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Source attribution of carbon monoxide in India and surrounding
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[1] This study presents a CO source contribution analysis for the atmosphere of South
Asia during January—February 2008. The approach includes into the Weather Research
and Forecasting Model with Chemistry 11 CO tracers, which track CO from different
source types and regions. The comparison of model results with Measurement of Pollution
in the Troposphere CO retrievals shows that the model reproduces the spatial, vertical, and
temporal distributions of Measurement of Pollution in the Troposphere retrievals fairly
well, but generally overestimates CO retrievals in the lower troposphere. CO mixing ratios
averaged over the model domain at the surface, in the planetary boundary layer, and the
free troposphere are estimated as 321 291, 280 £ 208, and 125 £ 27 ppbv, respectively.
Model results show that wintertime CO in the boundary layer and free troposphere over
India is mostly due to anthropogenic emissions and to CO inflow. In the boundary layer,
the contribution from anthropogenic sources dominates (40-90%), while in the free
troposphere the main contribution is due to CO inflow from the lateral boundaries (50-90%).
Over the Arabian Sea and the Bay of Bengal, 43—51% of surface CO mixing ratios come from
the Indian subcontinent and 49-57% from regions outside of South Asia. The anthropogenic
sources in the Indo-Gangetic Plain region are found to contribute, on average, 42% and 76%
to anthropogenic surface CO over the Arabian Sea and the Bay of Bengal, respectively. The
anthropogenic emissions from western and southern India contribute 49% to anthropogenic
surface CO over the Arabian Sea. Anthropogenic emissions contribute only up to 40% over
Burma where biomass burning plays a more important role. Regional transport contributes
significantly to total anthropogenic CO over southern India (41%), Burma (49%), and even

exceeds the contribution from local sources in western India (58%).
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monoxide in India and surrounding regions during wintertime, J. Geophys. Res. Atmos., 118, 1981-1995, doi:10.1002/jgrd.50134.

1. Introduction

[2] Carbon monoxide (CO) is of great importance in the
troposphere due to its implications on air quality, atmospheric
chemistry, and global climate. Higher levels of CO in the
boundary layer can lead to serious health problems [e.g., Raub
and Benignus, 2002]. CO affects the oxidizing capacity of the
atmosphere by removing the troposphere’s primary oxidant,
the hydroxyl (OH) radical [ Warneck, 2000], and by influencing
the tropospheric ozone budget [Logan et al., 1981; Levy et al.,
1997]. It can contribute to climate change indirectly by affecting
the concentrations of key greenhouse gases such as methane
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and ozone [e.g., Wigley et al., 2002]. CO with a mean
tropospheric lifetime of about 2 months is also a useful tracer
for tracking the transport of continental polluted air masses
[e.g., Pfister et al., 2004; Yashiro et al., 2009]. Therefore, it
is important to understand the different processes controlling
the distribution and variability of CO in the troposphere.

[3] Numerous efforts have been made to measure CO in dif-
ferent chemical environments from multiple platforms includ-
ing ground-, aircraft-, and satellite-based instruments [e.g.,
Novelli et al., 1992; Drummond and Mand, 1996; Beer et al.,
2001; Allen et al., 2004]. These observations have been inte-
grated with chemical transport models to understand the spa-
tio-temporal variability and budget of CO in the troposphere
[e.g., Granier et al., 1999; de Latt et al., 2001; Pfister et al.,
2004]. However, such studies have been sparse over the South
Asian region where anthropogenic CO emissions have been
rapidly increasing (~2.3% year ') during the past 23 decades
[Ohara et al., 2007] and have characteristics different from
those in other parts of the world due to their disproportionately
large contribution from biofuel and biomass burning [Lawrence
and Lelieveld, 2010; Kumar et al., 2011].

[4] Surface CO measurements over South Asia are extremely
sparse and are available only for a few sites in western
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[Lal et al., 2000; Naja et al., 2003; Beig et al., 2007], southern
[Naja and Lal, 2002; Kumar et al., 2008], and northern [Aneja
et al., 2001; Ojha et al., 2012] parts of India. Few short-term
campaign observations of surface CO are available over the
adjoining oceanic regions of the Arabian Sea and the Bay
of Bengal [e.g., Naja et al., 1999; Lelieveld et al., 2001; Naja
etal.,2004; Lal et al.,2007; David et al.,2011]. These surface
observations provide important information about CO
seasonality and show that CO levels in South Asia are highest
during winter. Measurements of the vertical distribution of CO
do not exist over South Asia.

[5s] Due to scarcity of in situ observations, the uses of satellite
observations together with models are highly essential.
Different ground- and satellite-based observations show
that levels of other trace species such as ozone, NO,,
nonmethane hydrocarbons [e.g., Lal et al., 2000; Sahu and
Lal, 2006; Ghude et al., 2008; Kar et al., 2010; Kumar
et al., 2010] and aerosols [Tripathi et al., 2005; Di
Girolamo et al., 2004] are also higher during winter over
South Asia. Furthermore, the observations over the marine
regions suggest that pollutants from inland South Asian
regions can be transported to the cleaner oceanic regions
during winter [e.g., Naja et al., 2004; Lal et al., 2007].
For these reasons, the present study focuses on the winter
season and attempts to identify the major processes contrib-
uting to wintertime CO mixing ratios in the troposphere of
South Asia and the role of regional-scale transport in dis-
tributing CO emitted from different South Asian regions.

[6] Thebudget of CO in the troposphere is controlled by a
combination of physical and chemical processes including
emissions, deposition, transport, and photochemistry. CO
is emitted by both natural and anthropogenic sources but
global total CO emissions are dominated by the latter
[e.g., Granier et al., 2000; Horowitz et al., 2003]. The indi-
vidual contributions of different processes to the CO budget
have been determined in several studies by including CO
tracers into global and regional models [e.g., Granier
et al., 1999; Lamarque and Hess, 2003; Pfister et al.,
2004, 2011; Huang et al., 2010]. This concept has also been
used to quantify the contribution of different emission
sources to total CO over the Indian Ocean during the Indian
Ocean Experiment [de Laat et al., 2001]. However, such a
study has not been conducted over India. More recently, this
tracer concept has been successfully implemented in the
Weather Research and Forecasting Model with Chemistry
(WRF-Chem) to study the CO budget over the USA [Pfister
et al., 2011; Boynard et al., 2012].

[7] To study the wintertime CO source contribution and
variability over South Asia, the concept of CO tracers is
applied with version 3.3.1 of the WRF-Chem model. An
extensive comparative analysis of WRF-Chem results with
observational data from surface-based, balloon-borne and
space-borne sensors [Kumar et al., 2012a, 2012b] showed
that the model can capture many important features of the
trace gases observations in the South Asia region. The
model reproduced the seasonal variability of CO observed
at three sites in India and spatio-temporal variability of the
Measurement of Pollution in the Troposphere (MOPITT)
CO retrievals during all the seasons. The present manuscript
begins with a description of the WRF-Chem model and
different CO tracers in section 2. Section 3 illustrates the

ability of the model to reproduce the spatial, temporal, and
vertical structure of tropospheric CO through comparison
with MOPITT retrievals. The contribution of CO from
different sources and the role of regional meteorology in
distributing CO over South Asia are discussed in section 4
Results from this study are summarized in section 5.

2. The Model Description

[8] This study uses version 3.3.1 of the Weather Research
and Forecasting Model [Skamarock et al., 2008] coupled with
Chemistry [Grell et al., 2005]. The meteorology and chemis-
try in the WRF-Chem model are simulated simultaneously us-
ing the mass and scalar conserving flux form of the governing
equations and a terrain-following mass vertical coordinate.
Both the meteorology and chemistry components of the model
use the same transport scheme, grids in horizontal and vertical
directions, and physical parameterizations for subgrid scale
processes. In this study, the model domain is centered at
25°N, 80°E covering nearly the entire South Asian region
(5°N—40°N; 60°E-100°E) at a horizontal resolution of 45 km
45km from the surface to 10hPa with (90,90,51) grid
points in (x,y,z) directions. Different schemes used for the
parameterization of atmospheric processes in the WRF-Chem
configuration used for this study are listed in Table 1. The
gas phase chemistry is represented by the Regional Acid
Deposition Model, which includes 63 gas-phase species,
21 photolysis, and 136 gas-phase reactions [Stockwell et al.,
1990]. The initial and boundary conditions for meteorological
and chemical fields are obtained from 6 hourly National
Centers for Environmental Prediction final analysis fields
(http://dss.ucar.edu/datasets/ds083.2/data/) and Model for
Ozone and Related Chemical Tracers — Version 4 (MOZART-4)
results [Emmons et al., 2010], respectively.

[¢] Anthropogenic emissions of CO, NO,, SO,, and
nonmethane volatile organic compounds (NMVOCs) are taken
from the Intercontinental Chemical Transport Experiment —
phase B inventory [Zhang et al., 2009] and the Reanalysis of
Tropospheric Chemical Composition (RETRO) (http://retro.
enes.org/index.shtml) database as described in Kumar et al.
[2012b]. The spatial distribution of average wintertime
(December, January, and February (DJF)) anthropogenic CO
emissions over the model domain used here is shown in
Figure 1. Anthropogenic CO emissions are highest over
the Indo-Gangetic Plain (IGP) region and other megacities
(e.g., Ahmedabad, Mumbai, Delhi, Dhaka, Kolkata, and

Table 1. WRF-Chem Configuration Used in This Study

Atmospheric Process Scheme Used

Cloud nicrophysics
Long-wave radiation
Short-wave radiation
Surface layer

Land surface model
Planetary boundary

Thompson microphysics [Thompson et al., 2004]
Rapid Radiative Transfer Model [Mlawer et al., 1997]
Goddard shortwave [Chou and Suarez, 1994]
Monin-Obukhov (Janjic Eta) [Janjic, 1996]

Noah Land Surface Model [Chen and Dudhia, 2001]
Mellor-Yamada-Janjic [Janjic, 1996, 2002]

layer
Cumulus Kain-Fritsch [Kain, 2004]
Photolysis Fast-J photolysis [Wild et al., 2000]

RADM2 [Stockwell et al., 1990]
Wesely [Wesley, 1989]

Gas phase chemistry
Dry deposition

RADM, Regional Acid Deposition Model.
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Figure 1. Spatial Distribution of wintertime (DJF) average
anthropogenic CO emissions over the model domain.
Regional classification of different geographical regions
along with the Arabian Sea and the Bay of Bengal is also
shown. NI, W1, EI, and SI represent northern, western, eastern,
and southern India, respectively.

Thiruvanantpuram). CO anthropogenic emissions summed
over the model domain during winter are estimated as
28,740 Gg CO. A major component of the CO anthropogenic
emissions comes from biofuel use, which contributes 41% to
the total anthropogenic emissions. The contributions from
industrial, transportation and power plants sectors are estimated
as 30%, 28%, and 1%, respectively. Biogenic emissions of
trace gases from terrestrial ecosystems are calculated online
from the Model of Gases and Aerosols from Nature [ Guenther
et al., 2006], but biogenic emissions of CO can be regarded as a
minor source (~400 Gg/yr; http://eccad.sedoo.fr) . The emissions
from biomass burning are obtained from the Fire Inventory
from National Center for Atmospheric Research [ Wiedinmyer
et al., 2011] and are distributed in the model vertically follow-
ing the online plume-rise module [Freitas et al.,2007]. Biomass
burning is a small contribution during wintertime and total
biomass burning CO emissions over the model domain for
the considered time period are estimated as 2471 Gg.

[10] This study includes 11 CO tracers to keep track of CO
contributions from different source types and geographical
regions. These tracers are synthetic tracers added as individual
species to the simulation and experience the same transport,
chemical, and loss processes as the total simulated CO. We
include tracers for CO emitted from regional anthropogenic
(CO-ANT), biogenic (CO-BIO), and biomass burning (CO-
BB) sources, CO produced photochemically within the do-
main from regional emissions of hydrocarbons (CO-CHEM)
and CO inflow from the lateral domain boundaries (CO-BC).
These five tracers account for all possible sources of tropo-
spheric CO in the model. The CO-BC includes contributions
from all the emission (natural as well as anthropogenic) and
photochemical sources located outside the selected domain
and therefore its distribution will provide information about
background CO levels in this region. In addition to these five
tracers, the anthropogenic emissions from five different geo-
graphical regions within the domain, namely northern India

(NI), western India (WI), eastern India (EI), southern India
(SI), and Burma (BUR) are tagged separately. These regions
represent the largest surface emitters of anthropogenic pollu-
tion (including CO) within the model domain and are shown
in Figure 1. Anthropogenic emissions of CO from outside
these five regions are also tagged separately and are classified
as others (OTH). Regional anthropogenic CO tracers are
defined as CO-ANI, CO-AOTH etc. This is the first time
that CO tracers from different regions in South Asia have
been included in a regional chemistry model allowing for attri-
bution of CO anthropogenic sources from different Indian
regions. Each tagged CO undergoes the same chemical pro-
cesses as the standard CO species and is deposited at the
surface with the same deposition velocity. The initial and
lateral boundary conditions for all the tracers are set to zero
except the boundary conditions for CO-BC which are set
equal to CO from MOZART.

[11] The model simulation starts on 1 December 2007 0000
UTC with a time step of 180s, and results are output every
hour. The model results can be used for source contribution
analysis only after sufficient spin-up, i.e., when the sum
of tagged CO tracers equals the total CO tracer. In the free
troposphere, all the tracers are found to spin up well after
10 days of model run. At the surface, the percentage differences
between the instantaneous total CO and the sum of CO tracers
(COgae=CO-ANT + CO-BIO + CO-BB + CO-CHEM + CO-BC)
show that the sum of all tracers approaches total CO values
after about 20 days (Figure 2) with values within +5% of
total CO surface over the continental region of South Asia.
It is 10-15% over the Oceanic region (Arabian Sea). The
tracers are well spun up at the surface after 31 days with percent
difference of less than +2% over the domain and remaining
within £2% throughout the simulation. In order to avoid the
effects due to spin-up, the analysis of the model results is lim-
ited to the period from 1 January to 29 February 2008.

3. Model Evaluation

[12] The model results have been evaluated extensively
with ground-based, balloon-borne, and satellite-borne obser-
vations [Kumar et al., 2012b]. They showed that WRF-Chem
results reproduced seasonal variations of ozone and CO, but
deviated from NO, measurements. Here, we extend the evalu-
ation to focus on the January—February 2008 time period using
MOPITT data. The MOPITT version 4.0 Level 2 retrievals of
total column and vertical profiles of CO mixing ratios [Deeter
et al., 2010] are used here to evaluate the model performance
in simulating spatial, vertical and temporal distributions of tro-
pospheric CO. MOPITT retrievals provide CO mixing ratios
at 10 pressure levels between the surface and 100 hPa with a
spacing of 100 hPa. The MOPITT retrieval algorithm uses
thermal infrared radiation (near 4.7 um) measurements in con-
junction with a maximum a posteriori optimal estimation ap-
proach [Deeter et al., 2003; Rodgers, 2000]. MOPITT V4
retrievals have been extensively validated against observa-
tions from different chemical environments and are shown to
have a bias of less than +-10% at all levels [Emmons et al.,
2009; Deeter et al., 2010]. Here, we use only daytime
MOPITT retrievals with degrees of freedom for signal
greater than 1 because daytime retrievals have better infor-
mation content than nighttime data [Deeter et al., 2010].
For comparison of model output and MOPITT, the model

1983


http://eccad.sedoo.fr

KUMAR ET AL.: CONTRIBUTION OF CO SOURCES IN INDIA

10-Dec-2007 (00:00 UTC)

20-Dec-2007 (00:00 UTC)

31-Dec-2007 (00:00 UTC)

4 1 f i / ) k i
40N ~ & R, 2 ‘ m 4 40N - ............. — ,,,,,,,,,,,, 4 40N , B AL AN e
30N . e e N 4 30N - ,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,, 30N _ _ by by Ay |
, i ; f
90N NN i, L N 20N _ ............. ............. AR A | i 20N _ ............. .....................................
: : i i / i
TON [RRRRRE | AN 4 10N .. ............. ........... - 10N _ ............. ' ....... -
o YR
60E 70E 80E 90E 100E  60E T0E 80E 90E 100E  60E 70E 80E 90E 100E
B I I I | [ T BT [T [ e
-25 -20 -15 -10 -5 0 5 10 15 20 25 5 -4-3-2-1012 3 45

Percentage Difference (%)

Percentage Difference (%)

Figure 2. Spatial distribution of the percentage difference between total CO and sum of CO
tracers (COtrac =CO-ANT + CO-BIO + CO-BB + CO-CHEM + CO-BC) at the surface on 10, 20, and
31 December 2007 at 00:00 UTC. The model simulation starts at | December 2007 at 00:00 UTC. Note
the difference in color scale for 31 December 2007 when percentage differences are within +1% in most

parts of the region.

profile is first interpolated to the time and location of the se-
lected MOPITT retrievals and the interpolated model profile
is then transformed by applying the averaging kernel and a
priori profile associated with the corresponding MOPITT
retrieval following Emmons et al. [2009]. The transformed
profile is denoted as WRF-Chem (AK) and represents the
model profile which MOPITT would measure in absence
of other errors.

[13] The spatial distributions of MOPITT and WRF-Chem
(AK) total column CO averaged from 1 January to 29 February
2008 along with the percentage difference are shown in

WRF-Chem (AK)

Figure 3. Both MOPITT and model show similar spatial distri-
butions with highest CO values (>3-10"® molecules cm ?) in
the regions of highest anthropogenic CO emissions (eastern
India and Bangladesh; Figure 1). Relatively higher CO col-
umn amounts (> 2.5-10'® molecules cm ?) are also seen over
South India, Burma and coastal regions of the Arabian Sea and
the Bay of Bengal. The MOPITT and WRF-Chem (AK) total
column CO averaged over the entire domain during January—
February 2008 is estimated as (2.440.2).10'"® and
(2.5+0.3).10"® molecules cm 2, respectively with a mean
bias of (9.1 4+ 19.5)-10'¢ molecules cm ™ (4 +8%) and a
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Figure 3. Spatial distribution of average CO total column retrieved from MOPITT and the
corresponding WRF-Chem (AK) column (simulated column convolved with MOPITT averaging kernel)
during January—February 2008. Percentage difference between model and MOPITT is also shown. The
comparison includes only MOPITT daytime retrievals with degrees of freedom for signal more than 1.
The white space indicates regions without valid data.
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correlation coefficient of 0.82. The percentage difference
between MOPITT and model CO column is within £15%
over most of the domain, except over Burma and northeast-
ern states of India where the differences reach up to about
25%. The percentage difference plot (Figure 3) indicates
that the model underestimates MOPITT CO total column
over northern, western and some parts of southern
India, while it overestimates satellite retrieved CO over
other regions.

[14] The WRF-Chem (AK) profiles are compared with
corresponding MOPITT retrieved vertical profiles of CO
in Figure 4 over the seven geographical regions defined in
Figure 1. The inland regions represent regions of varying

anthropogenic and biomass burning emission strength, and
the Arabian Sea and the Bay of Bengal represent clean marine
regions with negligible emissions. The vertical distributions
and gradients of CO mixing ratios are reproduced fairly well
by the model over all the regions and the average model and
MOPITT values match within one standard deviation at all
pressure levels. Both model and MOPITT show that CO
mixing ratios below 700 hPa are significantly higher than
those above 700 hPa. The absolute difference between model
and MOPITT varies from region to region. Except over
northern India, the model generally overestimates MOPITT
CO retrievals below 400 mb. The largest differences are
seen over eastern India, southern India and Burma where
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Figure 4. Vertical profiles of average CO retrieved from MOPITT and the corresponding WRF-Chem
(AK) profiles during January—February 2008 over seven geographical regions defined in Figure 1. The
horizontal bars represent standard deviation in the mean values. Absolute difference between model and
MOPITT for each level is also shown along right Y-axis.
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mean biases reach up to 50 ppbv at some levels in the
lowermost troposphere. This indicates that overestimation
of MOPITT total column CO (Figure 3) by the model over
these regions is mainly due to positive biases in the lowermost
troposphere and could be associated with uncertainties in
model emission estimates. The anthropogenic emission
estimates for CO show large variability among different
available emissions inventories and range from about 55
to 86 Tg/yr for India, and from 2.5 to 7.5 Tg/yr for Burma
(http://eccad.sedoo.fr). Furthermore, the errors in model
transport, chemistry, physical parameterization, and uncertainty
in satellite retrievals could also contribute to this discrepancy.
The mean bias at all levels over other regions is generally within
£20 ppbv. It is shown later (section 4.4) that the surface
CO distribution over southern parts of the domain is also
affected by transport from northern and eastern India. Thus,
the discrepancies between model and MOPITT over the
southern regions could also result from model overestimates
of CO transported from northern to southern regions. A 10

—e— MOPITT

day sensitivity run is conducted to quantify the magnitude of
such errors over southern regions by reducing anthropogenic
CO emissions over eastern India by 25%. The comparison of
base and sensitivity runs shows that a 25% reduction in eastern
Indian anthropogenic CO emissions leads to a decrease of
2-10% in surface CO in downwind southern regions. The
remaining differences in southern India could be attributed
mainly to uncertainties in anthropogenic emissions and
model transport errors.

[15] Figure 5 depicts the time series comparison of average
WRF-Chem (AK) CO mixing ratios with MOPITT retrieved
CO mixing ratios at 800 mb for the defined geographical
regions. The comparison is shown for 800 mb because the
MOPITT averaging kernel rows corresponding to 800 mb
are found to peak at this level in all the regions (not shown)
and thus retrievals at this level are envisaged to have higher
information content. The modeled values are generally in
good agreement with MOPITT retrievals and temporal varia-
tions of MOPITT retrievals are reproduced reasonably well
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Figure 5. Time series of 25 WRF-Chem (AK) and MOPITT retrieved average CO mixing ratios at 800
mb during January—February 2008 over geographical regions defined in Figure 1. Vertical bars represent
standard deviation in the mean values. The gap corresponds to missing MOPITT retrievals due to instrument

calibration and decontamination activity.
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by the model in all the regions with a correlation coefficient
between 0.28 and 0.84. The gradual increase in CO levels over
Burma and the Bay of Bengal toward the end of February is
associated with the onset of biomass burning activity in
Burma. The differences between model and MOPITT over
the Arabian Sea are higher during January than February. Be-
cause variations in CO loading over the oceanic regions is
governed mainly by transport processes, these differences
could be linked to errors in anthropogenic CO emissions.
The anthropogenic emissions used in the model are higher in
January than February due to the application of monthly vari-
ation (derived from RETRO) to Intercontinental Chemical
Transport Experiment — phase B emission inventory [Kumar
et al., 2012b]. This suggests that the RETRO inventory
might be overestimating the monthly variation.

4. Results and Discussions

4.1. Spatial Distribution of CO

[16] The spatial distributions of total CO mixing ratios
and relative contributions from different source terms
(CO-ANT, CO-BB, CO-CHEM, CO-BIO, and CO-BC) at
the surface and in the free troposphere (FT) are averaged
over January—February 2008. Average CO mixing ratios
in the FT are estimated by normalizing the FT CO column by
the corresponding FT air column. The FT columns are obtained
by integrating CO and air density from top of planetary
boundary layer (PBL) to tropopause altitude estimated us-
ing the thermal tropopause definition [Reichler et al.,
2003]. The average tropopause and PBL heights during Jan-
uary—February 2008 along with surface altitude are shown
in Figure 6 to help the interpretation. The average PBL
height is 200-600 m over most of the Indian region but
shows strong diurnal variability with daytime height reach-
ing up to about 1000-3000 m and nighttime height remain-
ing below 200 m. The average PBL height over the oceanic
regions is 400900 m with little spatial and diurnal variability.
The average tropopause height is 16-17 km over regions
south of 25°N and decreases sharply to about 10—11km
for 25°N to 40°N.

[17] CO mixing ratios at the surface exhibit large spatial
variability (Figure 7) and are highest (> 600 ppbv) over the
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Figure 6. Spatial distribution of surface elevation,

entire IGP region, parts of central India, southern tip of India,
and southern parts of Burma. The CO-ANT distribution shows
that higher CO mixing ratios over the Indian region are to a
larger degree due to anthropogenic emissions. Anthropogenic
CO accounts for more than 60% of total CO at the surface over
India except for the high altitude Himalayan regions in
northern India. Interestingly, CO-ANT also contributes
significantly (30-70%) to total surface CO over the Arabian
Sea and the Bay of Bengal, where anthropogenic emissions
are negligible (Figure 1). This indicates the transport of CO
from inland anthropogenic sources to the oceanic regions.
The individual contributions of different inland regions to
total anthropogenic surface CO over these oceanic regions
will be quantified in section 4.4. Elevated CO mixing ratios
over Burma are due to biomass burning as evident from
the CO-BB distribution. CO-BB contributes 10—-80% to sur-
face CO over Burma while CO-ANT contributes 10-40%.
CO-BB also contributes 5-10% to surface CO over south-
ern India. The contributions of CO-CHEM and CO-BIO
are generally less than 10% over all parts of the model do-
main. However, there is a clear signature of en-route photo-
chemical production of CO over the oceanic regions in the
plumes originating from Burma and India. The distribution
of CO-BC shows that inflow of CO from domain boundaries
generally contributes less than 40% of the total surface CO
over India and Burma. CO-BC accounts for more than
60% of the total CO over the Himalayan region including
the Tibetan Plateau. The distributions of total CO and all
the tracers in the PBL (not shown) are also found to be
similar to those at the surface.

[18] Average CO mixing ratios in the FT exhibit less spatial
variability (Figure 8) and range from 90 up to 200 ppbv with
highest values over the eastern IGP region, central India and
Burma. The smaller spatial variability in the FT is expected
due to reduced influences from surface emissions and
relatively faster mixing of CO due to higher wind speeds
aloft. The main (>40%) contributor to FT CO is from inflow
from the boundaries as evident from CO-BC distribution.
CO-ANT and CO-BB distributions show that anthropo-
genic and biomass burning emissions at the surface can be
transported to the free troposphere in the vicinity of strong
sources. These distributions also show that higher CO levels
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of CO-ANT (%), CO-BB (%), CO-CHEM (%), CO-BIO (%), and CO-BC (%) to total CO during January—
February 2008. Note the variation in color scales among the graphs.

10N

............ b

60E T0E 80E 90E 10l0E
CO-CHEM (%)

40N

%

30N

=\

70E 80E O0E 100E

40N -
30N |
20N f-

10N -

40N
30N f
20N

10N |

i
60E

L
T0E

80E

1
90E

100E

40N 2

30N

20N

10N -

60E

40N

30N

10N

60E

: .
T70E  80E 90E 100E

CO-BC (%)

T0E 80E 90E 100E
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in the FT over eastern IGP and central India are due to the
addition of anthropogenic CO (24-36%) to the CO inflow,
while those over Burma are due to the addition of CO emit-
ted from biomass burning (12-24%). In contrast to the dis-
tribution at the surface, the contribution of CO-ANT to FT
CO is very small over the oceanic regions indicating that
transport of CO from inland to oceanic regions occurs
mainly in the boundary layer. The contribution of CO-
CHEM to FT CO is less than 9% and the CO-BIO distribu-
tion highlights that biogenic emissions do not influence FT
strongly and contribute less than 1%.

4.2. CO Source Attribution Analysis

[19] This section presents the source attribution analysis
of CO at the surface, in the PBL and FT for the entire
domain and the regions defined in Figure 1. CO mixing
ratios from different source terms averaged at the surface,
in the PBL and FT over the entire domain during January—
February 2008 are shown in Figure 9. Average total CO mixing
ratios at the surface are estimated as 321 £291 ppbv out
of which 156 +£243 ppbv (34 £27%) are provided by
anthropogenic  sources  (CO-ANT), 134+49 ppbv
(60£30%) by CO inflow from the domain boundaries
(CO-BC), 18+ 140 ppbv (3+7%) by biomass burning

330 Surface | bO—ANT
300 [ @ CO-BB ]
s CO-CHEM
—3 CO-BIO
250
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200

—
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100

Average CO Mixing Ratios (ppbv)
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Figure 9. CO mixing ratios averaged at the surface, in
the PBL and in the FT over the entire model domain during
January—February 2008.

(CO-BB), 11 £ 13 ppbv (3 £ 3%) by chemistry (CO-CHEM),
and 3 +4 (1 4 1%) by biogenic sources (CO-BIO). The aver-
age total CO mixing ratios in the PBL (280 4= 208 ppbv) and
the contributions from different sources are found to be some-
what similar to those at the surface and are estimated as
120+ 176 ppbv (30+25%) for CO-ANT, 133 £48 ppbv
(63 +29%) for CO-BC, 14 £ 85 ppbv (3 & 7%) for CO-BB,
10+ 12 ppbv (3+£3%) for CO-CHEM, and 2+3 ppbv
(1£1%) for CO-BIO. The average total CO mixing ratios
in the FT (125 £27 ppbv) are lower and have much less
variance than those at the surface and in the PBL, and are
mainly influenced by CO inflow from the domain bound-
aries as indicated by a higher average contribution of
108 & 14 ppbv (89 £ 13%) from CO-BC. The average CO
mixing ratios for other CO tracers in the FT are much lower
and estimated as 12419 ppbv (8 £11%) for CO-ANT,
2+ 8 ppbv (1 £3%) for CO-BB, 2+3 ppbv (1 £1%) for
CO-CHEM, and 0.3 + 0.4 ppbv (0.2 £ 0.3%) for CO-BIO.

[20] The CO sources are also analyzed for the seven
geographical regions defined in Figure 1. The mixing ratios
of total CO and different CO tracers averaged at the surface
over these regions are depicted in Table 2 along with
relative contributions of each tracer to total CO mixing
ratios. Anthropogenic sources (CO-ANT) provide more than
65% (159571 ppbv) of the total surface CO over the Indian
regions, while CO-BC contributes 17%-31% (110-120
ppbv). The contribution of other sources remains less than
5% over the Indian regions. Over Burma, biomass burning
(24%) also emerges as an important source in addition to an-
thropogenic sources (36%) and CO inflow from domain
boundaries (33%). Average total surface CO mixing ratios over
the Arabian Sea (233 +71 ppbv) and the Bay of Bengal
(317 = 54 ppbv) are significantly lower than those over land
regions and are mainly a result of CO from regions outside
South Asia and (49—-57%) and from South Asian anthropo-
genic sources (37-40%).

[21] Higher surface CO values over the Bay of Bengal than
the Arabian Sea are consistent with previous observations
of different trace species in these oceanic regions [e.g., Lal
et al., 2007; Kedia and Ramachandran, 2008; Nair et al.,
2008; Srivastava et al., 2011]. The MOPITT retrieved CO
mixing ratios averaged over the Bay of Bengal (143 4+ 14
ppbv) at 800 mb are also found to be higher than the

Table 2. Mixing Ratios (ppbv) of Total CO and Different CO Tracers Averaged at the Surface During January—February 2008 Over the
Seven Geographical Regions Defined in Figure 1. The Percentage Contribution of Each Tracer to Total CO Mixing Ratio Is Also Given in
Parentheses. All Numbers Are Rounded-off to the Nearest Whole Number Value

Region Total CO? CO-ANT® CO-BB* CO-CHEM?® CO-BIO® CO-BC*
Northern India 400 496 270495 745 442 241 11847
(65+9) Q1) (1£1) ©) (31+9)
Western India 473£123 3264122 15+8 10£5 542 117+7
(67+9) (3+2) Q+1) (1£0) Q7+8)
Eastern India 7244182 5714176 21419 1445 742 11147
(78 £ 6) (B+2) @ +1) (1£0) (17£5)
Southern India 5544145 387+ 136 26+ 14 20+5 842 112410
(68+7) (5+2) @=£1) (1£0) (22+6)
Burma 463+ 162 159 + 46 1334153 2145 942 140 429
(36+11) (24 £ 16) (5£1) @=+1) (33+10)
Arabian Sea 233471 99+ 63 6+5 946 1£1 117+8
(37+15) Q+1) GB£1) 0 (57+18)
Bay of Bengal 317454 132442 17417 1745 341 148 30
(40 £ 15) (5+5) (G£1) (1£0) (49+11)

“Mean =+ 1 sigma.
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corresponding values over the Arabian Sea (133 £ 10 ppbv)
indicating that this feature is also seen in space-borne observa-
tions of lower tropospheric CO. The analysis of different
tracers shows that the contributions of CO-ANT, CO-BB,
CO-CHEM and CO-BC to total CO over the Bay of Bengal
are higher than those over the Arabian Sea. This suggests
that the Bay of Bengal is more strongly affected by the
regional sources and en-route photochemistry than the
Arabian Sea. Higher CO-BC values over the Bay of Bengal
are likely due to transport from Southeast Asia as evident
from Figure 7 and general wind patterns over this region.

The statistics for total CO and different tracers in the PBL
is found to be similar to that estimated for the surface. In
the FT, average total CO mixing ratios ranges from 120 to
143 ppbv over different regions with more than 75% of
CO provided by CO inflow from domain boundaries and
10-21% by anthropogenic sources.

4.3. Vertical Distribution of CO

[22] The time series of the vertical distributions of total CO
and different CO tracers averaged over eastern India and the
Bay of Bengal from 1 January to 29 February 2008 are depicted
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Figure 10. Vertical distribution of total CO and different CO tracers averaged over Eastern India from
1 January to 29 February 2008. Note that Eastern India is the region of highest anthropogenic emissions
in the model domain and all values are in ppbv. Time series of PBL height averaged over Eastern India is

also shown by solid black lines.
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Vertical distribution of total CO and different CO tracers averaged over the Bay of Bengal

from 1 January to 29 February 2008. All values are shown in ppbv. Time series of PBL height averaged
over the Bay of Bengal is also shown by solid black lines.

in Figures 10 and 11, respectively. The eastern India and the Bay
of Bengal regions are chosen to represent different chemical
environments over the model domain with the former continental
region with highest anthropogenic CO emissions and the latter
a marine region with negligible anthropogenic CO emissions
(Figure 1). The time series of average PBL height is also
shown in each plot. The PBL height over eastern India varies
from ~90m during nighttime to ~1750m during daytime
reflecting the rapid response of land masses to the diurnal heating
cycle, while it remains nearly constant over the Bay of
Bengal. However, the simulated PBL height is dependent
on the parameterization used in the model configuration.

[23] CO mixing ratios show a sharp vertical gradient over
eastern India with significantly higher values in the PBL
(350—-600 ppbv) than in the FT (100-350 ppbv). The mixing
ratios of total CO, CO-ANT, and CO-BIO in the PBL show
a strong diurnal cycle with higher values during nighttime
and lower values during daytime. Note that anthropogenic
emissions in the model do not have a diurnal cycle and so
these diurnal variations are likely due to trapping of CO
molecules in the nighttime shallow boundary layer and
substantial mixing into a larger volume during daytime.
CO-Chem shows a moderate diurnal cycle and no clear
diurnal variation is seen in CO-BC and CO-BB. Similar
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temporal and vertical variations in total CO and all the CO
tracers are seen over other defined inland regions. The
contribution of anthropogenic, biogenic and biomass burning
emissions to the total CO over all the regions is generally
significant only in the lowest 3 km of the atmosphere. This
confinement of regional emissions in the lower atmosphere
is likely due to large-scale subsidence prevailing over the
model domain during the January—February period as
indicated by negative values of modeled vertical velocity
in the middle to upper troposphere (700-200 mb). Over
Burma, CO plumes from fires are occasionally seen to reach
as high as 5 km. The height reached by fire plumes in the
model is determined by the thermodynamic stability of the
atmospheric environment and surface heat flux released
from the fire [Freitas et al., 2007]. The buoyancy flux
generated by the fires is directly proportional to the product
of convective energy flux and the plume radius. The convective
energy flux is calculated from surface heat flux while the
radius of the plume is estimated by the fire size. The average
fire sizes for different land-use categories in Burma are
found to be higher by a factor of 0.5 to 2.3 than those for rest
of the domain, which in turn would lead to a higher buoyancy
flux and thus higher injection heights.

[24] The vertical distribution of total CO mixing ratios over
the Bay of Bengal is similar to those observed over land
regions with higher values in the PBL (180400 ppbv) and
lower values in the FT (90-250 ppbv), but the gradient is
smaller and there is no clear signal of a diurnal variation in
CO. This is interesting since the emissions over the Bay of

Bengal are negligible and thus indicates the transport of CO
from the surrounding land regions to the oceanic regions during
winter. Higher values of CO-ANT, CO-BB, and CO-BIO
distributions in the PBL indicate that transport of pollutants
generally occur within the PBL. The en-route photochemical
production also adds 10-25 ppbv to CO in the PBL over the
Bay of Bengal as evident from CO-CHEM distribution.
CO-BC distribution shows that CO inflow from domain
boundaries also enhances CO in both the PBL and in the FT
frequently by more than 150 ppbv. Higher CO-BC values over
the Bay of Bengal than eastern India are due to the proximity
of the former region to the domain boundaries and most likely
represent anthropogenic and biomass burning emissions in
Southeast Asia which are included in the MOZART-4
simulations that supply the boundary conditions to WREF-
Chem.

4.4. Regional Meteorology and Anthropogenic CO
Distribution

[25] In this section, we examine the transport pathways of
CO emitted from anthropogenic sources located in different
South Asian regions. We then quantify the relative contribution
of the regional transport compared to the local anthropogenic
CO emissions in each of the different regions marked in
Figure 1. In the previous sections, it was shown that the
anthropogenic sources significantly contribute to the CO
concentrations only in the lowermost troposphere. Therefore
our analysis focuses on the surface apportionment of CO from
different regions. The spatial distributions of CO emitted from
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Figure 12. Spatial distribution of surface CO emitted from anthropogenic sources in Northern India
(CO-ANI), Western India (CO-AWI), Eastern India (CO-AEI), Southern India (CO-ASI), Burma
(CO-ABUR), and other regions (CO-OTH) averaged at the surface during January—February 2008.
Average 10 m wind vectors are also shown to portray regional low level circulation. The white box shows

the geographical boundaries of the respective regions.
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anthropogenic sources located in northern (CO-ANI), western
(CO-AWI), eastern (CO-AEI), and southern India (CO-ASI),
Burma (CO-ABUR), and other regions (CO-AOTH) averaged
at the surface during January—February 2008 along with
averaged 10 m wind vectors are shown in Figure 12. The wind
patterns indicate that the low level circulation is favorable for
transport of pollutants from northern to southern parts of the
model domain.

[26] The winds from northern India blow in two channels:
one consisting of northwesterly winds along the Indo-Gangetic
Plain region and the other one consisting of northeasterly
winds blowing toward western India. Consequently, the
anthropogenic sources in northern India (CO-ANI) provide CO
to most parts of the domain. The CO emitted by anthropogenic
sources in western India (CO-AWI) is transported by
northerly winds into the Arabian Sea, from where it is transported
southwestward by northeasterly trade winds. The northerly
winds also transport CO emitted by eastern Indian anthropogenic
sources (CO-AEI) into the Bay of Bengal and change to
northeasterly/easterly as they progress southward thereby
carrying eastern Indian plumes to southern India and the
Arabian Sea. CO-ASI distribution shows that southern
Indian anthropogenic sources largely influence the distribution
in southern Arabian Sea. Anthropogenic sources in Burma
(CO-ABUR) can contribute 10-20 ppbv over the Bay of
Bengal. Anthropogenic emissions from other regions
(CO-AOTH) contribute less than 20 ppbv to surface CO
over all the Indian regions, Burma and the oceanic regions.
Similar spatial distributions are seen for all these tracers,
when analyzed for the PBL.

[27] The contributions of the different tracers to total
anthropogenic CO at the surface over the defined seven
regions is presented in Table 3. The amount of CO provided
by the sources located within a given region (e.g., CO-ANI
for northern India) is defined as contribution from local
sources and the CO coming from sources outside this region
(e.g., CO-AWI+CO-AEI+ CO-ASI+CO-ABUR + CO-AOTH
for northern India) represent contribution from regional
transport. The local sources account for most of the total
anthropogenic CO in northern (92%) and eastern (83%) India,
but regional transport makes a significant contribution in

southern India (41%) and Burma (49%). In western India,
the regional transport contribution (58%) to CO is greater
than the local emissions (42%). However, the variability
of total anthropogenic CO in all the inland regions is driven
mainly by local sources as indicated by the standard devia-
tions, which are about half the magnitude of the averages.
The model evaluation results (Figures 3—5) showed an over-
estimation of CO over western India and southern India; if
northern or eastern Indian emissions are overestimated then
the contribution of regional transport to CO over these
regions could be smaller but still significant. Like inland
regions, the Arabian Sea and the Bay of Bengal do not en-
compass local sources, and anthropogenic CO over these
regions is mainly due to transport. It is found that the major
sources of total anthropogenic CO over the Bay of Bengal
come from eastern (62%) and northern India (14%) while
those for the Arabian Sea come from northern (36%),
western (27%) and southern India (22%). These results
demonstrate the importance of regional-scale transport in
distributing the anthropogenic emissions and in controlling
surface CO variability in South Asia.

5. Conclusions

[28] The contribution of different sources to the tropospheric
CO distribution in South Asia during January—February 2008
has been analyzed using CO tracers in the WRF-Chem.
Eleven CO tracers were included in the model with five of
them keeping track of CO originating from emissions
sources (anthropogenic, biogenic and biomass burning),
photochemistry and CO inflow from domain boundaries,
and the other six tracking CO emitted from anthropogenic
sources located in different geographical regions of the
domain. The model performance is evaluated by comparing
the model output with CO retrievals from the MOPITT
instrument. The spatial, vertical and temporal distributions
of MOPITT CO retrievals are fairly well reproduced by
the model over different geographical regions of South
Asia. However, the model generally overestimates
MOPITT retrievals in the lower troposphere.

Table 3. Mixing Ratios (ppbv) of Total Anthropogenic CO and Different Anthropogenic Regional CO Tracers Averaged at the Surface
During January—February 2008 Over the Seven Geographical Regions Defined in Figure 1. The Percentage Contribution of each Tracer to
Total Anthropogenic CO Mixing Ratio Is Also Given in Parentheses. All Numbers Are Rounded-off to the Nearest Whole Number Value

Region CO-ANT* CO-ANT* CO-AWP CO-AEI" CO-ASP CO-ABUR® CO-AOTH?
Northern India 270495 249 490 345 10413 1+4 - 742
92+7) (1£2) (4+5) ) GB£1)
Western India 3264122 136 £ 54 142 £71 30+25 10£14 - 843
(43+12) (42+13) ©£7) (3+3) GB£1)
Eastern India 5714176 68431 +5 476 +173 1149 6+5 240
(13£7) Q1) (82+7) 2+2) (1£1) )
Southern India 387+ 136 38+ 13 2549 76+ 36 245+ 111 1+1 241
(11+£3) (6+2) (22+9) (59+11) ) (1£0)
Burma 159 4+ 46 1246 443 54432 747 78 431 341
(8+4) 2+2) (33+14) (4=+4) (51£19) @Q+1)
Arabian Sea 99+ 63 32421 23415 8+9 30428 - 542
(36+ 14) Q7+7) (6£5) 22+ 14) ©£7)
Bay of Bengal 132442 1949 544 85432 948 1048 442
(14 £6) (4+2) (62+9) (7£6) (9+6) (4+4)

“Mean =+ 1 sigma.
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[29] The attribution of CO sources is analyzed at the sur-
face, in the PBL and the FT. CO mixing ratios at the surface,
in the PBL and the FT averaged over the entire domain are es-
timated to be 321, 280, and 125, respectively during January—
February 2008. CO at the surface and in the PBL exhibit large
spatial variability and is controlled largely by anthropogenic
sources (30-34%) and CO inflow from the domain bound-
aries (60-63%), while CO in the FT show little spatial
variability and is controlled mainly by CO inflow from the
domain boundaries (89%). In Burma, biomass burning
sources contribute significantly (10-80%) to total CO con-
centration both at the surface and in the PBL. Average mix-
ing ratios of other tracers are less than 20 ppbv (<10%) over
the model domain. The vertical distributions of CO tracers
for anthropogenic, biogenic and biomass burning sources
indicate that CO originating from regional emissions contri-
butes significantly to CO concentrations only within the
lowest 3 km of the atmosphere. The contribution of anthro-
pogenic emissions to total surface CO is also found to be
significant over the oceanic regions of the Arabian Sea
(37%) and the Bay of Bengal (40%). The analysis of low
level circulation along with regional anthropogenic CO
emission tracers showed that the local sources provide most
of the total anthropogenic CO over northern and eastern
India, but regional transport contributes significantly to south-
ern India and Burma, and even exceeds the contribution from
local sources in western India. The major source regions con-
tributing to anthropogenic CO over the Arabian Sea are
found in northern, western and southern India while those
for the Bay of Bengal are located in eastern and northern
India.

[30] This study illustrates the potential of integrating satellite
observations with chemistry transport modeling to understand
the different processes controlling the distribution and
variability of tropospheric CO over the regions of limited
observations such as South Asia. However, it is imperative to
conduct in situ observations of tropospheric CO concentrations
as well as emissions over these regions to better evaluate the
model performance and improve the CO emission estimates
by supplementing the current bottom-up emission estimates
with inverse modeling. Such observations should also provide
more detailed information on the vertical distribution of
tropospheric CO in South Asia, which currently does not exist.
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