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The inﬂuence of local meteorology and convection activities on the vertical distribution of carbon
monoxide (CO) over Chennai in southern India was investigated by analysing the measurements of
ozone aboard airbus in-service aircraft observations during the years 2012–2013. The seasonal variation
of CO in the free troposphere was observed to be diﬀerent and less pronounced than that in the planetary
boundary layer (PBL). The near surface mixing ratio of CO was the highest (190±68 ppbv) during winter,
while enhanced values (117 ± 11 ppbv) in the free troposphere were observed during post-monsoon.
The mixing ratios were the lowest throughout the troposphere during the monsoon. In the PBL, the
mixing ratios of CO showed a decline with an increase in wind speed and were the highest (>200 ppbv)
under stagnant conditions (1−2 m s−1 ) during winter. The higher CO in the lower free troposphere
during the pre-monsoon period is attributed to the stronger biomass burning emissions. In the middle–
upper troposphere, higher levels of CO during post-monsoon are due to the enhanced vertical mixing
of regional emissions associated with weaker wind shears and frequent convection activities. Overall,
the contrasting eﬀects of stronger CO emissions can be observed in winter/pre-monsoon, while the
eﬃcient vertical mixing during the monsoon/post-monsoon season governs the observed seasonality of
CO. The model for ozone and related chemical tracers, version 4 (MOZART-4) provides a reasonable
representation of the convection eﬀect on the CO mixing ratio. This study highlights a need to conduct
more observations, especially of aircraft-borne instruments, to understand the eﬀects of regional-scale
emissions and dynamics in the middle–upper tropospheric chemistry over South Asia.
Keywords. Carbon monoxide; convection; India; simulation; troposphere; biomass burning.

1. Introduction
Carbon monoxide (CO) is produced by the
incomplete combustion of various carbon fuels of
both biomass and fossil origins. The mixing ratio
of CO is widely used as a tracer of polluted air
in remote regions mainly due to its speciﬁc emission sources and longer atmospheric lifetimes of
about 2 months (Stohl et al. 2002). The major
sources of CO emissions are biomass burning and
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anthropogenic activities including the usage of
fossil fuels (e.g., Shindell et al. 2006; Jöckel et al.
2016). Yoon and Pozzer (2014) estimated a rapid
increase in CO mixing ratios over South Asia due
to the increasing anthropogenic emissions by combining observations with a global climate model.
In urban and polluted regions, the oxidation of
CO can lead to the formation of ozone (O3 ) in
the presence of oxides of nitrogen (NOx = NO +
NO2 ) and sunlight (Fishman and Seiler 1983).
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Additionally, CO is a criterion pollutant as
exposure to its elevated levels adversely aﬀects the
regional to global air quality and human health
(Prockop and Chichkova 2007; Anenberg et al.
2009). Therefore, it is important to investigate the
spatio-temporal variations of CO and the contribution of various emission sources, especially over the
South Asia region where anthropogenic activities
are increasing rapidly and the studies are limited.
The mixing ratios of CO in the troposphere
are inﬂuenced by a variety of both emission and
atmospheric processes. The updraft of lower tropospheric air, mostly through convection, tends to
increase CO in the middle and upper troposphere
(e.g., Rauthe-Schöch et al. 2016). The deep convection in the South Asia region is identiﬁed as a key
mechanism for the transport of pollution from the
troposphere to the lower stratosphere (Randel et al.
2010; Lelieveld et al. 2018 and references therein).
During the past 2–3 decades, anthropogenic emissions of CO have been increasing at a rate of around
2.3% yr−1 (Ohara et al. 2007); however, the in situ
observations of CO proﬁles in this region remain
very limited. Most of the previous studies of the
vertical distribution of CO over the Indian region
have relied on the satellite observations (e.g., Kar
et al. 2008; Ghude et al. 2011; Girach and Nair
2014). In recent years, measurements of CO from
the space-based instruments such as the measurement of pollution in the troposphere (MOPITT)
retrievals are used to study the global distribution of CO (Worden et al. 2013 and references
therein). However, satellite retrievals have limited
validation in this region and signiﬁcant diﬀerences
have been reported in CO proﬁles among satellite
retrievals, in situ observations and model results,
especially under cloudy and rainy conditions
(Ojha et al. 2016).
In this study, we analyse the vertical proﬁles of
CO measured during the measurements of ozone
aboard airbus in-service aircraft (MOZAIC) ﬂights
over Chennai airport (12.98◦ N and 80.16◦ E) in
southern India. Sahu et al. (2018) reported a
detailed study of seasonal variations of CO and the
impact of biomass burning and long-range transport over Chennai. The primary objective of this
paper is to investigate the impact of local meteorology and convection activities in the southern
part of India. However, brieﬂy, in the context of
the tropospheric response to convection, a comparison between the measurement and the model for
ozone and related chemical tracers (MOZART-4)
simulation of CO mixing ratio is also presented.
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2. Study region and data set
The MOZAIC project was initiated by the
scientists, aircraft manufacturers and airliners from
Europe in the year 1993 with an objective to study
the variability of the trace gases of the atmosphere.
The measurements taken during both take-oﬀ and
landing of the ﬂight provide the vertical proﬁle
data. The MOZAIC measurement data of the CO
mixing ratio is available from the in-service aircraft
for a global observing system (IAGOS) (http://
www.iagos.org). The in situ detection of CO using
absorption at 4.67 μm was performed using a gas
ﬁlter correlation-based technique (Model 48CTL,
Thermo Environmental Instruments). A precision
of ±5 ppbv, calibration uncertainty of ±5% and a
limit of detection (LoD) of 10 ppbv were estimated
for a time response of 30 s (Nedelec et al. 2003).
A total of 129 vertical proﬁles of CO and meteorological parameters were measured over Chennai
airport during the March 2012–June 2013 period.
The response time of the CO analyser is 4 s which
translates into a vertical resolution of 30 m altitude;
however, 150-m vertical resolution data are recommended for scientiﬁc use. The MOZART-4 version
includes 85 gaseous species, 12 bulk aerosols, 39
photolysis and 157 reactions in the gas phase
(Emmons et al. 2010). The input meteorological
ﬁelds were obtained from the National Center for
Environmental Prediction–Global Forecast System
(NCEP–GFS). The precursors of ozone and their
eﬀects in the troposphere (POET) inventory data
were taken for the emissions from anthropogenic
sources (Granier et al. 2005). The gridded (1◦ ×
1◦ ) POET inventory included the anthropogenic,
open ﬁre and natural emissions. MOZART-4 simulations have been conducted in three Teraﬂops
(TFLOPS) high-performance computing clusters
with 20 nodes at the Physical Research Laboratory
(PRL) (Sheel et al. 2014).
According to census 2011, Chennai city had a
population of 4.68 million and the urban agglomeration had a population of 8.65 million. In the
last decade (2001–2011), the city registered a
population growth of about 7.7% yr−1 (https://
smartnet.niua.org). According to an estimate for
the year 2012, the total vehicle population of Chennai was about 3.76 million (http://www.tn.gov.in/
sta/eng%20cc/REG.html). It is the biggest industrial and commercial centre in south India. Most
of the industrial estates such as Manali, Ennore,
Ambattur, Thiruvottriyur, etc., are located on the
northern outskirts of the city. The seasonal wind
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in South Asia is controlled by the location of the
intertropical convergence zone (Asnani 2005). The
post-monsoon season, also known as the northeast (NE) monsoon, is the principal rainy period
in Tamil Nadu and some other parts of peninsular
India. The rainfall from the NE monsoon accounts
for about 60% of the yearly rainfall in the coastal
regions of Tamil Nadu state (http://imdpune.gov.
in/Weather/Forecasting\ Mannuals/IMD\ IV-18.
4.pdf). On the other hand, unlike the northern parts of India, the SW monsoon is the secondary rainy period. The SW monsoon circulation is characterised by a large-scale convergence
near the surface coupled with a strong divergence in the upper troposphere. The four seasons
in India are deﬁned as the winter (December–
February), pre-monsoon (March–May), monsoon
(June–September) and post-monsoon (October–
November) months.
Outgoing longwave radiation (OLR) provides
information on regional meteorological variations
(Ueno and Aryal 2007) and the cloud convection is
a primary mechanism which controls the distribution of OLR over the tropics. The development of
deep convection over the South Asia region is inhibited by the El Niño conditions while favoured by
the La Niña conditions, resulting in the higher and
lower values of OLR, respectively (Girishkumar
and Ravichandran 2012). In this study, the daily
OLR data obtained from the NOAA’s Climate
Diagnostics Center (CDC) have been used to investigate the role of the prevailing El Niño-Southern
Oscillation (ENSO) conditions in the trend of
upper tropospheric CO. Particularly, in the context of transitioning from a mild El Niño 2012 to a
weak La Niña 2013, back trajectory analysis, multivariate ENSO index (MEI, https://www.esrl.noaa.
gov/psd/enso/mei/), moderate resolution imaging
spectro radiometer (MODIS) ﬁre count (http://
modis-ﬁre.umd.edu/index.php), etc., are used to
investigate the role of convection, biomass burning
and ENSO.

3. Results and discussion
3.1 Seasonal variation of vertical CO
The proﬁles of CO mixing ratio and wind speed
measured during diﬀerent seasons are shown in
ﬁgure 1. The seasonal mean (± standard deviation) mixing ratios of CO (ppbv) measured at
diﬀerent altitudes of 0–2, 2–4, 4–6, 6–8, 8–10 and
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10–12 km over Chennai are presented in table 1.
The proﬁles of both CO and wind speed show
strong seasonal and vertical variations. Near surface (0–2 km) CO mixing ratios over Chennai are
observed to be higher during the winter (190 ±
68 ppbv) and post-monsoon (185 ± 52 ppbv) seasons, whereas the lowest levels are observed during
the summer monsoon (124 ± 33). In the lower
mid-troposphere (2–6 km), the mixing ratios of CO
show a diﬀerent seasonal dependence with high
values in the pre-monsoon and the lowest in the
monsoon season. At greater heights (6–12 km), the
average mixing ratios of CO were decreased in the
order of the post-monsoon (117 ± 11 ppbv), winter
(102±5 ppbv), pre-monsoon (97±5 ppbv) and monsoon (82±6 ppbv) seasons, respectively. Clearly, the
mixing ratios of CO in the monsoon season were
lower than the values observed in other seasons
throughout the troposphere. It is also important to
note that the seasonal variation of the CO mixing
ratio in the troposphere shows diﬀerent patterns
depending on altitude. Overall, the seasonal variation of CO in the free troposphere (4–12 km of
altitudes) is less pronounced than in the planetary
boundary layer (PBL). The seasonal mean values
of wind speed (m s−1 ) measured at diﬀerent altitudes over Chennai are also shown in ﬁgure 1. The
average wind speed values measured between 0 and
2 km of altitudes were 11 ± 6, 10 ± 6, 19 ± 9 and
14 ± 8 ppbv in the winter, pre-monsoon, monsoon
and post-monsoon seasons, respectively. From the
surface up to 6 km, the values of wind speed measured in the monsoon and post-monsoon seasons
were higher than those measured during the winter and pre-monsoon seasons. Meanwhile, between
6 and 12 km of altitudes, the values of wind speed
measured in the post-monsoon season were lower
than the values observed in other seasons. Overall, the seasonal variation of wind speed in the
free troposphere was more pronounced than in
the lower troposphere. CO mixing ratios generally
showed a contrasting seasonality to that of the
wind speed throughout the troposphere. Consistent with the observations, the model also shows
stronger seasonal variations in the lower troposphere than in the free troposphere. In the lower
troposphere, the MOZART-4 simulates the lowest
value of 92 ± 19 ppbv for the month of July and
the highest value of 158 ± 30 ppbv for the month
of November. In the middle and upper troposphere, the MOZART-4 simulates the lowest value
of 83 ± 5 ppbv for the month of July and the highest value of 123±6 ppbv for the October–November

119

Page 4 of 12

J. Earth Syst. Sci. (2019) 128:119

Figure 1. Vertical proﬁles of the CO mixing ratio and wind speed measured during diﬀerent seasons over Chennai. MOZART4 simulated vertical proﬁle of CO is also shown for comparison.

Table 1. Mean (± standard deviation) of CO and wind speed measured at 0–2, 2–4, 4–6, 6-8, 8–10 and 10–12 km of altitude
over Chennai in the winter, pre-monsoon, monsoon and post-monsoon seasons.
Winter
Altitude
(km)
0–2
2–4
4–6
6–8
8–10
10–12

Pre-monsoon

Monsoon

Post-monsoon

CO
(ppbv)

Wind speed
(m s−1 )

CO
(ppbv)

Wind speed
(m s−1 )

CO
(ppbv)

Wind speed
(m s−1 )

CO
(ppbv)

Wind speed
(m s−1 )

190 ± 68
103 ± 21
96 ± 14
101 ± 17
101 ± 12
109 ± 20

11 ± 6
11 ± 6
14 ± 8
19 ± 9
21 ± 13
24 ± 13

166 ± 44
148 ± 47
104 ± 24
94 ± 16
94 ± 19
97 ± 23

11 ± 6
12 ± 5
11 ± 6
12 ± 7
18 ± 11
23 ± 14

124 ± 33
92 ± 20
77 ± 15
78 ± 12
85 ± 13
90 ± 13

19 ± 9
17 ± 7
13 ± 8
8±5
14 ± 8
27 ± 13

185 ± 52
129 ± 33
101 ± 14
110 ± 17
123 ± 28
121 ± 28

14 ± 8
14 ± 9
15 ± 10
11 ± 6
10 ± 7
14 ± 13
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period. The MOZART-4 proﬁle in the lower region
exhibits a higher disagreement with the MOZAIC
measurements for the monsoon season.
The spatio-temporal variability of CO in the troposphere depends on the source locations and the
mixing/transport associated with the horizontal
and vertical winds (Sheel et al. 2016). In the lower
troposphere, the strength of local emission, dilution
due to horizontal winds and vertical ventilation
due to convection control the seasonal variations
of primary pollutants such as CO. In contrast,
the seasonality of CO aloft strongly depends on
the vertical transport near the ground to the
middle and upper troposphere, especially in the
tropics favoured by strong convection activities
(Sheel et al. 2014). The lowest values of the CO
mixing ratio and wind speed were observed in midtropospheric altitudes throughout the year. Weaker
or negative wind shears allow the eﬃcient vertical transport of the near-surface air masses. When
the wind shear is weak, the convection grows at
a greater height and facilitates a rapid vertical
mixing of the troposphere. Therefore, weaker wind
shears in the post-monsoon season are expected to
cause the rapid transport of CO-rich surface air to
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the free troposphere. In other words, enhancements
of the CO mixing ratio in the free troposphere during the post-monsoon period are mostly due to
an increase in convection activities. This is consistent with the microwave limb sounder (MLS) data
which show widespread enhancements of CO in the
upper troposphere over South Asia during the monsoon and early post-monsoon seasons (Zhang et al.
2011). Sahu et al. (2018) have reported a detailed
study of CO variation using the MOZAIC and
MOZART-4 data with an emphasis on the impact
of tropical cyclones over the Bay of Bengal (BOB).
In addition to local meteorological factors, the
seasonal changes in the long-range transport and
biomass burning play an important role in the seasonal variation of CO. The back trajectory analysis
provides information on the source and long-range
transport of air masses. However, to assess the
impact of transport on the vertical distribution
of CO, the 7-day back trajectories (6 h, 1.25◦ ×
1.25◦ ) over Chennai at 1 km of height were calculated using the JRA-25 and JMA Climate Data
Assimilation System (JCDAS). The seasonal back
trajectories are overlaid onto the ﬁre count maps
(see ﬁgure 2). Except for the monsoon season,

Figure 2. Back trajectories at 1 km of altitude over Chennai during diﬀerent seasons and the grey dots represent the MODIS
ﬁre counts.
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trajectories at 1 km of altitude suggest the ﬂow of
pollutants from the Indo-Gangetic Plain, whereas
trajectories for the monsoon season suggest that
the transport of cleaner air originates over the
Arabian Sea and the western Indian Ocean.
3.2 Impact of local wind
Besides the local emissions, the spatio-temporal
distribution of CO in the lower troposphere is inﬂuenced by the local- and synoptic-scale meteorology
(Sahu et al. 2011, 2018; Yadav et al. 2014). Inﬂuences of meteorological parameters on gaseous and
particulate pollutants have been reported for several urban sites in the South and South East Asia
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regions (e.g., Sahu and Saxena 2015; Sahu et al.
2016). Being a coastal environment, the land-sea
breezes can be an important factor in controlling
the CO distribution in the lower troposphere over
Chennai, as reported in air-quality studies over
several coastal cities, e.g., Athens (Flocas et al.
2003), Los Angeles (Lu and Turco 1994), New England (Angevine et al. 2004) and Bangkok (Sahu
et al. 2013b). In most cases, the sea breeze is
seen to bring in cleaner oceanic air masses and
diluting the concentrations of pollutants over the
receptor site. As shown in ﬁgure 3, the relationship between CO and wind parameters in the PBL
region has been analysed for diﬀerent seasons. In
each wind sector (bin of 45◦ ), the mixing ratio of

Figure 3. Dependence of the mixing ratios of CO on the wind direction measured in the PBL region for diﬀerent seasons
over Chennai.
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Figure 4. Variation of the CO mixing ratio with wind speed in the lower troposphere over (a) Chennai and (b) Bangkok.
The lines show linear least-squares ﬁt to the data points with the results of the ﬁts given in the legends.

CO and the magnitude of wind speed exhibit large
variations. The enhancements of CO in the N–
SE (0−135◦ ) sector represent measurements from
winter to the pre-monsoon period. In this sector,
the average values of CO and wind speed were
165 ppbv and 12 m s−1 , respectively. Most of the
data points in the SE–SW sector (135−225◦ ) represent pre-monsoon measurements. In this regime,
the average values of the CO mixing ratio and wind
speed were 155 ppbv and 10 m s−1 , respectively. In
the SW–NW (225−315◦ ) sector, most of the data
represent measurements in the monsoon season. In
this sector, the averages of CO and wind speed
were 125 ppbv and 18 m s−1 , respectively. Clearly,
the levels of CO and wind speed demonstrate

contrasting tendencies with wind direction in the
lower troposphere.
The regression ﬁt of CO (binned at 1.0 m s−1 )
versus wind speed is shown in ﬁgure 4(a). Higher
levels of CO (>200 ppbv) during winter were
observed under stagnant conditions (1−2 m s−1 ).
CO levels show a gradual decline with the prevalence of stronger winds (>3 m s−1 ). During the
monsoon, CO declined under both low and high
wind speed conditions. The declining rates of
Δ CO/Δwind speed were estimated to be about
−3.0 ppbv/m s−1 for winter and −1.8 ppbv/m s−1
for the monsoon season. In the winter season,
the decline of CO in Chennai was caused by the
dilution with cleaner air from the BOB. In the
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monsoon, the combined eﬀects of lesser biomass
burning and cleaner SW winds from the Arabian
Sea resulted in the gradual dilution of CO.
Interestingly, the mixing ratio of CO during premonsoon exhibits a slight increase with increasing
wind speed. For this season, the estimated slope of
Δ CO/Δwind speed was positive (1.1 ppbv/m s−1 ).
As shown in the back trajectory plots, the transport of continental air and the lesser inﬂuence
of maritime air prevailed during the pre-monsoon
seasons. Furthermore, the emissions from open
biomass ﬁres in India were the most extensive in
the pre-monsoon season (Sahu and Sheel 2013a).
Therefore, transport and mixing of air with higher
backgrounds of CO do not eﬀectively dilute the
pollutants under moderate wind speed conditions.
However, the enhancements observed under higher
winds could be due to the rapid transport from
stronger sources located in the upwind regions of
Chennai. We have also compared the CO–wind
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speed relationship at Bangkok (13.8◦ N, 100.5◦ E,
the nearest MOZAIC airport in the tropics). For
this purpose, the MOZAIC data measured in the
PBL region over Bangkok for the period 2005–
2006 has been analysed (ﬁgure 4b). In each season, the levels of CO over Bangkok showed a
stronger dependence on wind speed than those
observed over Chennai. More detailed observations especially through aircraft-borne instruments
are required to further complement this work to
quantify the eﬀects of regional-scale transport in
relation to those of local origins above Chennai.
3.3 Dependence of CO on OLR
Atmospheric conditions are important for the
formation and development of the convection system. Strong vertical wind shears inhibit the formation and intensiﬁcation of deep convection, while
deep convection is generally associated with weak

Figure 5. Variations of the MOZAIC ﬂights derived wind shear (average wind speed at 10–12 km – average wind speed at
0–2 km) colour coded with the CO mixing ratio in the upper and lower troposphere over Chennai along with OLR and MEI.
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wind shears (Wong and Chan 2004). In the present
study, wind shear has been calculated from the
MOZAIC wind speed proﬁles measured during
each of the 129 ﬂights over Chennai. The wind
shear is the diﬀerence of average values of wind
speed measured between 0–2 and 10–12 km of altitudes. The main objective of this analysis using
wind shear is to understand the role of convection activities in the vertical variations of CO over
Chennai. Based on each ﬂight proﬁle data measured during the study period, the time series plots
of wind shear data colour-coded with CO measured
in the free troposphere are shown in ﬁgure 5. The
wind shear and OLR data show large ﬂight-to-ﬂight
variations and the time series of wind shear tends
to follow the pattern of daily OLR over the Chennai region. A higher frequency of strong shears
(>10 m s−1 ) was noticed at the beginning of the
pre-monsoon season, while weak/negative shears
(<5 m s−1 ) were observed during the monsoon and
post-monsoon seasons. During the El Niño phase
between monsoon and post-monsoon 2012, the
levels of CO were low in the PBL region and
relatively high values were measured in the free troposphere. During this phase, low values of CO in
the PBL region and elevated values in the upper
troposphere were observed during weak/negative
wind shears. During winter–pre-monsoon 2013,
under the normal/mild La Niña phase (negative
MEI values), elevated values of CO were measured
throughout the troposphere. Mostly, the days (or
ﬂights) with higher levels of CO coincided with
smaller OLR values, implying the inﬂuence of deep
convection. Therefore, higher values in the upper
troposphere during pre-monsoon 2013 than those
during the same season in 2012 are attributed to
more frequent deep convection activities. On the
other hand, the very high mixing ratios of CO
(>150 ppbv) in the upper troposphere coincided
with high OLR values (>250 W m−2 ) during some
ﬂights in the month of October 2012. The trend of
OLR over the South Asia region is inﬂuenced by
the trend of El Niño-Southern Oscillation (ENSO)
conditions which have important implications for
the trends of CO mixing ratios in both lower and
upper troposphere. In the South Asia region, the
El Niño conditions represent the subdued activities
of deep convection that lead to the lower vertical
transport of CO and higher values of OLR. On the
other hand, the development of deep convection is
favoured by the La Niña conditions resulting in the
eﬃcient vertical transport of CO and lower values
of OLR. Therefore, the El Niño phase favours the
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Figure 6. Dependencies of the CO mixing ratios obtained
from the MOZAIC observation and MOZART-4 (MZ4) simulation on OLR at 0–2 km (upper panel) and 10–12 km of
altitudes (lower panel) over Chennai.

accumulation of CO near the surface and inhibits
the transport of CO-rich surface air to the upper
troposphere. On the other hand, the La Niña phase
favours the ventilation or dispersion of CO near the
surface and supports the transport of CO-rich air
to the upper troposphere.
The relationship between the CO mixing ratios
for both lower and upper troposphere and OLR
is presented in ﬁgure 6. In the lower troposphere
region, the MOZAIC observation and MOZART4 simulation show a gradual decrease of CO with
decreasing OLR. In the lower OLR regimes, particularly, in the monsoon season, the CO–OLR
relation suggests the role of the reduced emissions
due to the least of activities such as biomass burning and eﬃcient dilution of surface pollutants due
to moist convection. In the monsoon season, the
emissions of CO from biomass burning sources were
minimal in the South Asia region. From winter
until early pre-monsoon, the large biomass burning
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emissions and favourable meteorological conditions
lead to higher values of CO and OLR, respectively.
The competing eﬀects of higher CO emission in
the winter/pre-monsoon season and eﬃcient vertical transport in the monsoon/post-monsoon season
reﬂect the observed relationship between CO and
OLR in the upper troposphere. Therefore, the
MOZAIC and MOZART-4 simulation of CO in
the upper troposphere shows a weaker dependence
on OLR.

4. Conclusions
An analysis of aircraft-based in situ measurements of the CO mixing ratio in the troposphere
(0–12 km) over Chennai city in India shows signiﬁcant seasonal variation depending on the altitude.
Higher levels of CO in the lower troposphere were
observed during the winter season. In the middle and upper troposphere (>6 km), higher levels
of CO were measured during the post-monsoon
season. In the lower troposphere, values of wind
speed measured during the monsoon and postmonsoon seasons were higher compared to those
during other seasons. At greater heights, the wind
speeds were stronger in winter and weaker during
the post-monsoon season. Overall, the mixing ratio
proﬁle of CO exhibits a contrasting seasonal tendency to that of the wind speed throughout the
troposphere. In the post-monsoon season, as evident from the weaker vertical wind shears, the
vertical transport of the CO-rich surface air is
favoured by the strong activities of convection over
the BOB. The near-surface mixing ratios of CO
declined with increasing wind speed, suggesting
the major contributions from local sources during the winter and monsoon seasons. The rate of
decline (ΔCO/Δwind speed) of −3.0 ppbv/m s−1
during the winter season was higher than an estimated value of −1.8 ppbv/m s−1 in the monsoon
season. The decrease of CO with increasing wind
speed in the winter and monsoon seasons were
caused by the transport of relatively clean air from
the BOB and Arabian Sea, respectively. The relationship between CO and wind parameters in the
lower troposphere suggests major enhancements
of CO from the winter to the pre-monsoon season due to the prevailing N–SE wind ﬂow. From
the winter to the pre-monsoon period of 2013, the
elevated mixing ratios of CO coincided with the
lower OLR values, indicating the inﬂuence of deep
convection under the mild La Niña phase. In the

J. Earth Syst. Sci. (2019) 128:119
lower troposphere, the MOZAIC observation and
MOZART-4 simulation exhibit a decrease in CO
with decreasing OLR, indicating the role of eﬃcient
dilution of CO due to widespread convection activities, mainly during the monsoon and post-monsoon
seasons. Meanwhile, in the upper troposphere, the
competing eﬀects of higher CO emission during
winter to the pre-monsoon period and the rapid
vertical updraft of CO-rich moist air during the
monsoon/post-monsoon period lead to a weaker
dependence of CO on OLR. In summary, persistent and strong enhancements of CO in the free
troposphere during the post-monsoon season can
be attributed mainly to the widespread activities
of convection over peninsular India.
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