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ABSTRACT
This article is based on the study of the seasonal and interannual variability of carbon monoxide (CO)
and ozone (O3) at different altitudes of the troposphere over Hyderabad, India, during 2006-2010 using
Measurement of OZone and water vapour by Airbus In-Service Aircraft (MOZAIC) and observation from
Tropospheric Emission Spectrometer (TES) aboard NASA’s Aura satellite. The MOZAIC observations show
maximum seasonal variability in both CO and O; during winter and pre-monsoon season, with CO in the
range (100-200) + 13 ppbv and O; in the range (50-70)+9 ppbv. The time-series of MOZAIC data shows a
significant increase of 4.2+ 1.3 % in the surface CO and 6.7+ 1.3 % in the surface O3 during 2006-2010 in
Hyderabad. From MOZAIC observations, we identify CO and O; profiles that are anomalous with respect to
the monthly mean and compare those with Weather Research Forecast model coupled with Chemistry (WRF-
Chem) and Model for OZone and Related Tracers, version 4 profiles for the same day. The anomalous profiles
of WRF-Chem are simulated using three convection schemes. The goodness of comparison depends on the
convection scheme and the altitude region of the troposphere.
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1. Introduction combustion and lightning (Sauvage et al., 2007; Monks
et al., 2009). In addition to this, many anthropogenic
activities such as combustion of biofuels, fossil fuels and
biomass burning contribute to the emissions of CO, CHy,
NO, and VOCs in Asia (Cooper et al., 2010; Lamarque
et al., 2010; Sahu, 2012). The major loss of tropospheric O
is due to the photolysis followed by reaction with water
vapour (H,O). The lifetime of Oj varies from days to
months in the troposphere (Wang et al., 1998; Law, 2010).
The metastable oxygen, O('D), created by O photolysis,
reacts with H,O and produces OH radicals: This reaction
is considered as one of the major sources of OH in the
atmosphere. In troposphere, the OH radicals react with
CO, CHy4 and VOCs (Fishman et al., 1979), thereby con-
trolling pollution in the troposphere.

The major sources of atmospheric CO include incomplete
combustion of fossil fuels and biomass burning (Khalil and
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CO and O3 are trace gases that play a very important role
in the Earth’s atmospheric chemistry. CO is important in
the context of climate change, as it indirectly affects the
radiative forcing by affecting concentrations of greenhouse
gases such as O; and methane (CHy4) (Wigley et al., 2002).
In the troposphere, O; is a greenhouse gas because of
strong absorption of infrared (IR) radiation centred at
9.6 um and hence contributes to global warming (Gauss
et al., 2003).

O3 is formed in the troposphere through photochemical
reactions in the presence of precursors, which include
nitrogen oxides (NO, =NO+ NO,), CO and volatile organic
compounds (VOCs). The major sources of emission of
NO, are biomass burning, biogenic sources, fossil fuel

Tellus B 2016. © 2016 V. Sheel et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 International License 1
(http://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to remix, transform, and
build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.

Citation: Tellus B 2016, 68, 30545, http://dx.doi.org/10.3402/tellusb.v68.30545

(page number not for citation purpose)


http://creativecommons.org/licenses/by/4.0/
http://www.tellusb.net/index.php/tellusb/article/view/30545
http://dx.doi.org/10.3402/tellusb.v68.30545

2 V. SHEEL ET AL.

CO ranges from weeks to months (Duncan et al., 2007) and
thus has an important impact on regional and global air
quality as a pollutant which can affect remote regions of
the atmosphere (Srivastava and Sheel, 2013).

Various emission inventories have been developed to
estimate the contributions of the major sources of CO
(Granier et al., 2011). The estimated range of anthropo-
genic emission among these inventories ranged from 500 to
600 Tg/yr in 2000, with a negative global trend of about
4 % for the last decade (2000-2010) as estimated by the
Monitoring Atmospheric Composition and Climate CityZen
(MACCity) inventory (Granier et al., 2011). The emissions
calculated by this inventory are based on a projection of the
future emissions RCP8.5, corresponding to a radiative
forcing of 8.5°W in 2100. An increasing trend is found in
most of these emission inventories in the regional budget of
CO for China and India due to the rapid urbanisation and
industrial growth (Ohara et al., 2007; Granier et al., 2011).
In India, an increment of about 50—80Tg/yr has been
estimated in anthropogenic CO emissions for the period
1998-2010 (Granier et al., 2011).

Long-term measurements of CO have helped to char-
acterise the spatial and temporal variability and estimate
the global and regional budget of CO (Emmons et al., 2000;
Duncan et al., 2007). Such measurements are however
sparse over South Asia, where long-term vertical profile
measurements of CO are crucial to study the effect of long-
range transport on the seasonality and interannual varia-
bility of CO in the free troposphere (Sheel et al., 2014).
Such measurements are available from satellite-based instru-
ments (Worden et al., 2013), which, however, have low
resolution and accuracy in the lower troposphere. Thus,
vertical profile observations from MOZAIC are valuable.
Earlier, we highlighted the roles of long-range transport
and biomass burning in the distribution of O3 and CO over
Bangkok using MOZAIC observations (Sahu et al., 2013).
Based on MOZAIC observations and models, we have also
seen that in Hyderabad, the Planetary Boundary Layer
(PBL) CO is predominantly influenced by strong winds
from adjoining regions and by elevated local emissions
(Sheel et al., 2014). In the free troposphere, we found the
seasonal variability was affected by long-range transport
associated with the Intertropical Convergence Zone and
biomass burning. The interannual variations were mainly
due to transition from El Nifio to La Nifla conditions
(Sheel et al., 2014).

In this work, we analyse the vertical profiles of CO and
03 from MOZAIC and TES observations in Hyderabad
with an objective to study the seasonal and interannual
variability during 2006-2010. We then compare the ob-
servations with the profiles simulated by Weather Research
Forecast model coupled with Chemistry (WRF-Chem)

and Model for OZone and Related Tracers (MOZART)-
4 (Model for OZone And Related Tracers) models.

2. Description of site and local meteorology

Hyderabad (17°27'N and 78°28'E) is situated in the southern
peninsular state of Andhra Pradesh in India. The city
covers an area of 625km? with a height of around 545m
above the mean sea level. Hyderabad is the fifth largest
city of India, with a population of about seven million
people (2011 census). Rapid urbanisation in conjunction
with industrialisation has encouraged migration into this
city, leading to increasing trend in the number of vehicles as
well as industries. Hyderabad has the third largest bus
station facility in Asia, with 72 platforms for 89 buses to
transport passengers at a time. The number of vehicles in
the city reached 2.4 million (www.hyderabad.trafficpolice.
co.in/) by March 2011.

An increase in a high-capacity coal thermal power plant
in Hyderabad and the increased number of vehicles are the
main factors of trace gases emissions: mainly CO (www.
appcb.ap.nic.in) and NOy emissions (Prasad et al., 2006,
2011; Gummeneni et al., 2011). The city is influenced by
urban emissions and also by the surrounding rural and
suburban regions biomass burning transport.

Hyderabad has a tropical wet and dry climate, with
a mixture of wet and dry weather during the hot pre-
monsoon period from March to May, the monsoon season
from June to September with a total rainfall of about
800 mm, a post-monsoon season (October and November)
with well-balanced weather and a dry winter (December to
February).

The daily mean surface temperature in Hyderabad varies
from a minimum of typically 15 °C in December to a
maximum of about 35 °C in May and is rarely beyond these
two extremes (Sheel et al., 2014). The temperature does not
exhibit any significant interannual variation.

3. WRF-Chem model

In the present study, version 3.2 of the WRF-Chem model
is used for the simulation of CO and O; in Hyderabad. The
model domain is centred at 17°N, 78°E (Hyderabad) and
covers South India at 15 km spatial resolution with 50 grid
points in both east—west and north—south directions.

The WRF model is a mesoscale non-hydrostatic meteoro-
logical model that includes several options for the para-
meterisations of PBL, land surface and cloud processes
(www.wrf-model.org).

Anthropogenic emissions of CO, NO,, SO,, non-methane
volatile organic compounds (NMVOC), PM10, PM2.5, BC
and OC are taken from the Reanalysis of Tropospheric
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Chemical Composition (RETRO) [www.retro.enes.org/
index.shtml, Schultz et al. (2007)] and the Emissions
Database for Global Atmospheric Research (EDGAR)v4
(www.edgar.jrc.ec.europa.eu, year: 1970-2005) database.
The RETRO emissions are representative of the year 2000.
EDGAR v4 provides global anthropogenic emissions of
greenhouse gases and air pollutants by country. The bio-
genic emissions of trace species are calculated using the
Model of Emissions of the Gases and Aerosols from
Nature (MEGAN) (Guenther et al., 2006).

The initial and boundary conditions for the chemical
species are updated every 6 h, based on MOZART-4
(Emmons et al., 2010). The physics included for the WRF-
Chem run are: the Noah Land Surface Model (Chen
and Dudhia, 2001), the Mellor-Yamada Nakanishi-Niino
boundary layer scheme (Nakanishi and Niino, 2006), WRF
single-moment (wind speedM) 5-class scheme, the Goddard
shortwave radiation scheme (Chou et al., 1998) and the
rapid radiative transfer model (RRTM) long-wave radiation
scheme (Mlawer et al., 1997). The gas-phase chemistry
model used is the Regional Acid Deposition Model, version
2 (RADM?2) (Stockwell et al., 1990) which includes 57
chemical species and 158 gas-phase reactions, of which
21 are photolytic. The Secondary Organic Aerosol Model
(SORGAM) (Schell et al., 2001) for the carbonaceous
secondary fraction.

We perform the simulation with Mellor—Yamada—Janji¢
(MYJ) PBL scheme (Janji¢c, 1990) and three different
cumulus parameterisation schemes: Kain—Fritsch (Kain
and Fritsch, 1990; Kain, 2004), Betts—Miller—Janji¢ (Betts
and Miller, 1986) and Grell-Dévényi (Grell and Dévényi,
2002) ensembles.

4. MOZART (version 4)

In the present work, we use version 4 of MOZART. It is an
off-line three-dimensional global chemical transport model
which includes comprehensive tropospheric chemistry,
simulating 85 gas-phase species, 12 bulk aerosol species,
157 gas-phase and 39 photolysis reactions (Emmons et al.,
2010; Srivastava and Sheel, 2013).

MOZART-4 model diagnoses convective mass fluxes
using the shallow and mid-level convective transport
formulation of Hack et al. (1994) and deep convection
scheme of Zhang and MacFarlane (1995). The boundary
layer vertical diffusion is based on the parameterisation of
Holstlag and Boville (1993). Brasseur et al. (1998) formula-
tion is taken for wet deposition. Advective transport as
described in Horowitz et al. (2003) incorporates the flux-
form semi-Lagrangian transport algorithm of Lin and
Rood (1996).

The simulation from MOZART-4 for this work is driven
by meteorological fields from the NASA GMAO GEOS-5
model. These anthropogenic emissions are based on David
Streets” inventory (www.cgrer.uiowa.edu/arctas/emis-
sion.html) for ARCTAS and fire emissions from FINN-
vl (Wiedinmyer et al., 2011). These results are at 1.9 x 2.5
degrees with 56 levels.

5. Observations

5.1. MOZAIC

The MOZAIC provides in situ observation of vertical atmo-
spheric profiles of CO and O3 along with the simultaneous
observations of meteorological parameters such as rela-
tive humidity (RH), wind speed, wind direction and
temperature. The MOZAIC Project was initiated in 1993
to study the variability of the chemical composition in the
atmosphere (Marenco et al., 1998).

For the measurement of CO, a Thermo Environmental
Instrument (Model 48CTL) based on the gas filter correla-
tion technique was used. The IR radiation absorption at a
wavelength of 4.67um was used for the detection of CO.
MOZAIC has measurement precision of +5ppbv (signal
noise), +5 % (calibration) and minimum detection limit of
10 ppbv were achieved for a 30-s integration time.

A dual-beam ultraviolet absorption instrument from
Thermo-Electron (Model 49-103) having a detection limit
of 2ppbv is used to perform the O; measurement. The
upper limit of the estimated error in measurement was to be
+(2.0ppbv + 2 %) (Thouret et al., 1998a, b). Thouret et al.
(1998b) provides a detailed description of Oz sampling
procedure, measurement technique, calibration, instrument
validation and quality testing.

The flight observations provide the vertical profile data
during both take-off and landing of the aircraft. CO and
O; measurements are taken every 30 s from take-off to
landing. Raw data (30 s time resolution) are averaged over
150 m height intervals. Profiles are defined as the part of
the flight between ground level and the first pressure-
stabilised cruising level, usually up to about 300hPa
(200 hPa) with regard to the ascent (descent) profile. Thus,
the profile data extend to a maximum of 12km altitude,
due to the predefined cruise altitude by international air
traffic regulations. The measuring aircraft does not ascend/
descend vertically above a location but that it follows a
well-defined flight path before reaching cruise altitude.
Below about 4 km, this may not be far from the city, but at
higher altitudes, it may extend horizontally to some 200 km
from the destination.
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5.2. TESJAURA data for O3 and CO

The TES was launched in July 2004 aboard the Earth
Observing System (EOS) Aura satellite. Data were ob-
tained from Giovanni online data system, developed and
maintained by the NASA Goddard Earth Sciences Data
and Information Services Center (GES DISC). TES is
nadir viewing in a polar-orbiting Sun-synchronous orbit
with a local crossing time of 01:45 and 13:45 (Zhang et al.,
2010). TES has a vertical resolution of approximately
6km with a high sensitivity between 700 hPa and 300 hPa
(Worden et al., 2004). We use available data for the period
covering 2006—2010 in this study. The level three data used
were pre-processed and all negative values were filtered out.
Previous comparisons with in situ measurements show
that TES has a positive bias of 5.3 ppbv for O3 at 500 hPa
(Zhang et al., 2010). In the case of CO, the TES CO
retrievals have been found to be consistent with those from
MOPITT (Luo et al., 2007a) and within 15 % of aircraft
data (Luo et al., 2007b; Lopez et al., 2008).

6. Methodology

In this section we discuss the methodologies adopted to
evaluate the TES observations and model simulations with
respect to MOZAIC in situ observations. To assess the
comparison between model simulation and observation
we have calculated the mean bias by taking MOZAIC
observations as a reference. The formula used here to
calculate the mean bias is as follows:
1 i=N
Mean bias = N Z(o. —m;) (1)

i
i=1

where o; and m; represent the observed and modelled
species concentrations, respectively. N is the total number
of data pairs. The MOZAIC CO and Oj; observed profiles
are interpolated to those altitudes at which TES, WRF-
Chem and MOZART-4 profiles are available. The mean
bias is calculated for different altitude regions of the
troposphere by dividing it into distinct layers (0-2, 24,
4-6, 6-8 and 8—10km).

We have studied interannual variability at different
tropospheric altitude regions by subtracting the climatolo-
gical CO and O3 amount (hereafter we refer it as SM) from
corresponding monthly mean (MM) of CO and O; yielding
monthly mean anomalies (MMA) (Petropavlovskikh et al.,
2005) such as:

MMA = [(MM — SM)/SM)] * 100 2
Here, the climatology is computed as mean value of

both CO and O; data selected for each of the 12 calendar
months over the entire 2006-2010 period. This method

provides adequate information for analysis of long-term
CO and O3 changes and anomalies (departures from the
mean) by accounting empirically for seasonal oscillations
in the data. The interannual changes in CO and O; from
TES and MOZAIC observations are estimated using linear
regression model followed by a p value test against the
significance level () of 0.05 (Piegorsch, 2002). The p <0.05
is generally interpreted as statistically significant.

7. Results and discussion

The in situ observations of MOZAIC provide very accurate
measurement of atmospheric CO, O3 and meteorological
parameters such as temperature, water vapour mixing
ratio, wind speed and wind direction. This offers an
opportunity to study the seasonal, interannual variability
as well as the various scientific aspects of chemical trans-
port models to predict the concentration of the atmospheric
chemical species.

We have analysed 5 years of MOZAIC in situ data in
Hyderabad from 2006 to 2010 with approximately more
than 800 total observations. In this section, we discuss
the seasonal and interannual variability of CO and Oj; in
Hyderabad based on MOZAIC and TES observations. The
TES observations are evaluated with respect to MOZAIC
data in terms of mean bias and vertical resolution. We also
discuss the CO and Oj profiles simulated from WRF-Chem
and MOZART-4 model in comparison to MOZAIC
observations and uncertainties associated with them. The
year 2009 is chosen for this study, since in this particular
year, we have more number of MOZAIC observations
compared to other years.

7.1. Seasonal and interannual variability

7.1.1. Seasonal variability based on MOZAIC and TES
observations. The average CO and O; profiles obtained
from MOZAIC measurements and TES observations for
the period 2006-2010 in Hyderabad for four seasons are
shown in Figs. 1 and 2. The seasons are namely December,
January, February (DJF); March, April, May (MAM);
June, July, August (JJA); and September, October,
November (SON). It may be noted from the MOZAIC
monthly average profiles in Fig. 1 that the variation in CO
concentration is 100-200, 100-180, 100—-110 and 100—
140 ppbv, respectively, in DJF, MAM, JJA and SON with
an average standard deviation of ~ 413 ppbv throughout
the troposphere. However, the variation in O3z concentra-
tion (Fig. 2) is ~50, 60-70, 30—50 and 40-50 ppbv, res-
pectively, in DJF, MAM, JJA and SON with all having an
average deviation of ~ +9 ppbv throughout the troposphere.
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Fig. 1.  Mean vertical profiles of CO of MOZAIC and TES observations are plotted along with standard deviation for different seasons
(DJF, MAM, JJA and SON) during a 5-yr period (2006—-2010). N represents the total number of profiles.

The high value of CO in DJF and MAM season is due to the high value of O3 during the same period as CO being
the heavy biomass burning that comes out from forest fires one of its precursor.

and crop burning (agricultural fires) during this period of The average profiles of CO and Oj retrieved from TES
time (Venkataraman et al., 2006), which is also resulting in observations are also shown in Figs. 1 and 2. CO and O3
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Fig. 2. Mean vertical profiles of O3 of MOZAIC and TES observations are plotted along with standard deviation for different seasons
(DJF, MAM, JJA and SON) during a 5-yr period (2006-2010). N represents the total number of profiles.
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Table 1. Mean bias between TES and MOZAIC observations for
four seasons DJF, MAM, JJA and SON is calculated at different
tropospheric altitude regions

Mean bias for CO Mean bias for O3

(ppbv) (ppbv)
Time 2-8 km 8—10km 2-8km 8—10km
DJF 27.9 0.8 —8.6 —-17.0
MAM 31.8 —-23 —11.0 —0.6
JIA 17.9 10.1 -9.7 —3.1
SON 19.4 2.8 —-5.3 3.3

obtained from TES retrieval are evaluated between 2—8
and 8—10km altitude region (Table 1). We focus only on
2-8km altitude region due to high sensitivity of TES
between 700 and 300 hPa.

The mean bias is calculated between MOZAIC and TES
observation for CO and O; using eq. (1) (shown in Table 1).
It may be noted from Table 1 that mean bias ranges

It may also be noted from Figs. 1 and 2 and Table 1, the
vertical profiles of O; from TES are much better compared
to CO in terms of mean bias and standard deviation. This
can be explained on the basis of the two very important
measures of retrieval which are total degrees of freedom
(DOF) and total bits. Total DOF is the trace of the
averaging kernel which may be interpreted as a number
of statistically independent elements of the estimate. The
total bits indicate the reduction in error volume for the
retrievals. Worden et al. (2004) estimated DOF and total
bits for TES retrieved CO and Os are 0.7, 4.9 and 0.8, 8.5,
respectively, which shows the sensitivity of Oj retrieval
better compared to CO. Further, the TES retrieval of O; is
better in autumn (SON) compared to the other seasons
which is due to the least contamination of IR radiance
by clouds in this particular season. It is also important
to note that in this type of comparison between TES or
other space-borne instrument versus aircraft observations,
whether fresh plumes and stratospheric influence remains

between 18-32 ppbv for CO and —5 — — 11 ppbv for Os. an issue.
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Fig. 3. Monthly mean anomalies of CO are shown over Hyderabad in the three tropospheric layers with MOZAIC (0-2, 2-8 and

8—10km) and TES (2-8 km) observations. N and p represent the total number of MOZAIC profiles and p value, respectively.
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Monthly mean anomalies of O3 are shown over Hyderabad in the three tropospheric layers with MOZAIC (0-2, 2-8 and

8—10km) and TES (2-8 km) observations. N and p represents the total number of MOZAIC profiles and p value, respectively.

7.1.2. Interannual variability based on MOZAIC and
TES observations. The interannual variability in CO and
O3 is studied at different tropospheric altitude regions using
eq. (2). The MOZAIC observations are used to calculate
the changes in CO and O; concentration during the 5-yr
period in the three different tropospheric layers (0-2, 2—8
and 8-10km). However, the interannual variability in CO

Table 2. Changes in CO and O; obtained from MOZAIC
observations with respect to the year 2006 in Hyderabad

Hyderabad (17.3°N, 78.4800°E)

Tropospheric
Layers (km)

Changes in CO Changes in O3
(% with respect to 2006) (% with respect to 2006)

0-2 +42413 +6.7+13
2-8 —2.0(—1.6)£0.7 (0.4) —0.7(0.3)£0.7 (0.4)
8-10 —1.240.48 —27408

Change in CO and O; with TES observations are shown in 2—8 km
layer in bracket along with the MOZAIC observations.

and O; concentration from TES observation is studied in
2-8km region due to high sensitivity of TES in this
particular region.

The interannual changes estimated from MOZAIC and
TES observations for both CO and Oj along with the
associated standard deviations are given in Figs. 3 and 4
and Table 2. It can be seen from Figs. 3 and 4 that the near-
surface (0-2 km) tropospheric CO and O3 over Hyderabad
shows significant increase of 4.3+1.4 and 6.7+1.4 % per
annum, respectively, during 2006—2010 with p value 0.003
and 0.0001 respectively. However, in the 2—8 km region,
both MOZAIC and TES show a decrease at the rate of
—2.0+0.7 and —1.6+0.4 % per annum respectively in
CO (Fig. 3) with p value 0.006 and 0.007 respectively,
in addition, no significant interannual change is observed
in O3 (Fig. 4) in the same region from both MOZAIC and
TES observations. It may also be noted that in the 8—10 km
tropospheric layer, no significant decrease is observed for
CO (Fig. 3); however O3 (Fig. 4) shows a decrease with
—2.7+0.8 % per annum with p value 0.004.
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Some of the facts that support the in situ observations
obtained from MOZAIC in Hyderabad are discussed here.
One of the major factor that could lead to an increase in
the near-surface level (0-2km) of CO and O; mixing
ratios over the Hyderabad is the increase in anthropogenic
emissions in the past decade (Beig and Brasseur, 2006;
Ghude et al., 2013). Ghude et al. (2013) reported the
increase of NO, emissions by more than approximately 65 %
in Hyderabad; however, the world’s CO concentration
has declined during the same period. It is also interesting
to note the reported trends (Granier et al., 2011) from
comparing several global and regional emission inven-
tories. They have shown a very slight decrease in global
anthropogenic CO emissions (around 1 %) from 1990
to 2010, with larger decreases for Europe and the USA
(~3 % yr~"). However, they show increases for India
(~1.5% yr~ ") and China (~3 % yr ") for 2006 to 2010.

Power stations, road transport, industries, use of coal
for domestic purposes and burning of fossil fuels are the
major sources of air pollution in the city (Gurjar et al.,
2004; Kulkarni et al., 2010). It has been found that the
urban and vehicular population of Hyderabad was 2.5 and
0.08 million in 1981, whereas in 2011 it has reached up to
6.8 (source: www.iipsenvis.nic.in) and 0.3 million (source:
www.mospi.nic.in), respectively. The rapid growth of
urban and vehicular pollution in Hyderabad is the result
of speedy increase in economic activities after 1990s. In a
recent study, Sahu et al. (2014) compared their results with
sector-specific estimation as that of Ohara et al. (2007) for
2000. They estimated that the NO, emission in 2009 was
5.4Tg yr ! which is quite high compared to the estima-
tion made for 2000 by Ohara et al. (2007). They studied
the Indian on-road emission inventories to check out the
emission distribution of each vehicle category and their
relative contribution of emission from different technolo-
gical distributed age groups like 5, 10, 15 and 20 yr,
respectively, for the base year 2009. They have shown that
the reason behind the increase of NO, emission was due to
the increase in the number of old vehicle (10-20 yr)
segment with time. Similarly, it has been shown that the
CO estimation of 10.2Tg yr~' in 2009 was just 30 %
higher than the estimation made for 2000. They argued that
the main reason could be due to the rise in personal vehicles
as well as two-wheeler segments in recent time. Girach
and Nair (2014) have also shown the increasing trend in
total CO emission from India over 20002008 that were
estimated from EDGAR version-4.2 inventory and REAS
(Regional Emission inventory in ASia) version-2.1 inven-
tory (Kurokawa et al., 2013).

In the present study, we have also analysed the anthro-
pogenic emission data of CO and NO, for Hyderabad during
2005-2010 using MACCity global emission inventory

(Granier et al., 2011). The MACCity (MACC/CityZen)
emission dataset is the extension of the ACCMIP (Atmo-
spheric Chemistry and Climate — Model Intercomparison
Project) historical emissions dataset (Lamarque et al.,
2010) as well as the RCPs [Representation Concentration
Pathways, van Vuuren et al. (2011)] emission dataset for
the MACC and CityZEN projects. As part of two pro-
jects funded by the European Commission, MACC and
CityZen, the ACCMIP and the RCPs emissions dataset
have been adapted and extended on a yearly basis for the
period 1990-2010. The anthropogenic emission data of
MACC ity include a lot of sources such as transportation,
energy, solvent, waste, industries, residential, agricultural
waste, agriculture and ships. It has been found that the CO
and NO, emission in Hyderabad has increased signifi-
cantly. It was 148 000 tons for CO and 3800 tons for NO,
in 2005, whereas at the end of year 2010 it reached up to
154 000 tons for CO and 4280 tons for NO.

7.2. Comparison of MOZAIC profiles with WREF-
Chem and MOZART-4 Model Simulation

This study is divided in two parts. Firstly, we analyse
the monthly average CO and Oj vertical profiles from
MOZAIC observations, and WRF-Chem and MOZART-4
models for approximately each alternative month of year
2009 (January, March, June, August and November).
Secondly, we study the anomalous profiles of CO and O3
from MOZAIC observations for the months mentioned
above and compared with the corresponding temporarily
and spatially collocated profiles of WRF-Chem and
MOZART-4 models.

7.2.1. Comparison of monthly average profiles of CO and
O3 of MOZAIC with WRF-Chem and MOZART-4 Model
Simulation. The monthly average profiles of CO and O;
observed from MOZAIC observations are analysed by
dividing the months into monsoon and pre-monsoon
category. We consider January, March and November as
pre-monsoon months in general and June and August are
considered as monsoon months.

The monthly average variation in CO profiles is shown
in Fig. 5. It may be noted from Fig. 5, that CO variation
in pre-monsoon and monsoon months ranges (90-270)
+ 17 ppbv and (100-200) =+ 15 ppbv, respectively. Figure 6
shows the monthly average variation in O3 profiles, and it
can be seen that the monthly average variation in Oz con-
centration in pre-monsoon and monsoon months ranges
(30-80) +11ppbv and (20-90) + 14 ppbv, respectively.

Figure 5 also shows the monthly average profiles simula-
ted from WRF/Chem and MOZART-4 models. We have cal-
culated the mean bias (Table 3) to compare the MOZAIC
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Fig. 5.

Monthly mean profiles of CO along with standard deviation are plotted for different months of the year 2009 for MOZAIC

observations and WRF-Chem and MOZART-4 simulations. N represents the total number of profiles of that particular month.

observed monthly average profiles with those simulated
from WRF-Chem and MOZART-4 models using eq. (1).
Both the models have reproduced observed variability in
CO and Oj; for pre-monsoon and monsoon monthly
averaged profiles. It may be noted from Table 3, in the
near-surface tropospheric layer (0-2 km), the mean bias in
CO between WRF-Chem (MOZART-4) and MOZAIC in
pre-monsoon and monsoon monthly average profiles is
~52.5(35.7) and 46.4 (17.6) ppbv respectively; however, in
the mid to the high level of troposphere (2—10km), it is
~7.2(6.5) and 16.6 (16.3) ppbv, respectively. Similarly, the
mean bias in the near-surface tropospheric layer (0-2km)
in O3 between WRF-Chem (MOZART-4) and MOZAIC
in pre-monsoon and monsoon monthly averaged profiles is
~9.3 (6.1) and 6.4 (11.4) ppbv, respectively; however, in
the mid to the high level of troposphere (2—10km), it is
~13.2 (15.6) and 9.4 (8.2) ppbv, respectively.

7.2.2. Comparison of anomalous profiles of CO and Oj;
of MOZAIC with WRF-Chem and MOZART-4 Model
Simulation. In the previous section we have compared the
monthly averaged profiles of CO and O3 of MOZAIC with
WRF-Chem and MOZART-4 simulations. We have also
extended the simulation study in the case of few anomalous
profiles of CO and Oj that are obtained from MOZAIC
observations. We refer these profiles anomalous due to
their very high or low value compared to the corresponding
monthly average profiles of CO and O; of MOZAIC (Figs. 7
and 8). The anomalous profiles are also divided into pre-
monsoon and monsoon category. We consider 24 January,
11 March and 6 November 2009 profiles as pre-monsoon
profiles and 4 June and 1 August 2009 profiles as monsoon
profiles.

We have calculated the mean bias [eq. (2)] for CO and O3
simulated from WRF-Chem and MOZART-4; mean bias is
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Fig. 6. Monthly mean profiles of O3 along with standard deviation are plotted for different months of the year 2009 for MOZAIC
observations and WRF-Chem and MOZART-4 simulations. N represents the total number of profiles of that particular month.

Table 3. Mean bias is calculated for monthly average WRF-Chem and MOZART-4 simulated CO and Os with respect to MOZAIC
observations for different months of the year 2009.

Mean Bias with WRF-Chem (MOZART-4) for CO (ppbv)

Time 0-2km 2-4km 4—6km 6-8km 8-10km
Jan 2009 53.6 (—26.9) 31.0 (=3.7) 7.8 (12.0) 7.0 (6.9) —4.4 (2.1
March 2009 —49.6 (—71.7) —-0.9(-23.2) 52(—13) 6.8 (0.5) 24(-22)
Jun 2009 49.3 (23.3) 40.7 (11.8) 28.8 (6.2) 17.4 (1.3) 14.1 (5.2)
Aug 2009 43.6 (12.0) 16.8 (—11.4) 9.0 (—28.2) 0.1 (—31.9) —6.5(—34.4)
Nov 2009 54.5 (—8.6) 5.1(—9.8) 49 4.1) 5.9 (5.6) 53(7.4)

Mean Bias with WRF-Chem (MOZART-4) for O3z (ppbv)
0-2km 2-4km 4-6km 6-8km 8-10km
Jan 2009 3.9 (—3.5) —12.5(—11.5) —19.7(—-17.2) —21.4 (—20.9) —10.9 (—15.7)
March 2009 —12.1 (—8.3) —51(-17.6) —12.3 (—11.6) —23.9(—-21.9) —27.2 (—21.8)
Jun 2009 7.8 (—11.3) 15.0 (—10.7) 7.6 (—6.4) 2.4 (1.5) 1.8 (—0.3)
Aug 2009 5.0 (—11.5) 10.0 (—22.9) 15.8 (—13.0) 209 (—2.9) —1.8(—8.3)

Nov 2009 11.9 (=6.7) 6.2 (—8.9) 4.6 (—9.9) —29(—155) —12.6 (=25.7)
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Fig. 7. The monthly mean MOZAIC CO profiles (MOZAIC_MEAN) for 5 months of the year 2009 are shown along with the standard
deviation. The anomalous profile observed by MOZAIC for a particular month is shown along with the spatially and temporarily
collocated profile simulated by WRF-Chem using BMJ, KF and GD convection schemes and MOZART-4 model.

also calculated for meteorological variables simulated from schemes of WRF-chem model since mesoscale models like
WRF-Chem with respect to the MOZAIC observations WRF-Chem are unable to explicitly resolve convective
using eq. (2). In addition, we have calculated the mean bias cloud formation when the grid resolution is coarser than
for CO and O; simulated from different convection about 10 km. Thus model simulations using grid resolutions
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Fig. 8.  The monthly mean MOZAIC O; profiles (MOZAIC_MEAN) for 5 months of the year 2009 are shown along with the standard
deviation. The anomalous profile observed by MOZAIC for a particular month is shown along with the spatially and temporarily
collocated profile simulated by WRF-Chem using BMJ, KF and GD convection schemes and MOZART-4 model.
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of 10km or larger require parameterisation of cumulus
clouds. The goal of cumulus parameterisation is to deter-
mine the collective effects of cumulus clouds, rather than
to resolve how a single cloud affects the vertical profile
(Arakawa and Schubert, 1974). In the present study, simu-
lations with 15km grid resolution have been compared
using three different cumulus parameterisation schemes:
Kain-Fritsch, Betts-Miller-Janji¢ and Grell-Dévényi en-
sembles that use MYJ PBL scheme for all convection
schemes. The MYJ scheme determines eddy diffusion
coefficients from prognostically calculated turbulent kinetic
energy (TKE) (Hu et al., 2010).

The turbulent diffusion coefficient is diagnosed in MYJ
PBL scheme and passed to a separate subroutine to com-
pute the vertical mixing of chemical species. As a result,
only local mixing is considered for chemical species while
non-local mixing and entrainment processes are not con-
sidered for chemical species included in WRF-Chem even
though they are considered for meteorological variables.

The KF cumulus parameterisation scheme (Kain and
Fritsch, 1990; Kain, 2004) uses the Lagrangian parcel
method and satisfies sub-grid scale convection through
a mass-flux approach. It involves three important steps.
First, it identifies whether instability exists and then
determines if existing instability will lead to cloud growth.
It then calculates properties of the convective clouds. The
accomplishment of these tasks takes place over several
steps, first by identifying potential source layers, or updraft
source layers (USLs). The second compares the tempera-
ture of the environment (T.,,) with that of parcel (Tp,,). If
Tpar <Tenv(negative buoyancy), a temperature perturba-
tion is assigned to the parcel based on the strength of the
vertical motion which typically increases Ty, by 1-2K.
Again if Tp,, is still less than Ty, the base of the USL is
moved up one model level and the process is repeated. If
Tpar is warmer than T.,,, the parcel is released at its lifting
condensation level (LCL) based on its original unperturbed
temperature and vertical motion profile. Finally, the KF
closure assumption is based on a Convective Available
Potential Energy (CAPE) removed process. The updraft
and environment mass fluxes are rearranged in the mass
column until 90 % of the CAPE over a time period which
is typically between 0.5 and 1 h long (Kain, 2004). The
removal of CAPE is performed by rearranging the mass in
a column using the updraft, downdraft and environmental
mass fluxes.

The Betts-Miller-Janjic (BMJ) cumulus parameterisation
scheme is the extension of the Betts—Miller scheme (Betts
and Miller, 1986). Similar to the KF scheme, BMJ is
triggered when a parcel of air ascends a certain distance, as
well as having positive CAPE. The BMJ scheme then
adjusts the atmospheric temperature and moisture profile
toward a reference structure of temperature and moisture

profile by using deep and shallow convection. The reference
structures are pre-monsoon-determined profiles of tem-
perature and moisture inside the cumulus scheme.

The GD ensemble cumulus parameterisation scheme
(Grell and Dévényi, 2002) is ideal for high resolution
(ARW WRF User’s Guide, 2009). The scheme employs
a variety of mass-flux and closure assumptions, feedback
assumptions and trigger functions at each grid point; the
various closure assumptions include vertical advection of
moisture, vertical velocity and CAPE removal, similar to
that in KF. The feedback assumptions include perturba-
tions based on cloud size and entrainment strength and
detrainment from updrafts. The difference in static control
(cloud properties) is combined with differences in dynamic
control (the modulation of the convection by the environ-
ment) which are based on CAPE, vertical velocity and
moisture convergence. Using ensemble and data assimila-
tion techniques, the GD scheme statistically determine the
best approach to ingest back to the model.

Table 4 gives the mean bias calculated for CO and O; for
WRF-Chem (using BMJ, KF and GD convection schemes)
and MOZART-4 simulations. In the two pre-monsoon
(24 January 2009, 6 November 2009) and one monsoon
(4 June 2009) anomalous profiles, WRF-Chem reproduces
the observed variability in CO and O; throughout the
troposphere in good agreement compared to the remaining
two anomalous profiles each from pre-monsoon (11 March
2009) and monsoon (1 August 2009). In the 11 March 2009
profile, both the models have large bias in CO ( > 70 ppbv)
in the surface region (0—2 km); however, the KF scheme of
WRF-Chem has approximately 6 ppbv less bias in CO in
the surface region compared to the MOZART-4 and the
other WRF-Chem convection schemes. Furthermore, both
the profiles (11 March and 1 August 2009) have large bias
in O3 in the 68 km altitude region with all WRF-Chem
convection schemes and MOZART-4 model; however,
MOZART-4 model has less bias in Oz in the 11 March
2009 profile at 6-8 km altitude region compared to the
WRF-Chem. It may also be noted that in these two
anomalous profiles the maximum mean bias with WRF-
Chem in Oj in 6-8km altitude region is approximately
100 % higher compared to the maximum bias of remaining
profiles which is 22 ppbv in 24 January 2009 anomalous
profile in 4-6 km altitude region.

We can explain these two large discrepant profiles
(11 March and 1 August 2009) by looking at the meteoro-
logical parameters corresponding to them. The meteorol-
ogy plays a very important role in these profiles since these
are at night time (21 GMT) and the advantage of WREF-
Chem model is that it simulates meteorological parameters
along with the chemical species concentration. The meteor-
ological parameters such as temperature, water vapour
mixing ratio, wind speed and wind direction corresponding
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Table 4. Mean bias in O (CO) for the anomalous profiles of the year 2009 is calculated at different layers of the troposphere
24 Jan 2009
WRF-Chem
Altitude (km) BMJ KF GD MOZART-4
0-2 —5.8 (19.8) —5.8(19.8) —0.2 (5.6) —7.8 (—14.2)
2-4 —21.8 (19.4) —21.9 (19.4) —22.1 (21.5) —28.6 (17.3)
4-6 —22.7 (3.0) —22.7 (3.1) —22.3(3.0) —19.1 (0.4)
6-8 —5.6 (9.8) —5.6 (9.8) —5.79.5) —6.5 (4.3)
8-10 —16.3 (3.2) —16.2 (3.2) —17.1 (3.7) —13.9 (10.0)
11 March 2009

0-2 —4.1 (37.8) —17.0 (37.7) —6.3 (35.1) —31.4(=75.3)
2-4 7.8 (77.0) 8.5 (76.8) 13.1 (70.0) —20.1 (—76.7)
4-6 —18.7 (13.8) —23.2 (15.1) —22.6 (14.3) —12.2 (—20.3)
6-8 —44.4 (0.1) —45.4(0.2) —45.7(0.1) —22.9(0.1)
8-10 —33.7(—134) —339(—134) —328(—134) —18.2(—29.7)

4 June 2009
0-2 5.6 (36.1) 7.3 (34.5) 4.9 (34.0) —6.9 (20.7)
2-4 5.2(27.9) 6.9 (26.2) 7.2 (26.6) —5.1(19.5)
4-6 0.1 (5.2) —0.4(5.1) —0.8 (5.1) 4.3 (12.0)
6-8 —12.8 (2.2) —12.3(2.5) —10.8 (2.7) 23.3 (6.1)
8-10 —20.6 (13.6) —19.3 (14.1) —19.8 (13.3) 0.6 (9.5)

1 Aug 2009
0-2 5.1 (15.7) 6.4 (18.9) 5.7 (15.3) —2.4(17.0)
2-4 10.0 (—7.7) 12.1 (—2.1) 13.5(—3.1) —9.0(—8.3)
4-6 16.9 (1.4) 14.1 (3.1) 19.1 (1.6) 10.8 (—10.9)
6-8 38.6 (5.1) 31.0 (7.4) 31.1 (6.6) 32.3(—234)
8-10 14.0 (5.0) 14.3 (6.8) 9.6 (2.2) 4.9 (—2.8)

6 Nov 2009
0-2 —5.3(16.2) —-9.6 (14.2) —11.3(39.7) —23.6 (16.9)
2-4 6.1 (34.0) 8.8 (30.5) 2.7 (27.9) —54(11.7)
4-6 —3.0 (25.1) 6.7 (21.5) —4.4 (24.2) 8.7 (—23.3)
6-8 —7.5(19.5) —8.4 (20.0) —4.4(17.5) 11.3 (3.6)
8-10 4.5 (6.5) 1.7 (9.8) 2.7 (9.4) —17.6 (17.8)

to all anomalous profiles are simulated with WRF-Chem
and compared with the MOZAIC observations (Figs. 9, 10
and 11). Table 5 presents the mean bias calculated for
the meteorological parameters at the different regions of
the troposphere. It may be noted that the mean bias in
temperature, water vapour mixing ratio and wind speed
between WRF-Chem simulations and MOZAIC observa-
tions varies from 0.0 to 2 K, 0.0 to 4.6mg/kg and 0 to
6.7 m/s, respectively. Temperature simulations from WRF-
Chem model are much more accurate compared to the
water vapour mixing ratio, wind speed and wind direction.
The WRF-Chem underestimates the water vapour mixing
ratio simulation (Fig. 9) in almost each profile. The wind
speed simulation (Fig. 10) from WRF-Chem is also in
acceptable limit of accuracy except in pre-monsoon profile
(11 March 2009) where there is overestimation of wind
speed at the level of high troposphere (9—12 km). Figure 11
shows the wind direction plots of WRF-Chem simulations
along with MOZAIC observations. It may be noted from

Fig. 11 that the uncertainty in WRF-Chem simulation of
wind direction is very high between 4 and 6km altitude
region in pre-monsoon profile (11 March 2009). The WRF-
Chem simulation shows that the wind direction is north-
west and south-west direction (ranging from 225 to 350
degrees) whereas the observations from MOZAIC data
show that the wind direction is in north-east direction
(ranging from 20 to 80 degrees). In addition, we have also
shown the wind direction plots overlaid on Oz simulation
of 6, 12 and 18 ZMT, respectively, of WRF-Chem at 2, 6
and 8 km altitude region in Fig. 12. The figure shows that
the winds from north—west and south—west directions are
transporting the Oz over the Hyderabad region (shown
in red square) at 6 and 8 km altitude. However, no such
transport can be seen in CO over Hyderabad (Fig. 13) at
different altitudes.

In the monsoon profile (1 August 2009), there is un-
certainty in wind direction (Fig. 11) between 5 and 7km
altitude region as well as an inversion in temperature in
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Fig. 9.

MOZAIC observed temperature (bottom x-axis labels) and water vapour mixing ratio (top x-axis labels) profiles are plotted along

with WRF-Chem simulation corresponding to CO and O; anomalous profiles.

the MOZAIC temperature profile (Fig. 9) at the level of
mid-troposphere ( ~6—7km) which breaks at the altitude
of ~7km. The inversion in the temperature causes the high
mixing of O3 in MOZAIC profile at this altitude region
(Fig. 8). However, the temperature inversion feature is
completely missing in the WRF-Chem temperature profile
and hence in the corresponding O; profile.

24 Jan 2009 11 Mar 2009

The emission inventories have several sectors contribut-
ing to the emissions, but there are some sectors not in-
cluded in one or two inventories. Due to these differences,
the total emissions and associated uncertainties for the region
are variable. In the present study, a simple grid-mapping
program, ‘prep-chem-sources’ is used in the WRF-Chem
model for global emission data. The ‘prep-chem-sources’ is
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Fig. 10.

MOZAIC observed and WRF-Chem simulated wind speed profiles are plotted corresponding to anomalous CO and Oj profiles.
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simulations are plotted against altitude.

an emission data generator package to provide gridded
emission fluxes (kg/m?). We have used RETRO and
EDGAR global inventories to generate the anthropogenic
emission fluxes, whereas the biogenic emissions of trace

Table 5. Mean bias is calculated for WRF-Chem with respect to
MOZAIC observations for temperature, water vapour mixing
ratio and wind speed at different altitude region

Mean bias

Temperature (K)

Date 0-2km 2-4km 4-6km 6-8km 8-10km
24 Jan 2009 1.9 —-0.7 —0.6 0.3 —-0.2
11 March 2009 0.4 0.0 —-1.2 —-0.2 0.6
4 June 2009 0.5 0.6 0.5 1.5 0.0
1 Aug 2009 0.5 1.2 —-0.9 2.0 0.4
6 Nov 2009 1.4 —-0.7 —0.1 —0.1 1.6
Water vapour mixing ratio (mg/kg)
24 Jan 2009 2.8 0.8 0.5 0.0 0.0
11 March 2009 4.6 3.0 0.1 0.0 0.0
4 June 2009 3.0 3.1 0.1 0.1 0.1
1 Aug 2009 0.1 -2.0 —-04 —0.5 —0.3
Wind speed (m/s)
24 Jan 2009 0.6 1.1 —-2.3 —-1.9 0.4
11 March 2009 —1.6 —-0.5 0.8 —-23 1.5
4 June 2009 3.2 2.7 —1.6 0.3 —14
1 Aug 2009 0.2 0.0 0.9 0.3 0.8
6 Nov 2009 —-2.0 —1.4 0.8 6.7 —0.4

Wind direction corresponding to anomalous CO and Oj profiles obtained from MOZAIC observation and WRF-Chem

species are calculated using MEGAN. Schultz et al. (2007)
report several uncertainties associated with the RETRO
emissions. These uncertainties include omission of specific
sectors (e.g., railway traffic or cement manufacturing),
underestimation of CO combustion emissions and NO,
ship traffic emissions, and the lack of weekly and diurnal
profiles of emissions. For the Southeast Asia region, the
RETRO seasonal cycle is based on the long-term O;
Simulation and European Operational Smog (LOTOS-
EUROS). Kurokawa et al. (2013) has shown that there is
very little seasonal cycle for anthropogenic emissions of
NO, and black carbon over India, which is a region similar
to Southeast Asia in terms of climate. Similarly for
EDGAR, based on the detailed accounting of the emission
control measures that have been put into operation after
1990, Cofala et al. (2007) identify large discrepancies in the
transport sectors. EDGAR tends to estimate higher emis-
sions from industry and the domestic sector, and lower
emissions from transport, especially from non-road
sources. In the MEGAN emissions, soil NO, emissions
are estimated to be uncertain, and these uncertainties could
add to model-observation discrepancies during summer
where heavy precipitation events are shown to induce
strong pulses of NO, (Ghude et al.,, 2010). Lightning
NO, emissions were not included in the simulations but
are suggested to contribute very little to NO, emissions
over the Indian region (Ghude et al., 2010).

We analysed the CO and Oj; vertical profiles with WRF-
Chem and MOZART-4 models which include both
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Hyderabad lies inside the box in the figure.

monthly averaged and anomalous profiles by taking
MOZAIC observations as a reference. It has been found
that both the models have reproduced CO and O; profiles
within acceptable limits. We found the advantage with the
simulations made by WRF-Chem over MOZART-4 in
terms of meteorology that is coupled with chemistry in
WRF-Chem model. We explain the two anomalous profiles
(11 March and 1 August 2009) with the help of their
meteorological parameters corresponding to them, which
are simulated from WRF-Chem model.

This study is also a prototype of the simulations made
using different convection schemes of WRF-Chem. It has
been shown that a particular convection scheme can repro-
duce CO or O; profile better compared to other convection
schemes. For example, in 24 January 2009 anomalous
profile (Figs. 7 and 8), WRF-Chem reproduces CO and O;
better by ~ 15 and 6 ppbv, respectively, with GD convec-
tion scheme in the near-surface tropospheric layer (0—2 km)
compared to other convection schemes. It may be said that
if we have prior determined conditions that qualify one of
the convection schemes, it will result in a better simulation
of chemical species.

81°E 84°E 72°E 75°E 78°E 81°E 84°E

12z 182

WRF-Chem winds are plotted overlaid on O3 (ppbv) at 2, 6 and 8 km altitude region at 6, 12 and 18 GMT. The O3 over

8. Conclusion

The tropospheric CO and Oj variability based on the
MOZAIC and TES observations as well as WRF-Chem and
MOZART-4 simulations have been studied in Hyderabad,
India. The seasonal variability corresponding four dif-
ferent seasons have been discussed based on MOZAIC
observations and TES retrieval. It is noted that the vertical
profiles of Oj retrieved from TES observations have
less mean bias and standard deviation compared to CO
profiles. It is also noted that TES retrieval of O3 in autumn
(SON) season is better compared to the other seasons with
respect to MOZAIC observations. The time-dependent
changes from MOZAIC and TES observations are ana-
lysed by taking differences of the smoothed monthly
anomaly of CO and Os. Table 2 summarises the inter-
annual changes in the different regions of the troposphere.
The near-surface (0—2km) tropospheric CO and O; over
Hyderabad shows a very significant increase from 2006 to
2010 with the MOZAIC observations. In 2—8 km tropo-
spheric layer, both MOZAIC and TES have shown a very
small decrease in CO; however, no significant interannual
decrease is observed in O in the same tropospheric layer
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Hyderabad lies inside the box in the figure.

from both the observations. In the 8-10km tropospheric
layer, MOZAIC observations have not shown any signifi-
cant decrease in CO; however, very small decrease is found
in 03.

The WRF-Chem model simulates the meteorological
variables as well as the chemical species. Therefore, the
dynamics associated with CO and O; variability is also
discussed using the meteorological parameters such as
temperature, water vapour mixing ratio, wind speed and
wind direction. Further, the CO and Oj; profiles have been
reproduced using different convection schemes available
within the WRF-Chem simulation. It has been found that
the accuracy of different convection schemes differs in
different regions of the troposphere.

The present work attempted to study the anomalous
profiles of CO and O; obtained from the in situ observa-
tions of MOZAIC during 2009 using different convection
schemes available in the WRF-Chem model. This study can
also be extended using a different PBL scheme available
within the WRF-Chem model since different PBL schemes
present different kinds of mixing in the PBL which will
impact the simulations further.
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