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Abstract: The photolysis of nitrogen dioxide (NO,) is the only known source of ozone forming chemistry in the
troposphere in the daytime. This paper presents the theoretical investigation of the photolysis rate coefficient of NO,
- Jnoz2' using solar flux data for the estimation of surface ozone concentration at two sites in Kannur, Kerala, India.
For this purpose, the variations of solar flux and NOx observed during winter months in 2009 and 2010 have been
used. The study was carried out at two locations of different characteristics: at Kannur University Campus (KUC)
at Mangattuparamba, a rural location and at Kannur Town (KT), an urban location. The observations revealed that
surface ozone abundance is higher at rural area than at urban area. The mixing ratio of Oz measured in the
troposphere is often greater than those calculated from the photo stationary state relationship. Surface ozone is
mainly produced by the photo dissociation of nitrogen dioxide (NO,) by solar UV radiation. This observation could
confirm the role of other prominent ozone precursors like CO, CH4 and VOCs present over these locations. This
study contributes to the understanding of ozone producing chemistry and to explore the air quality over this

unexplored region.
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Introduction

Solar radiation at ultraviolet and visible wavelengths
drives much of the chemistry of the troposphere
through the photo-dissociation of a number of stable
trace gases. The precise determination of photolysis
rate is important as the accurate measurement of the
ambient mixing ratio of a trace species. The photolysis
of NO, (reaction (R1))to NO and O (°P) is of particular
importance because this process produces the ground
state oxygen atoms (O (°P)) which lead to the
production of O; (Reaction (R2)) ™ 2. At the same time,
Oz and/or RO, (where R = H or organic group) can
oxidize NO to NO; (reactions (R3) and (R4)), with the
relative importance of the reaction of NO with either
O3 or RO, determining net O3 production.

(R1) NO, + hy (A< 420 nm) — NO + O (°P) Inoz
(R2)OCP)+0,+M— 03+ M '
(R3) NO + 03 — N02 + 02 k3
(R4) NO + RO, — NO, + RO Ry

The photolysis rate depends on F(L} which is the solar
actinic flux, o (A,T) - the absorption cross section of
NO,, which is a measure of the ability of the molecule
to absorb radiation of the type being considered and its
quantum yield ¢ (A,T), which is the ratio of the number
of molecules undergoing the specific reaction to
number of quanta of radiation absorbed. Thus the total
photo dissociation rate is the integration over
individual J values ranging from 320 nm to 400 nm
present in the solar flux and it is represented as:

oz = [Fu)gwn:{l*ﬂﬁn:(l,ﬂ di

HaZ
whereF(1) is the solar actinic flux (photons s*cm™ nm®
Y & yo, LA T) is the absorption cross section of NO,
(cm?) and Fyg; {,TL , T} is the photolysis quantum yield
of NO, (photons™).

The solar actinic flux, F () is the radiation available to
a molecule from all directions for initiation of a photo
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dissociation process®. The actinic flux describes the
number of photons incident at a point, while the
irradiance describes the radiant energy crossing a
surface. The actinic flux, F (X), is directly observed by
the spectrometers, while the absorption cross sections
and quantum yields are measured in the laboratory.

The photolytic quantum yield for reaction R1 depends
on the wavelength of the electromagnetic radiation and
is near 1 for A<360nm (near the high energy end of the
visible region of the spectrum) but falls off to 0 at
about A > 440nm. It is commonly said that the
minimum energy required to effect the process is
associated with radiation of 400nm. Knowing the
actinic flux spectra between 320 and 400 nm (in the
UV-A range)*®, Juoo can be calculated by integrating
the product of the actinic flux (F(i)), the NO,
absorption cross section & (A4, T) and the NO;

quantum yield®yg2 {JL . T} as per the above equation.
We selected the values of o (1.T)

and-#*m.:.:':b{l,T}, recommended by DeMore et al,
1997°.

It should be noted that photolysis rates of Jyo, are not
directly measurable’. Although several approaches
exist to estimate Jyop, most of them involve complex
radiative transfer algorithms that depend on the
knowledge of local atmospheric parameters such as
aerosol optical thickness, ozone column and cloud
cover®™. Some studies also use parameterizations only
including SZA to calculate Jyo; at ground level***,

For many sites this approach is rarely applicable, since
high loading of aerosols as well as clouds strongly
influence Jyoo**°. Compared to Jyo,, measurements of
the solar global irradiance are more common because
this quantity constitutes a fundamental meteorological
parameter. Solar global irradiance is often measured as
part of automated weather stations using pyranometers,
which include the total of direct plus diffuse solar
irradiance.

The photolysis of nitrogen dioxide (NO,) is the only
known source of ozone forming chemistry in the
troposphere in the daytime®®®. NO, NO, and O
achieve photo stationary state (PSS), in the absence of
hydroperoxyl radical (HO,) and organic peroxyl
radicals (RO,) and no new ozone is formed. New
ozone is formed via the reactions of peroxy radicals
and NO to make NO, (R4) and then follow reactions
R1, R2 and R3. Peroxy radicals produce from reaction
sequences that continuously cycle OH, HO, and RO,
radicals, and these sequences are fast enough that the
steady state of the HOx (OH+HO,) species can be
assumed.

Observation site and general meteorology

The two locations of observations are shown in Figure
1. One site of the study was at the Kannur University
Campus (12.26°N, 75.39°E) at Mangattuparamba, 15
km north of Kannur town, a location along the coastal
belt of Arabian Sea in the west coast region of the
Indian subcontinent. This site is located very close to
the Arabian Sea and lies at a height of 5m above mean
sea level. This region experiences easterly winds
during the winter months and westerly winds during
the summer months from March to May. The north
easterly wind starts in November. The months of
December, January and February are notable for
insignificant rainfall and low relative humidity, and
this period is characterised as the winter season at this
location. The average wind speed ranges from 2 to 5
m/s in the winter season. Kannur is sandwiched
between the Arabian Sea and Western Ghats, and the
span between the sea and hillocks is 50 km. Hence, this
region is strongly influenced by the marine as well as
mountain environmental boosts containing high
amounts of vegetation. Kannur Town (11.86°N,
75.35°E) is another site located in the city which is by
the side of a national highway where the vehicular
traffic is very high. Kannur town is the administrative
headquarters of the Kannur district and has had
industrial importance from its early days.

g
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pnur gniveraity
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Figure 1: Location of two sites of observation

Data sets — solar flux, surface ozone and NOx

The data of solar flux, concentrations of O; and NOx
were obtained from Kannur Town and Kannur
University Campus. The total solar flux was measured
using a pyranometer installed at the local weather
station of MODSAC (Meteorological and
Oceanographic  Satellite Data Archival Centre)
established by the Indian Space Research Organization.
Measurements of ozone and nitrogen oxides are
obtained routinely at 15-minute intervals with
analysers that are based on the well-known techniques
of UV absorption (Environment S.A., France; Model
03 42M) and chemiluminescence (Environment S.A.,
France; AC31M), respectively. Details about this
system and calibration procedures are given by
Nishanth and Satheesh Kumar (2011) %
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Results and Discussion

Theoretical investigation of INO,

In this paper, we present a time-dependent method for
deriving photochemical Jyo, values in troposphere. The
first order rate constant of the reaction (R1) is the NO,
photo dissociation rate coefficient or NO, photolysis
frequency, Jnoz, Which is a function of solar actinic
flux F(1) in the UV-A range (320-400 nm),the
absorption cross section of NO,, & (4, T) and the

photolysis quantum yield of NO,, #*N.;.:{J,,T} . The
value of Jyo. is dependent on the solar zenith angle, the
altitude and other specific local environmental
conditions. The magnitude of Jyo, iS generally
calculated using the expression

J = J‘FM]amoz{l,T}ﬁD:{l,T} da,

Figure 2 and 3 show the variation of solar radiation
data during winter months at the 1 hour time intervals
between 08:00 and 18:00 h IST at KUC and KT
respectively.
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Figure 2: Variation of solar radiation at KUC
during winter months

Solar flux starts increasing gradually after sunrise,
attaining maximum values during local noon time and
then it started to decline. To calculate photolysis rate
parameters, the actinic flux in kWh/m? was converted
to the flux of photons in photons s*cm™® nm™.

1kWh /m "= 41.6666 W /m*

Conversion of the actinic flux in Wm to the flux of
photons in photons s*cm® nm™
The energy of a single photon E is given by the

equation %
he

Ji
where h is Planck’s constant, c is the speed of light and
4 is the photon wavelength. The actinic flux shows the
number of photons incident at a point, while the
irradiance shows the radiant energy crossing a surface.
The total number of photons in a wavelength interval is
calculated by dividing the integrated photon energy by
the average energy of a single photon.

It

pl
Fe =F)—
where F(4)p is the flux of photons in photons s™cm™
and F(4)y is the spectral irradiance in Wm™. Adjusting
the units so that the above equation becomes

. N A 107%m 1m?
F(1); (photons g7 tem™?®) = F(A),{J s7tm™®) hqu(:::i_ij Tom Tﬂi :;:
(ie; 1w=1Js?

Taking the values of ‘h’ as 6.6260755 x 10 Js, ‘¢’ as
2.99792458 x 10° m s and collecting the unit
correction factors, the actinic flux in photons s*cm? is
related to the integrated photon energy by the equation
F(A)y = F(A), % 5.0341125 x 10" x A

where the constant, 5.0341125 x10", has the units of
photons m?w™* nm™ cm™.
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Figure 3: Variation of solar radiation at KT during
winter months
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Figure 4: Variation of Jyo, at KUC during winter
months

The photolysis rate coefficient of NO,, JNO, can be
calculated using the following equation

Joe =T e (A, T)#ye (A, T)dA for solar
flux 1kWh/m? between 320 and 400 nm (in the UV-A
range), as 0.003183284 s™. The actinic flux spectra
between 320 and 400 nm are more significant because
280 - 320 nm intensity is much less in troposphere
compared to 320-400 nm.
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Figure 5: Variation of Jyo, at KT during winter
months

Similarly, Jnoz can be calculated for various solar flux
data from 08:00 h to 18:00 h IST at these locations.
Similar to solar flux, Jyo, also start increasing
gradually after sunrise, attaining maximum values
during local noon time and then it started to decline.
Figure 4 and 5 shows the variation of theoretically
calculated Jyo, during winter months at the 1 hour time
intervals between 08:00 and 18:00 h IST at KUC and
KT respectively.

Variation of NO, NO, at KUC and KT

Figure 6 and 7 represents the seasonal average
variation of NO and NO, during winter months
between 08:00 and 18:00 h IST at KUC and KT
respectively. The concentrations of NO, at KT is
relatively higher than that at KUC. NO levels at KT
show an increase during the morning and evening due
to the peak hours of traffic. This elevated level in the
concentration of NO is responsible for the reduction of
Os at KT by equation (R3). Similarly, after 11:00 h, the
reduction of NO, at KUC than that at KT, favours the
production of O3 by photo dissociation by equations
(R1) and (R2).
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Figure 6: Variation of NO, NO, at KUC during
winter months
The fast decline of ozone observed at KUC during the
late evening hours is attributed to the rapid increase of
NO at which titration of O3 becomes more dominant.
The maximum and minimum NOx (NO,+NO)

concentration at KUC were 3.5 ppbv, 1.3 ppbv and that
at KT were 7.3 ppbv and 5.8 ppbv respectively during
the period of observations. This shows the degree of
pollution in KT is due to the heavy traffic.
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Figure 7: Variation of NO, NO; at KT during
winter months

Both NO and NO, are formed during high temperature
combustion in the atmosphere, when oxygen combines
with nitrogen. Combustion process, especially vehicle
emissions in high traffic areas are the major sources of
NOx in the ambient air. The automobile has more NO
than NO,, but once the NO is released into the
atmosphere, it quickly combines with oxygen in the air
to form NO,. NO is a primary air pollutant whereas
NO, is a secondary pollutant produced through a set of
reactions, which  determines ambient ozone
concentrations. In the photochemical production of O3
from NO, during day time, there is a correlation
between variations of [NO;] / [NO] and daytime Os.
Lower values of [NO,] / [NO] are quite favourable for
the high O3 production.

From the data, it is seen that an increase of Oz in the
morning is associated with a decrease of NOx and
decrease of O3 in the evening is associated with an
increase of NOx. NOx concentrations are varied by
changes in the boundary layer mixing processes,
chemistry, anthropogenic emissions and local surface
wind pattern 2?1 During the morning, there is a
strong NO maximum in winter than summer due to
shallow boundary layer. The boundary layer remains
low for longer time in winter season due to lower
temperatures than the summer season. NO
concentration was found to be low in day time, high at
night and early morning hours. From the figure it is
clear that higher ozone concentration was found during
noontime (12:00-16:00 h).

Estimation of surface ozone at KUC and KT

In air quality studies, modelling, assumptions,
calculations and comparison are important. For this
study, measured concentrations of NO, NO, and Os in
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winter months of 2009 and 2010 at the Kannur
University Campus and Kannur Town in Kannur were
used. Taken hourly average concentrations of NO and
NO,, then calculated concentration of the Oj; using
Leighton equation, by substituting the estimated values
of Jnoz and compared it with the measured data of
concentration of Os. The Leighton relationship is,

_ i [102]
el = S oy

where Jyo is the photolysis rate coefficient of NO,, ks
is the rate constant of the reaction (R3), [NO;], [NQO]
and [O;] are the concentrations of NO,, NO and O;
respectively. Leighton equation (photo stationary state
equation) has been used to determine the quantitative
dependence of ozone production on precursor
concentration. Surface ozone is formed and destroyed
in a series of reactions involving NO and NO,.
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Figure 8: Variation of measured and calculated
ozone concentration at KUC in winter months
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Figure 9: Variation of measured and calculated
ozone concentration at KT in winter months

For the estimation of Os, the period of valid data is
taken between 08:00 and 18:00 h IST due to large
relative changes in solar intensity before and after. NO,
NO, and O3 concentrations were averaged over valid
data points in a 1-hour interval. At these two sites in
Kannur, the measured and calculated ozone had similar

peak values, but the calculated ozone tended to peak
earlier in the morning. Surface ozone is mainly
produced by the photo dissociation of nitrogen dioxide
(NOy) by solar UV radiation. However, it needs several
hours for ozone to be produced. That is the cause of
measured Oz peak was found during noontime (12:00-
16:00h) in winter months. The measured O3
concentration has localised maximum, within a given
range, whereas the calculated ozone has absolute
maximum.

Figure 8 and 9 show the comparison of measured and
calculated O; concentration during winter months
between 08:00 and 18:00 h IST at KUC and KT,
respectively. The correlation coefficient between
measured and calculated O; concentration at KUC is
0.6161 and that at KT is 0.2319. The correlation is
higher for measured and calculated Os; concentration at
KUC than that at KT. Ambient ozone is the result of
local photochemical production, surface deposition and
transport  processes.  This  comparison  yields
information on transport and deposition as the
calculation depends only on chemistry, whereas the
observations also reflect the influence of transport and
deposition.

The calculated concentration of ozone from NO and
NO, is smaller than the actual measured concentration
of ozone. The calculation is true for a hypothetical
‘free’ atmosphere containing only NOx (=NO+NO,)
components, but no volatile organic compounds
(VOCs). This means that ozone is produced in the
troposphere  when methane (CH,), non-methane
hydrocarbons (NMHCs) and carbon monoxide (CO)
are photo chemically oxidized in the presence of
nitrogen oxides (NOXx). The diurnal cycle of Oj;
formation and destruction is driven by NOx and
Volatile Organic Compounds (VOCs) emissions and
solar radiation. To retrieve Os; chemistry, it is
necessary to estimate the concentration and reactivity
of the different VOCs involved in ozone formation.

The observations revealed that surface ozone
abundance is higher at rural area than that at urban area
Two mechanisms have been proposed to account for
the higher surface ozone concentration at rural area *®
211 One is the direct transport of ozone from urban
areas and the other is the transport of its precursors
NOx and NMHCs, followed by in situ photochemical
ozone production. The enhanced Oz concentration
observed at KUC, during the winter season was mainly
due to the easterly airflow that favours advection of
precursors from inland locations that induces active
photochemistry.

By referring the correlation coefficient between
measured and calculated O3 concentration at KT, it is
seen that the measured O3 concentration is around 4.5
times greater than the calculated O3 concentration.
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This observation could be substantiated the role of
other prominent ozone precursors like CO, CH, and
VOCs present excess over this location. This increase
in the concentration of pollutants may be primarily due
to the rapid increase in the number of vehicles and the
pronounced industrial activities. And also, the presence
of big buildings prevents the transport of pollutants
from the site. From this observation, it is revealed that
the ozone chemistry at KT is more complex than that at
KUC.

Since surface Oz is produced by the dissociation of
NO; in the presence of sunlight, the ratio of NO,/NO
concentrations in the atmosphere is an indicator of O3
production. In the real atmosphere, the ratio is
perturbed by the presence of other oxidants (mostly
hydroperoxyl and organic peroxyl radicals), which also
convert NO to NO, and lead to net ozone production.
However the abundance of VOC, which can all
generate peroxy radicals, further modifies O3 chemistry
more complex. Thus the Oj; production efficiency
depends on the concentration of VOC and NOXx in a
locality. Subsequently, the ratio of organic compounds
like NMHC and NOx indicates the influence of VOC
on O3 production at a site 25,

(R5) ROO- (or HOO") + NO — RO- (or ‘OH) + NO;
When above reaction (R5) is included in the steady
state analysis, the predicted ozone concentration
becomes

[NO;]  ks[0s]  ks[ROO-]

WO S
The observed enhancement of surface ozone is due to
active photochemistry, rather than the transport of
pollutants. There is a need for a detailed chemistry
transport model for understanding various physical,
chemical and dynamical processes.

Conclusion

The different character of the two sites in terms of
pollution is evident from the present study; the urban
site with strong variations in concentrations of primary
emissions and the rural site with generally lower
concentrations in VOC, NOx and CO, but higher levels
of ozone. Chemistry is only one of several factors that
cause ozone concentration to vary during the course of
a day and from day to day. We examined the
contribution of chemical production and loss to the
total change in ozone concentration. The highest Os
observed in winter is due to a lower mixing height
resulting in the trapping of pollutants near the earth’s
surface. There is also a possibility of enhanced
transport of O; from the stratosphere during the winter
season. Further, clear sky, more sunshine and the
transport of pollutants from nearby land masses can
produce higher Oz during the winter season at this
location. This study helps in the understanding of
ozone producing chemistry and in the monitoring of

10

ozone’s response to future air quality regulatory
actions.
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