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observed over 100–250 ppbv range for
the continental CO levels. Notably, there
are very few data counts above 300
ppbv in the regional background. The
regional background NOy distribution
shows a sharp peak in the lower range of
the distribution (less than 800 pptv) with
maximum contribution of ~58%. In con-
trast, NOy levels in continental air mass
have consistently larger contributions
from the higher range (~1000 pptv and
more) of the distribution.

3.4. Correlation Analyses

Correlation analyses have been made
between ozone and CO (Figure 9), ozone
and NOy (Figure 10), and CO and NOy

(Figure 11) for winter, spring, summer
monsoon, and autumn seasons to un-
derstand the relationship among their
variabilities and ozone production effi-
ciency and to identify the common
sources of primary pollutants arriving at
Nainital. The hourly average values of
these species (open grey circles) show

large scatter. This is expected as Nainital is away from any major anthropogenic sources and the variabilities
of different species at this site are mainly controlled by dynamics. Considering the significant scatter, the
ozone data have been averaged corresponding to CO and NOy values in bins of 50 ppbv and 500 pptv, re-
spectively. The coefficient of correlation (r2) and the slope are estimated using a linear regression fit in the

binned average data (Table 4). The 99%
confidence interval is also shown.

Ozone and CO are observed to be posi-
tively correlated during spring (r2 = 0.41)
and summer (r2 = 0.96) (Figure 9). The
slopes of ozone-CO plots are found to be
positive during spring and summer (0.02
to 0.09) and are lower (�0.01 to 0.01)
during winter and autumn. The ob-
served ozone-CO relationship at Nainital
is more or less similar to those at other
high-altitude or remote sites like Happo
[Kajii et al., 1998], Sable Island [Chin et al.,
1994], Seal Island [Parrish et al., 1998],
Oki [Pochanart et al., 1999], Rishiri Island
[Tanimoto et al., 2002], and Whistler
[Macdonald et al., 2011]. However, the
slope values at Nainital are found to be
significantly lower and it is suggested
that low values of ozone-CO slopes
could be associated with the incomplete
in situ photochemical processes over the
central Himalayas. Lawrence and
Lelieveld [2010] have shown that the CO

Figure 9. Scatterplots showing correlations between ozone and CO in different
seasons (a) winter/DJF, (b) spring/MAM, (c) summer-monsoon/JJA, and (d) au-
tumn SON. Ninety-nine percent confidence interval is also shown in the figure
along with the regression line.
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Figure 10. Same as Figure 9 but for ozone versus NOy.
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to NOx emission ratios (CO/NOx) calcu-
lated for South Asian region (32.7) are
significantly higher than those over
North Asia (18.1), Europe (10.9), and
North America (14.9), suggesting the in-
complete photochemistry of precursors
leading to lower ozone production effi-
ciencies over South Asia as compared to
other parts of the world.

Similar to ozone-CO correlation, ozone-
NOy and CO-NOy data also show good
correlations during spring and summer
(Figures 10 and 11). In addition, ozone-
NOy and CO-NOy data show reasonably
good correlations during autumn
(r2 = 0.69 and 0.68), which are not seen in
the case of ozone-CO (r2 = 0.10). The
slope value for ozone-NOy, which is also
termed as photochemical ozone pro-
duction efficiency, is 0.6–4.0 (Table 4).
The value is lower when compared with
other regions in the U.S. and Europe

[Kelly et al., 1984; Trainer et al., 1993; Glavas, 1999; Zanis et al., 2007]. Generally, the lower slope value is in-
dicative of the partially processed air and rules out the influence of fresh emissions [Olszyna et al., 1994;
Kleinman et al., 1994].

For all the three sets of species, the interspecies correlations are found to be poorer during winter (r2 = 0.02 to
0.22) as compared with other seasons. The slope is also lower in winter. It indicates that the observed vari-
abilities in different species are more or less independent of each other during winter. Since the boundary
layer mixing is suppressed during winter (Figure S2), the pollution in the IGP remains trapped within a
shallower boundary layer and this high-altitude site remains isolated from the IGP influence. On the other
hand, during warmer seasons, stronger convective activities and associated mixing could lift the pollutants
and photochemically processed air masses from the surrounding regions including IGP to the observation
site and hence could show positive correlation among different gases. Since NOy is representative of local
sources, better correlations during spring-summer indicate that Nainital is affected by nearby sources more
during these seasons as compared to other seasons. This is consistent with the fact that Nainital remains under
the influence of the boundary layer during spring and summer.

The relationship between CO and NOy can also be used as a tracer of anthropogenic influence in different air
masses [Parrish et al., 1991; Hubler et al., 1992; Stohl et al., 2002; Zellweger et al., 2003]. As the air mass ages, CO
levels are expected to increase due to longer lifetime as compared to short-lived NOy. It is suggested that the
lower CO/NOy values are associated with the influence of fresh emissions [Parrish et al., 1991]. The ratios of CO
and NOy from their simultaneous observations at Nainital are found to be about 187, 116.4, 135, and 80.7 during
winter, spring, summer monsoon, and autumn seasons respectively. The highest value of CO/NOy during winter
indicates that this site is reasonably uninfluenced with the fresh emissions, while lower values during spring and
autumn suggest moderate influence of fresh emissions. This is also in agreement with the conclusion drawn

previously. The average CO to NOy ratios
were observed to be ~26 in the most
polluted and 230 in the cleanest air over
rural sites in the U.S. [Hubler et al., 1992;
Parrish et al., 1991].

3.5. Influence of Downward Transport

Observations of ozone, CO, and NOy
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Figure 11. Same as Figure 9 but for CO versus NOy.

Table 4. Slope and Correlation Coefficient (r
2
) of Different Species During Four

Different Seasons for 2009–2011 Period

Seasons

O3-CO CO-NOy O3-NOy

r
2

Slope r
2

Slope r
2

Slope

Winter (DJF) 0.20 0.01 0.02 3.5 0.20 0.6
Spring (MAM) 0.41 0.02 0.53 11 0.65 2.0
Summer (JJA) 0.96 0.09 0.54 18 0.86 4.0
Autumn (SON) 0.10 �0.01 0.68 13 0.69 1.0
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have been analyzed in conjunction with
the back air trajectories to identify the
influences of downward transport over
Nainital. In this analysis, the observations
are considered to be influenced by
downward transport, when ozone and
wind speed are higher than their re-
spective 75th percentile values of the
season, CO and NOy levels are lesser
than their respective 50th percentile
values of the season, and the minimum
pressure attained by the back-air trajec-
tory is less than or equal to 600 hPa. In
this analysis, spring season has been
defined from 1 March to 15 June
(spring*) in order to account for the ar-
rival of the monsoon. The first 15 days of
June are observed to be very sunny
(~626±155 Wm�2), and therefore, it is
reasonable to merge these days with the
spring season (571±145 Wm�2 during
2009).

Using these criteria, the observations are
classified and average values of ozone,
CO, NOy, and wind speed are estimated
for air masses uninfluenced and
influenced by the downward transport
for each season as shown in Figure 12.
The seasonal average values calculated
from all data are also shown for the

comparison. The influences of downward transport have been estimated as the difference between
influenced and uninfluenced values (ΔO3, ΔCO, ΔNOy, and Δwind speed), as given in Table 5.

Here it can be clearly seen that the influence of downward transport are observed over Nainital in all the
seasons (12 to 18 counts), except during summer monsoon. The result agrees well with the observations
over the Nepal Climate Observatory-Pyramid (NCO-P) in the southern Himalayas [Cristofanelli et al., 2010].
Seasonal changes in the frequency of intrusions over Nainital are more or less similar to some of the
Alpine sites (Zugspitze and Sonnblick) where the frequency is minimum during summer and higher
during winter and autumn [Stohl et al., 2000]. Though the frequency of intrusions was observed to be
higher over Jungfraujoch, no clear seasonality was noticed [Stohl et al., 2000], which is in contrast to the
Himalayan regions. Moreover, very large diversity is observed over the Himalayas as compared with
other parts of Asian region as the stratospheric intrusions show higher frequency during summer over a
high-altitude location Mount Waliguan [Ding and Wang, 2006] in East Asia. Such comparative analysis
clearly demonstrates that the dynamics over the Himalayas is different from those over East Asia and the
differences are attributed to the complex topography and influence of jet streams over these parts of
the world [Ding and Wang, 2006].

The enhancements in surface ozone
levels due to downward transport are
observed to be very significant (6.1–18.8
ppbv) over Nainital, with its maximum
influence during spring* (18.8 ppbv). On
an average, ozone enhancement esti-
mated over NCO-P (13 ppbv) is found to
be within the range estimated for
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Figure 12. The comparison of average values of (a) ozone, (b) CO, (c) NOy, and (d)
wind speed for all data, uninfluenced from the downward transport and influenced
from downward transport for winter, spring*, summermonsoon, and autumn, during
2009–2011 period over Nainital is shown.

Table 5. Observed Changes in Ozone, CO, NOy, and Wind Speed Between the Air
Masses Influenced and Uninfluenced by Downward Transport Over Nainital

Season
ΔO3

(ppbv)
ΔCO
(ppbv)

ΔNOy

(pptv)
ΔWind Speed

(m/s) Counts

Winter 6.1 �106.0 �676.0 3.1 18
Spring* 18.8 �95.2 �1280 2.5 14
Summer - - - - -
Autumn 11.1 �77.9 �1026.5 1 12
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Nainital. It is suggested that the observed springtime ozone maxima at Nainital are a manifestation of com-
plex influences of regional pollution, biomass burning, and dynamical processes including downward trans-
port. The influence of biomass burning on ozone, CO, and NOy is discussed in the next section (section 3.6).

3.6. Influence of Biomass Burning on Ozone, CO, and NOy

Influence of northern Indian (60° to 95°E and 20° to 38°N) biomass burning on levels of observed trace gases
at Nainital has been studied using MODIS-derived daily and monthly total fire counts (Figure S4). Explicitly,
biomass burning activities over this region are highest during spring months. The major source of these ac-
tivities is crop residue burning, with some contribution from forest fires. The fire counts are very low during
wet season (summer monsoon) as well as during winter. A secondary peak is also noticed during autumn that
is less prominent in comparison with spring. Such seasonality suggests that springtime higher values of
ozone and precursors could have some contribution from the biomass burning emissions as well. Here we
quantify the contribution from biomass burning in the enhancement of CO, NOy, and ozone using the ap-
proach similar to that used for ozone by Kumar et al. [2011]. The observations are segregated into the high
and low fire activity periods. In this approach, the period during which the 3 day running mean of fire counts
exceeds the median fire count of April–May are classified as “High Fire Activity Period (HFAP)” while the
remaining are termed as “Low Fire Activity Period (LFAP).” In this way, high fire activity periods are identified
as 18 April to 17 May in year 2009, 14 April to 16 May in year 2010, and 22 April to 22 May in year 2011.
Furthermore, low fire activity periods are restricted to those prior to high fire activity periods, i.e., 1–17 April
2009, 1–13 April 2010, and 1–21 April 2011, respectively, so as to avoid the residual influence of the prior high
fire activities. Moreover, the observations influenced by downward transport as identified in section 3.5 are
excluded from the time series of ozone, CO, and NOy.

Figure 13 shows time series of ozone, CO, and NOy at Nainital during April and May for the years 2009, 2010,
and 2011. The 3 day running mean of fire counts is also shown. Ozone, CO, and NOy levels show enhance-
ments during HFAP (period within dashed cyan line) in comparison with LFAP for all of the 3 years with some
interannual variations. The enhancements in the levels of ozone, CO, and NOy at Nainital during HFAP are
estimated to be 4–18%, 15–76%, and 35–51%, respectively (Table 6). The estimated enhancements in ozone,
CO, and NOy are lower during 2010 in comparison to those during 2009 and 2011. This is mainly due to
higher rainfall received during year 2010, leading to reduction in fire activities and hence lesser en-
hancements in the levels. The contribution of biomass burning in springtimemaxima in ozone and CO was
also observed at other high-altitude sites (Mount Lulin [Ou Yang et al., 2012] and Mount Mie-Feng [Lin
et al., 2012b]) in central Taiwan. The enhancement in ozone and CO at Mount Mie-Feng was reported to be
8 ppb and 45 ppb, respectively, and it was suggested that the pollutants emitted by Southeast Asian
biomass burning could be transported and influence air quality over subtropical Taiwan in springtime [Lin
et al., 2012b].

3.7. Comparison of Ozone, CO, and NOy at Nainital With Other Global Sites

Figure 14 shows the comparison of average ozone, CO, and NOy levels at Nainital with other global
high-altitude sites like Mauna Loa (MLO; 19.50°N, 155.6°W, 3400 m asl; www.esrl.noaa.gov), Jungfraujoch
(JFJ; 46.55°N, 7.98°E, 3580 m asl) [Balzani et al., 2008], Waliguan (WLG; 36.28°N, 100.90°E, 3816 m asl)
[Wang et al., 2006], Nepal Climate Observatory-Pyramid (NCO-P; 27°57′N, 86°48′E, 5079m asl) [Cristofanelli
et al., 2010], and Mount Mie-Feng (24.05°N, 120.10°E, 2269 m asl) [Lin et al., 2012a, 2012b]. The available obser-
vations of ozone and CO are also shown from a high-altitude site in western India, viz., Mount Abu [Naja et al.,
2003b] (24.6°N, 72.7°E, 1680 m asl). These observations at MLO, JFJ, WLG, NCO-P, and Mie-Feng are the repre-
sentative of recent times and observations weremade during different years (between 2003 and 2010) at different
sites. On the other hand, Mount Abu observations were made during 1993–2000 and are shown by an
asterisk mark.

Most of the sites show higher ozone levels in spring. Springtime average ozone levels are observed to be very
similar at NTL, NCO-P, JFJ, and WLG. However, the springtime ozone levels are much higher at Nainital (~62
ppbv in May) than those over another Indian site, Mt. Abu (~40 ppbv in May) in western India. It was shown
that though the local pollutants are themajor contributors to ozone levels during late autumn andwinter, the
regional transport also has a role in spring at Mount Abu. The ozone values at NCO-P during spring period are
suggested to be due to both stratospheric intrusion as well as long-range regional transport from Central
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Asia, North Africa, and Middle East. Nainital, NCO-P, Mie-Feng, and Mount Abu show lower values during
summer monsoon unlike JFJ and WLG. During summer-monsoon, lower values are observed both at Nainital
and NCO-P and are associated with arrival of the cleaner air mass from the oceanic region.

The CO levels at Nainital are observed to be higher in comparison to all the other sites, except at Mie-Feng.
Springtime average CO value at Nainital (215.2 ± 147 ppbv) is about 60–100 ppbv higher than the springtime
CO value at other sites. NOy levels are observed to be highest over WLG during spring (3830 ± 1460 pptv) and
summer. Apart from WLG, average NOy levels are also higher (1918 ± 1769.3 pptv during spring) at Nainital
than those at JFJ. Moreover, JFJ (879 ± 348 pptv) shows higher levels during summer, while NOy levels are
lowest during summer monsoon at Nainital. The maximum levels of NOy at JFJ during summer are attributed
to the partial influence of thermally induced mountain venting [Balzani et al., 2008]. The higher levels of NOy

at WLG during spring are suggested to be due to long-range transport and emissions from soils enhanced by
animal waste [Wang et al., 2006].

4. Discussions and Conclusions

Simultaneous measurements of ozone,
CO andNOy have beenmade (2009–2011)
for the first time at Nainital, a high-altitude
site located in the central Himalayas. The
observed data are analyzed using the
variations in meteorological parameters

Table 6. Enhancement in Ozone, CO, and NOy During the High and Low Fire
Activity Periods in 2009–2011a

Year Ozone (ppbv) CO (ppbv) NOy (pptv)

2009 9.3 (18%) 116.9 (76%) 396.9 (51%)
2010 2.6 (4%) 26.4 (15%) 246.4 (35%)
2011 13.0 (16%) 70.3 (43%) 1375.0 (50%)

aThe values in the parenthesis represent the percentage
enhancement.

(a)

(b)

(c)

Figure 13. Time series of ozone, CO, and NOy during high (HFAP) and low (LFAP) fire activity periods over the northern Indian region during
(a) 2009, (b) 2010, and (c) 2011, respectively. The green line represents the 3 day running mean of fire counts.
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including WRF simulated boundary layer
and vertical wind components, HYSPLIT-
simulated back air trajectories, and satel-
lite (MODIS) retrieved fire counts.

Diurnal variations in CO and NOy are
characterized by higher levels during the
day and lower levels at night, unlike
ozone that does not show enhancement
during the day. It is suggested that ob-
served diurnal variabilities in ozone, CO,
and NOy at Nainital are mainly governed
by dynamics while photochemical pro-
cessing over the observation site plays a
minor role. Ozone levels are observed to
be higher in the downslope flows as
compared with the upslope flows. In
contrast, CO and NOy levels are generally
higher in the upslope flows. Ozone levels
are lower in the surrounding low altitude
regions due to its titration overnight.
Additionally, these trace gases undergo
depositional losses along mountain sur-
face during the upslope flows in the
daytime. At night, air masses from
higher altitudes, rich in ozone but poor
in its precursors, arrive at the site.

The ozone levels are observed to be
highest during spring (62 ± 12 ppbv in
May) and lowest during summer mon-
soon (22.8 ± 7.4 ppbv in August). A sec-
ondary enhancement is also observed

during autumn (39.6 ± 6.4 ppbv in November). Similarly, NOy exhibits a pronounced springtime maxima
(2242.5 ± 1999.6 pptv in May) with a secondary enhancement during autumn (1861 ± 1692.5 pptv in
November) and lower levels during winter and summer monsoon. The seasonal variations in CO are not as
pronounced as in ozone and NOy. However, CO exhibits slightly higher levels during spring (245± 159.6 ppbv
in March) and relatively lower levels during summer monsoon. Back air trajectory shows that the air masses
circulate mostly over northern India, including polluted IGP region during springmonths, before reaching the
observation site. These air masses are rich in CO, NOy, and ozone. On the other hand, the air masses from
marine region arrive at the observation site during summer monsoon, which are poorer in ozone and its
precursors and the prevailing cloudy-rainy condition further suppresses photochemistry. In addition, the
lower boundary layer height leads to less efficient transport of pollutants from the surrounding plain regions
to the Himalayan region during summer monsoon and winter. The variations in the boundary layer height
and residence time of air masses over the continental and marine regions are used to estimate the levels of
ozone, CO and NOy in these two air masses. The estimated enhancements in ozone, CO, and NOy are 29 ppbv,
64 ppbv, and 1630 pptv, in the continental air masses, when compared to the levels in the
regional background.

Ozone and CO are found to be positively correlated during spring and summer. However, the slopes values at
Nainital are found to be significantly lower (0.02 to 0.09) during spring and summer when compared with the
other global sites. Observed lower slope values are suggested to be associated with the incomplete in situ
photochemical processes over the central Himalayas. Similar to ozone-CO correlation, ozone-NOy and CO-
NOy data also show positive correlations during spring and summer. All the interspecies correlations are
found to be poor during winter (r2 = 0.02 to 0.20) as compared with those for other seasons. This indicates
that the seasonal variations in the boundary layer mixing and associated emissions are affecting variabilities
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Figure 14. Comparison of (a) ozone, (b) CO, and (c) NOy mixing ratio at Nainital with
other global high-altitude sites during winter (DJF), spring (MAM), summer/monsoon
(JJA), and autumn (SON).
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in these gases over this region. The CO/NOy values are higher over Nainital, suggesting minimal local an-
thropogenic influences over this site, particularly in winter. The influence of downward transport from higher
heights on ozone levels is estimated using change in pressure of air masses, wind speed, and decrease in CO
and NOy. It is shown that downward transport enhances ozone levels by 6.1–18.8 ppbv over Nainital. The fire
count data are used to identify high fire and low fire activity periods and enhancements in ozone, CO and NOy

at Nainital during the high fire activity periods are estimated to be 4–18%, 15–76%, and 35–51%, respectively.

A comparison of observations at Nainital with the observations available at other global high-altitude sites
shows that springtime average ozone levels at Nainital are nearly similar to those at Jungfraujoch and
Waliguan. The springtime ozone levels at Nepal Climate Observatory-Pyramid are slightly higher than at
Nainital, owing to its high altitude in comparison to Nainital. The CO levels at Nainital are higher than most of
the global sites. NOy levels are also higher at Nainital but lower than those at Waliguan. We feel that the
present unique data sets of ozone, CO, and NOy, from a high-altitude site in the central Himalayas, with a
complete seasonal cycle would be invaluable for evaluating the performance of global/regional chemistry
transport models and satellite observations over this region. The estimates are made to quantify the influ-
ence of biomass burning, downward transport, continental levels, and regional background levels. However,
it is highly essential to have measurements of additional trace gases, e.g., individual constituents of NOy

species including PAN along with acetonitrile, Pb210, etc., at this central Himalayan site to enhance the un-
derstanding of the tropospheric chemistry over this region.
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