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Global Monsoon Systems
Seasonal change in lower tropospheric wind @925hPa [JJA – DJF]

[WCRP; Data from ECMWF; Figure provided by Dr. Andy Turner]
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Monsoon over South Asia: Winds

M. G. Lawrence and J. Lelieveld: Review: southern Asian pollution outflow 11027
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Fig. 6. Continued.

cancel each other out, and the mean circulation of the region
is dominated by a large, elongated anticyclone, depicted in
Fig. 7b. The combined east-to-west branches on the south
side form the tropical easterly jet, which is in contrast to the
westerlies which usually prevail in the UT of the NH tropics.
During the summer monsoon, the most frequent intense

convection is found in the ITCZ, where air masses from
the meteorological Northern and Southern Hemispheres

converge. Throughout most of the world the ITCZ is located
within a few degrees of the equator. Over Asia in summer,
in contrast, it is generally located between 5� N and 30� N,
directly over many of the highly populated and polluted re-
gions of southern Asia.
During the winter, the ITCZ migrates south with the so-

lar heating, and is typically found between about 5� S and
15� S. The wintertime winds over much of southern Asia
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Fig. 6. Surface wind fields over southern Asia for each month in 2006, based on NCEP-GFS data, showing the typical summer and winter
monsoon flow patterns that are depicted schematically in Fig. 5.

feature of the region in satellite images. Deep convection can
build up to virtually explosive energies, with updraft speeds
in this region often exceeding 1m/s, and sometimes exceed-
ing 10m/s, and can transport largely intact air parcels from
the surface to the upper troposphere (UT) in less than an hour.
Once the air reaches the UT, it typically encounters much

faster winds than those which are found near the surface.
Over southern Asia, the convergence of air masses from the

outflow of the monsoon convection results in a high pressure
region in the UT typically centered somewhat south of Tibet,
around which air tends to flow in an anti-cyclonic (clock-
wise) direction. Another prevalent UT anticyclone is located
to the west of this over Arabia. A snapshot of these two
anticyclones is depicted in Fig. 7a. The two anticyclones
meander back and forth to the east and west, so that aver-
aged over a month their central north-south branches tend to

Atmos. Chem. Phys., 10, 11017–11096, 2010 www.atmos-chem-phys.net/10/11017/2010/
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Clouds and Rain

Monsoon changes the dynamics (horizontal wind; convection); leads to 
widespread thick clouds and heavy rainfall

Rainfall (mm) over India [Climatology over 1901-2012] 



O3 is Not directly emitted but is formed through VOCs and NOx in presence of sunlight

OH radical – detergent of atmosphere

Atmospheric Composition



CO
 (p

pb
v)

Ojha et al., in Book – “Asian Atmospheric Pollution”, 2022

Impact near the surface

Transport of clean
Oceanic air dramatically
clears the near surface
pollution across South
Asia
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Impact near the surface

Ojha et al., in Book – “Asian Atmospheric Pollution”, 2022

Transport of clean
Oceanic air

Cloudy and rainy
conditions suppress
production of ozone



While ozone is drastically reduced across India, some enhancements were found in the
outflow towards the Bay of Bengal

Impact near the surface

Girach, Ojha et al., Atmospheric Chemistry 
and Physics, 2017

I. A. Girach et al.: Shipborne measurements and model simulations 259

Figure 1. Cruise track (continuous black line) of the Research Ves-
sel Sagar Kanya along with synoptic winds at 925 hPa (black thin
arrows) and NOx emissions in background colour map. The dates
corresponding to approximate ship positions are marked along the
track. The start and end position of the cruise, stationary position of
the ship, and Thiruvananthapuram are shown by the circle, triangle
and square, respectively.

the summer monsoon can uplift boundary layer pollution to
higher altitudes; the pollution is then distributed over a larger
region, thereby influencing air quality and climate over much
larger regions (Lawrence and Lelieveld, 2010), extending as
far as, for example, over the Mediterranean (e.g. Lelieveld et
al., 2002; Scheeren et al., 2003). Such in situ measurements
are also essential given the fact that satellite remote sensing
of boundary layer O3 has relatively higher uncertainty. The
uncertainties in satellite retrievals of trace species are particu-
larly high during the summer monsoon season, as the view of
satellite instruments is frequently obscured by thick clouds.

In the present paper, the ship-based measurements of sur-
face O3, CO, and CH4 over the BoB are presented for the
summer monsoon season of 2009. These observations were
carried out as a part of the Continental Tropical Convergence
Zone (CTCZ) experiment (http://www.incois.gov.in/portal/
datainfo/pdctcz.jsp) under the Indian Climate Research Pro-
gramme (ICRP) of the Government of India. In this study,
the spatial and temporal variations of O3 over the BoB and
the effects of transport are analysed. These observations are
compared with simulations from a regional model, Weather
Research and Forecasting coupled with Chemistry (WRF-
Chem). The sharp reductions observed in O3 during rainfall
events are investigated in greater detail.

2 The cruise track and background conditions

Figure 1 shows the cruise track of the Oceanic Research Ves-
sel (ORV) Sagar Kanya during the CTCZ campaign (cruise
number SK 261). The arrows marked on the track show the
direction of the ship, which sailed from Chennai (80.3� E,

13.1� N; marked by a circle) on 16 July 2009. The cruise of-
fered greater coverage in the northern BoB than the southern
or central BoB areas. To take time series measurements, the
ship was kept stationary for 15 days (22 July to 6 August
2009) at 89� E, 19� N as marked by a triangle in the figure.
After several tracks, covering latitude sector 11.0 to 21.1� N
and longitude sector 80.3 to 90.1� E, the cruise ended on 17
August 2009 at Chennai, for a total of 32 days of voyage.
The average wind pattern at 925 hPa (NCEP/NCAR reanal-
ysis; http://www.esrl.noaa.gov/psd) during the cruise period
is shown in Fig. 1. The prevailing westerly and southwest-
erly winds transport O3 and its precursors from the Indian
landmass to the BoB during the study period. The spatial
distribution of emissions of NOx , an O3 precursor gas, is
also shown as colour map in Fig. 1. NOx emissions are ob-
tained from the Intercontinental Chemical Transport Exper-
iment Phase B (INTEX-B) inventory (Zhang et al., 2009),
which is representative of the year 2006. NOx emissions are
relatively higher over parts of eastern and southern India as
compared to central India. The square tagged as Thiruvanan-
thapuram shows the location corresponding to the measure-
ments shown in Fig. 9.

3 Experimental details and data

Surface O3 measurements were carried out using an on-
line ultraviolet (UV) photometric ozone analyzer (model O3
42), manufactured by Environnement S.A, France. The anal-
yser utilises the absorption of UV radiation by O3 molecules
at 253.7 nm and derives O3 mixing ratios using the Beer–
Lambert law. This UV absorption-based analyser has an un-
certainty of about 5 % (Tanimoto et al., 2007), correspond-
ing to ⇠ 1.5 nmol mol�1 for the observed range of O3. Zero
noise of the instrument is 0.5 nmol mol�1. The instrument
has a lower detection limit of 1 nmol mol�1 and a linear-
ity of ±1 %. An individual measurement is performed at a
minimum response time of 10 s. The analyzer was operated
on auto-response mode, whereby responses could be 10–90 s
depending upon changes in O3 mixing ratios. However, data
were recorded continuously at 5 min intervals.

CO measurements were made using an online CO an-
alyzer (model CO12 Module) manufactured by Environ-
nement S.A, France. This instrument works on the prin-
ciple of nondispersive infrared (NDIR) absorption by CO
molecules at the wavelength of 4.67 µm. The instrument has
a lower detection limit of 50 nmol mol�1, a linearity of 1 %,
and a response time of 40 s. The overall uncertainty in hourly
CO measurements is estimated to be ⇠ 10 % at a CO value of
150 nmol mol�1 (Sawa et al., 2007; Tanimoto et al., 2007).

Air was drawn from a height of approximately 15 m above
the sea surface through a Teflon tube. Before and after the
cruise, both analyzers were calibrated, with calibration fac-
tors not found to be significantly changed. The calibrations of
both analysers were carried out using appropriate calibration

www.atmos-chem-phys.net/17/257/2017/ Atmos. Chem. Phys., 17, 257–275, 2017



Photochemical ozone production in the outflow favoured by regional emissions and
wind patterns

Impact near the surface (Bay of Bengal)

Girach, Ojha et al., Atmospheric Chemistry 
and Physics, 2017
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Fig. 6. Surface wind fields over southern Asia for each month in 2006, based on NCEP-GFS data, showing the typical summer and winter
monsoon flow patterns that are depicted schematically in Fig. 5.

feature of the region in satellite images. Deep convection can
build up to virtually explosive energies, with updraft speeds
in this region often exceeding 1m/s, and sometimes exceed-
ing 10m/s, and can transport largely intact air parcels from
the surface to the upper troposphere (UT) in less than an hour.
Once the air reaches the UT, it typically encounters much

faster winds than those which are found near the surface.
Over southern Asia, the convergence of air masses from the

outflow of the monsoon convection results in a high pressure
region in the UT typically centered somewhat south of Tibet,
around which air tends to flow in an anti-cyclonic (clock-
wise) direction. Another prevalent UT anticyclone is located
to the west of this over Arabia. A snapshot of these two
anticyclones is depicted in Fig. 7a. The two anticyclones
meander back and forth to the east and west, so that aver-
aged over a month their central north-south branches tend to

Atmos. Chem. Phys., 10, 11017–11096, 2010 www.atmos-chem-phys.net/10/11017/2010/
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Armin Rauthe-Schöch et al., Atmos. Chem. Phys., 2016

3618 A. Rauthe-Schöch et al.: Monsoon pollution transport CARIBIC
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Figure 9. Vertical profiles of CO (a), O3 (b), water vapour (c), and number concentration of Aitken-mode aerosol particles N12 at STP
(273.15K, 1013.25 hPa) (d) between 2 km and 12 km during descent into (solid lines and filled symbols) and ascent from (dashed lines and
open symbols) Chennai. The colours indicate the flight month, the black line is the mean over all flights, and the grey shading indicates the
1� standard deviation around the mean (both calculated over moving 1.5 km altitude bins). Note the logarithmic x axis for water vapour (c)
and aerosol particles (d).

around 850 hPa (Chakraborty et al., 2009). This is clearly
visible in the wind direction recorded by the CARIBIC air-
craft shown in Fig. 8. In June and August this transition oc-
curred between 6 and 7 km, while in September it was around
9 km altitude. In July, tropospheric wind speeds were much
lower than in the other months and there was no wind rever-
sal evident from the measurements. This was a general fea-
ture of the meteorology on 15 and 16 July when the flights
took place. Over a large region in southeastern India and out
over the adjacent Bay of Bengal, wind speeds were very low
from the surface up to 500 hPa (⇠ 5 km), which is about the
height of the wind reversal seen in Fig. 8 in June and August.
The corresponding ECMWF wind fields during the days of
the flights are shown in Fig. S7 (745 hPa winds) and Fig. S8
(510 hPa winds) in the Supplement. Over central India and
the Indian Ocean south of India there were eastward winds
in the lower troposphere extending the Somali Jet over the In-
dian subcontinent and into the Bay of Bengal. But just around
Chennai, winds were very calm. This has probably led to a
trapping of the local pollution from the city of Chennai dur-
ing these days in July 2008, whereas higher wind speeds in
the lower troposphere were encountered in the other months.
Vertical trace gas and aerosol particle profiles during de-

scent and ascent show a fairly consistent picture, although
trace gas data for the two July flights (see orange lines in
Fig. 9) reflect the unique meteorological situation described
above, particularly during the descent into Chennai. Very dry

conditions (Fig. 9c) were measured while O3 was strongly
enhanced (Fig. 9b) and further increased with decreasing al-
titude, reaching 116 ppb at the lowermost point (not shown).
These profiles were also characterised by high CO (Fig. 9a)
between 6 and 9 km, which is above the level of wind direc-
tion change. There was no recognisable change in the number
concentration of Aitken-mode aerosol particles (Fig. 9d). In
the free troposphere there was a weak north-westward flow
(see Fig. 8) which would transport the pollution of Chennai
and its industries right to the region where the July flight de-
scended into Chennai airport (see Fig. S6 in the Supplement),
while the other flights descended from the west–north-west,
i.e. mostly upstream of the pollution sources in Chennai.
In the other months, vertical “C-shaped” profiles of CO

(see Fig. 9a) reflect the position change outside and inside
of the UTAC as the aircraft ascends into the upper tropo-
sphere. Moving upward from 2 km, mixing ratios of CO
decrease until reaching the point where the wind direction
changes, marking entry into the lower levels of the UTAC.
Here, CO begins to increase, often reaching, and even ex-
ceeding, maxima observed at lower altitudes. The differ-
ence between maximum and minimum is most pronounced
in June, with mixing ratios in the middle troposphere being
higher than in the other months, when mixing ratios are fairly
similar. No significant differences between ascents and de-
scents are observed. The standard deviation calculated over

Atmos. Chem. Phys., 16, 3609–3629, 2016 www.atmos-chem-phys.net/16/3609/2016/

Impact on vertical structure
Aircraft-based observation



Impact on vertical structure
Satellite-based observation

Comparable CO in lower and upper troposphere in Monsoon100 h

Girach et al., 2020; Atmospheric Environment



Asian monsoon anticyclone

Ricaud et al. 2014

Lelieveld et al., Science, 2018



Effect of lightning NOx on OH

With LNOx without LNOx

Lelieveld et al., Science, 2018

Lightning enhances atmosphere’s self-cleaning capacity



Summary 

• Near surface: Inflow of oceanic air + suppressed photochemistry in 
cloudy rainy conditions; suppressed biomass-burning
• Convective uplifting of regional pollution; global impacts through 

anticyclone
• More water vapor and OH in upper troposphere (+ recycling through 

lightning NOx)


