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Our observational study revealed that the precipitation increased over the wet area and decreased over the dry area during the past
two decades. Here, we further investigate whether the current atmospheric models can quantitatively capture the characteristics of
precipitation from the observation. The NASA Goddard Institute for Space Studies (GISS) model is used to examine the historic
simulation of the precipitation, in which the historic greenhouse gases and aerosols are included in the radiative forcing. The
consistency between the historic GISS simulation and the Global Precipitation Climatology Project (GPCP) precipitation suggests
that the model can qualitatively capture the temporal trends of precipitation over the wet and dry areas. However, the precipitation
trends are weaker in the model than in the observation. The observed trends of precipitation do not appear in the control simulation
with the fixed concentrations of greenhouse gases and aerosols, which suggests that the global warming due to anthropogenic
forcing can influence the temporal variations of precipitation over the wet and dry areas. Diagnostic studies of other variables from
the model further suggest that enhanced rising air can increase the precipitation over the wet area.

1. Introduction
The influence of greenhouse gases on global warming has
been investigated in numerous studies [1–3]. This paper
focuses on the effect global warming may have on the
temporal variation and spatial pattern of precipitation and
its possible influence on causing precipitation extremes.
Compared with the Clausius-Clapeyron equation relating
water vapor to the atmospheric temperature [4, 5], there is
no simple relationship between precipitation and the atmospheric temperature [6–10]. This is because precipitation is
influenced by more factors, such as atmospheric circulation,
solar forcing, anthropogenic forcing, and cloud [11, 12]. It is
also found that changes in the precipitation can be attributed

to natural climate variability and external influences [13].
Most observational studies [7, 10, 14, 15] and climate models
[16–18] suggest that global precipitation is increasing more
slowly than the total mass of water vapor in response to global
warming. Previous studies [10, 19–23] try to separate the data
into wet versus dry regions; they find that precipitation has
an increasing tendency in the wet areas and has a decreasing
tendency in dry areas, which is referred to as the “rich-getricher” mechanism. Recently, Chou et al. [24] found that the
wet seasons become wetter and dry seasons become dryer.
Here, we will investigate whether a current climate model can
capture the characteristics of the temporal variations of the
precipitation by emphasizing the role of the greenhouse gases
and aerosols. Quantitatively simulating the precipitation
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Both observations and numerical simulations are employed
to examine precipitation under two different regions within
40∘ S–40∘ N: dry areas with precipitation less than 50 mm/
month and wet areas with precipitation greater than 200 mm/
month. By comparing the current atmospheric model to
observations, we can explore how good is the model in
simulating precipitation. In addition, a diagnostic analysis
of the numerical simulation will be conducted to investigate
the physics behind the temporal trends of precipitation over
different areas.
We use the NASA Goddard Institute for Space Studies (GISS) model to study the precipitation, temperature,
water vapor, and circulation. Specifically, the GISS atmospheric general circulation model coupled to the hybridisopycnic ocean model (HYCOM) [12] is employed. It is
an updated version used for IPCC AR4 report [2]. GISSEH Model E20/HYCOM is a 4 × 5 × L20 model that uses
the Model E atmospheric code (internal version number
E3), with 20 layers in the vertical, a model top at 0.1 hPa,
and coupled to the HYCOM ocean model (v. 0.9, 2 × 2
× L16) (http://data.giss.nasa.gov/modelE/ar4/). The atmosphere model includes a gravity-wave drag parameterization
in the stratosphere. The HYCOM dynamic ocean model
can produce a reasonable magnitude of El Niño Southern
Oscillation- (ENSO-) like variability [12]. This model has
been utilized to study the influence of solar and anthropogenic forcing on the tropical hydrology [12] and explore the
climate drift on twenty-first-century projection [25]. The control simulation starts with year 1850 atmospheric conditions
containing fixed greenhouse gases and aerosols. The historic
model simulation includes the historic greenhouse gases and
aerosols changes in the radiative forcing.
The observational studies of precipitation are based on the
data sets from the Global Precipitation Climatology Project
(GPCP), which is an international project to construct the
global long-term record of precipitation over the whole world
on behalf of the World Meteorological Organization (WMO),
the World Climate Research Programme (WCRP), and the
Global Energy and Water Experiment (GEWEX) [26]. There
are many investigators and organizations contributing to this
project [14, 26]. The data sets of precipitation from the latest
version of the GPCP (i.e., Version 2.2) are available on the
public websites maintained by the Physical Sciences Division
(PSD) of the Earth System Research Laboratory (ESRL) in the
National Oceanic & Atmospheric Administration (NOAA)
(http://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html).
GPCP Version 2.2 precipitation data are derived from satellite
and gauge measurements. It incorporates data from SSM/I
emission estimates, F17 SSMIS, SSM/I scattering estimates,
GPI and OPI estimates and rain gauge analysis, and
TOVS estimates [27]. The spatial resolution of GPCP V2.2
precipitation is 2.5∘ × 2.5∘ (latitude by longitude). Analyses
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Figure 1: (a) Spatial pattern of the mean GPCP V2.2 precipitation
(𝑃) for 1988–2012 over the tropical and subtropical regions (40∘ S–
40∘ N). (b) Low-pass filtered time series of precipitation averaged
over high-precipitation areas (𝑃 > 200 mm/mon.). (c) Low-pass
filtered time series of precipitation averaged over low-precipitation
areas (𝑃 < 50 mm/mon.). El Niño Southern Oscillation (ENSO)
signals have been removed from the time series by a regression
method based on the Niño3.4 index. A low-pass filter is also applied
to remove the high frequency signals. Solid white contours refer to
the wet area where the precipitation is higher than 200 mm/mon.
Dotted white contours refer to the dry area where the precipitation
is lower than 50 mm/mon.

based on the observational data sets are conducted to
examine the consistency between the historic simulation and
the observational study from 1988 to 2012, where GPCP data
overlap with Special Sensor Microwave Imager data and are
believed to be more reliable [28].

3. Results
The spatial pattern of the observed climatological GPCP V2.2
precipitation for 1988–2012 is shown in Figure 1(a). The highprecipitation and low-precipitation areas are defined as the
areas with climatological monthly mean precipitation larger
than 200 millimeter per month (mm/mon.) and less than
50 mm/mon., respectively. The high-precipitation areas and
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Table 1: Trends for precipitation (𝑃), column water (𝑊), temperature (𝑇), and vertical pressure velocity (Ω) over wet area (𝑃 > 200 mm/mon.)
and dry area (𝑃 < 50 mm/mon.).
GPCP 𝑃
GISS 𝑃 (control simulation)
GISS 𝑃 (historic simulation)
GISS 𝑊 (control simulation)
GISS 𝑊 (historic simulation)
GISS 𝑇 (control simulation)
GISS 𝑇 (historic simulation)
GISS Ω (control simulation)
GISS Ω (historic simulation)

Wet area (𝑃 > 200 mm/mon.)
6.57 ± 0.27 mm/mon./decade
0.02 ± 0.19 mm/mon./decade
3.8 ± 0.17 mm/mon./decade
−0.06 ± 0.18 mm/mon./decade
1.15 ± 0.21 mm/mon./decade
−0.04 ± 0.19∘ C/decade
0.61 ± 0.23∘ C/decade
−0.016 ± 0.17 Pa/day/decade
−0.32 ± 0.18 Pa/day/decade

low-precipitation areas are highlighted by the solid white
contours and dotted white contours in Figure 1(a). Figure 1(a)
illustrates that the high-precipitation area is roughly the same
as the Intertropical Convergence Zone (ITCZ) identified
by the highly reflective clouds [29]. The low-precipitation
area comprises most of the other regions in the tropics and
midlatitudes. Two different approaches were attempted when
evaluating these data in preparation for plotting a time series.
Since the ITCZ fluctuates in position throughout the year,
one way to prepare the data is to allow the wet and dry areas
to change position with month to follow the movement of
the ITCZ. Another way is to calculate the precipitation over
the climatological wet and dry areas as shown in Figure 1(a).
Both approaches yielded similar results. Time series of the
observed precipitation over the climatological wet and dry
areas are plotted in Figures 1(b) and 1(c), which include data
over both land and ocean between 40∘ S and 40∘ N. From this
temporal variation of precipitation, it is evident that the areas
already receiving great precipitation tend to receive more
while the areas already receiving little precipitation tend to
receive less. The trend and uncertainty associated with the
wet area are 6.57 ± 0.27 mm/mon./decade while for the dry
area are −0.98 ± 0.23 mm/mon./decade. Details for trends are
listed in Table 1. El Niño Southern Oscillation (ENSO) signals
have been removed from the precipitation time series at each
location by a multiple regression method to avoid large biases
in the trend due to significant interannual variability. We
first regress the original time series on first, second, and
third Legendre polynomials, annual cycle, semiannual cycle,
and ENSO signal [30]. Then we subtract the ENSO signal
from the original time series. Also applied to the data was
a 20-month low-pass filter to remove the high frequency
signals. The low-pass filter is constructed as a convolution
of a step function with a Hanning window and chosen to
obtain a full signal from periods above 20 months [31].
The linear trend coefficient for the time series is calculated
from the least-square fitting. The standard error of the linear
trend is estimated by SE(𝑏) = (𝜎/√𝑁1 )/√(1/𝑁2 ) ∑ 𝑥𝑖2 [32],
where 𝜎 is the standard deviation of the data, 𝑁1 is the
number of degrees of freedom of the data, 𝑁2 is the length
of the data set, and 𝑥𝑖 is the time series corresponding
to a number of measurements with ∑ 𝑥𝑖 = 0. The number of degrees of freedom 𝑁1 is estimated by a formula

Dry area (𝑃 < 50 mm/mon.)
−0.98 ± 0.23 mm/mon./decade
−0.03 ± 0.24 mm/mon./decade
−0.48 ± 0.21 mm/mon./decade
0.057 ± 0.20 mm/mon./decade
0.49 ± 0.20 mm/mon./decade
−0.04 ± 0.20∘ C/decade
0.52 ± 0.22∘ C/decade
−0.04 ± 0.18 Pa/day/decade
−0.03 ± 0.21 Pa/day/decade

𝑁1 = 𝑁2 [1 − 𝑟(Δ𝑥)2 ]/[1 + 𝑟(Δ𝑥)2 ] suggested by Bretherton
et al. [33], where 𝑟(Δ𝑥) is the autocorrelation corresponding
to a lag of time interval Δ𝑥.
Next, we use the NASA GISS/HYCOM model to investigate whether the model can capture the overall trends seen
in the observations and reproduce the characteristics of precipitation. We conduct experimental simulations in a control
simulation where the greenhouse gases and aerosols are fixed
and a historic simulation where the historic greenhouse gases
and aerosols are included. Figure 2 illustrates the identified
areas of high and low precipitation and contains each of their
precipitation trends for both the control and historic simulations. Corresponding trends and uncertainties in the control
simulation for the wet area are 0.02 ± 0.19 mm/mon./decade
with −0.03 ± 0.24 mm/mon./decade for the dry area, as
shown in Figures 2(a) and 2(c). There is no significant trend
in the precipitation over the wet and dry areas when the
greenhouse gas concentrations and aerosols are fixed. In
contrast, the historic simulation demonstrates trends of 3.8 ±
0.17 mm/mon./decade and −0.48 ± 0.21 mm/mon./decade
for the wet and dry areas, respectively, as shown in Figures
2(b) and 2(d). The trends (3.8 ± 0.17 mm/mon./decade and
−0.48 ± 0.21 mm/mon./decade) in the GISS precipitation are
smaller than those seen in the observations (Figures 1(b)
and 1(c)), which might be related to the weakness of the
model in simulating the Pacific decadal variability (PDV). As
suggested by Gu and Adler [34], the PDV can also contribute
to the long-term trend of precipitation in addition to global
warming. The GISS/HYCOM model cannot simulate the
PDV well, which might contribute to the weak trends in the
model precipitation. We also apply similar analyses to AMIPtype CMIP5 model simulations and obtain similar results.
Since most CMIP5 model simulations end at 2008 and have
shorter time periods than those of observations, we do not
include results from these models in this paper.
The concentration of water vapor is one factor that can
influence precipitation. Figure 3 illustrates the trends of
column water for both the historic and control simulations
in the wet and dry areas. Corresponding trends in the
control simulation for the wet area are −0.06 ± 0.18 mm/
mon./decade with 0.057 ± 0.20 mm/mon./decade for the
dry area. Column water trends for the historic simulation
are 1.15 ± 0.21 mm/mon./decade over the wet area with
0.49 ± 0.20 mm/mon./decade for the dry area, as shown in
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Figure 2: Low-pass filtered time series for precipitation (𝑃) from GISS/HYCOM. (a) 𝑃 over high-precipitation area (𝑃 > 200 mm/mon.)
from the control simulation (solid line) and trend (dashed line). (b) 𝑃 over high-precipitation area from the historic simulation (solid line)
and trend (dashed line). (c) Same as (a) except for areas with precipitation <50 mm/mon. (d) Same as (b) except for areas with precipitation
<50 mm/mon.

Figures 3(b) and 3(d). The historic simulation exhibits a
strong positive trend for both the wet and dry areas while
the control simulation reveals virtually no trend in either.
Furthermore, of considerable note is the strength of the
trend in column water in the historic simulation and the
models ability to simulate it with low uncertainties and small
deviations.
The concentration of water vapor is related to the atmospheric temperature by the Clausius-Clapeyron equation
[35]. Therefore, we further examine the temporal variation
of atmospheric temperature from the simulations by the
GISS model. Results of the GISS 337 hPa temperature averaged in the identified areas of high and low precipitation
are shown in Figure 4 for both the historic and control
simulations. Corresponding trends and uncertainties in the
control simulation for the wet area are −0.04 ± 0.19∘ C/decade

with −0.04 ± 0.20∘ C/decade for the dry area. Trends for the
337 hPa temperature in the historic simulation are 0.61 ±
0.23∘ C/decade over the wet area and 0.52 ± 0.22∘ C/decade
over the dry area, as illustrated in Figures 4(b) and 4(d).
Temperature has positive trends over both wet areas and dry
areas, which are responses to the anthropogenic forcing in
the historic simulation. According to the Clausius-Clapeyron
law, air with high temperature will hold more water vapor.
Column water vapor also shows positive trends in both the
wet and dry areas in Figure 3. This behavior is different from
the temporal variation of precipitation for wet and dry areas.
To better understand the possible physics in the temporal
variation of precipitation, we examine the vertical pressure
velocity Ω = 𝑑𝑃/𝑑𝑡 in the GISS model over the wet and
dry areas. Results for Ω at 337 hPa are given in Figure 5.
Corresponding trends in the control simulation for the wet
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Figure 3: Low-pass filtered time series for column water vapor (𝑊) from GISS/HYCOM. (a) 𝑊 over high-precipitation area (𝑃 >
200 mm/mon.) from the control simulation (solid line) and trend (dashed line). (b) 𝑊 over high-precipitation area from the historic
simulation (solid line) and trend (dashed line). (c) Same as (a) except for areas with precipitation <50 mm/mon. (d) Same as (b) except
for areas with precipitation <50 mm/mon.

area are −0.016 ± 0.17 Pa/day/decade with −0.04 ± 0.18 Pa/
day/decade for the dry area. Trends for the 337 hPa Ω in
the historic simulation are −0.32 ± 0.18 Pa/day/decade over
the wet area and −0.03 ± 0.21 Pa/day/decade over the dry
area, as demonstrated in Figures 5(b) and 5(d). Figure 5(b)
illustrates a significant negative trend in the 337 hPa vertical
pressure velocity. This negative trend suggests that the rising
air is strengthening over the wet area and, in turn, can lead
to enhanced precipitation there. The temporal variation of
the vertical pressure velocity is consistent with a mechanism
suggested in some previous studies [19, 21], in which the gross
moist stability of the atmospheric boundary layer is reduced
due to increased moisture and hence the convection and the
related precipitation are amplified. Our investigation of the
column water vapor and temperature suggests positive trends
of column water vapor and temperature over the dry area.

Furthermore, the GISS historic simulation suggests that the
vertical pressure velocity did not significantly change during
the past two decades over the dry areas. The temporal trend
of the precipitation over the dry area poses a challenge to our
current understanding, which will be explored in the future.
The GISS/HYCOM model is also utilized to examine
the temporal variation of residual meridional circulations.
To explore the influence of anthropogenic forcing on the
meridional circulation, we calculated the time series of
337 hPa residual vertical velocity [31] over 15∘ N–15∘ S from the
GISS/HYCOM control and historic simulations. Results are
shown in Figure 6. In general, the increasing precipitation
over the ITCZ area (i.e., rich-get-richer) is accompanied
by an intensifying convection over the tropical region.
This intensifying convection can be seen by the increasing
trend of residual vertical velocity shown in Figure 6(a) of
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Figure 4: Low-pass filtered time series for 337 hPa temperature (𝑇) from GISS/HYCOM. (a) 𝑇 over high-precipitation area (𝑃 >
200 mm/mon.) from the control simulation (solid line) and trend (dashed line). (b) 𝑇 over high-precipitation area from the historic simulation
(solid line) and trend (dashed line). (c) Same as (a) except for areas with precipitation <50 mm/mon. (d) Same as (b) except for areas with
precipitation <50 mm/mon.

the GISS/HYCOM historic model simulation. The residual
vertical velocity displayed in Figure 6(a) has an increasing
trend of 1.99 ± 0.82 m/day/decade. Figure 6(b) illustrates the
residual vertical velocity of GISS/HYCOM control simulation. The residual vertical velocity for control simulation has
a trend of −0.04 ± 0.68 m/day/decade. The historic simulation
reveals a robust trend while the control simulation does not.
The lack of an increasing trend in the control simulation is
evidence of the influence anthropogenic forcing on the residual vertical velocity. The increasing trend demonstrated in the
historic simulation suggests that an intensifying convection
is occurring over the tropical region, and thus enhancing
the precipitation in those regions. Such an intensifying
convection is associated with a stronger meridional circulation, thus providing another perspective of the influence of

the large-scale meridional circulation on the temporal variation of tropical precipitation.

4. Conclusions
The GISS model simulations imply that the anthropogenic
forcing can affect the temporal variations of precipitation
over the wet and dry areas. Results from the GISS historic
simulation suggest that the wet area is getting wetter while the
dry area is getting drier, which are consistent with the results
from observation. Precipitation from the control simulation
with fixed amounts of greenhouse gases and aerosols does not
demonstrate trends over the wet and dry areas. The diagnostic
studies of the simulations from the GISS models reveal that
the atmospheric dynamics related to the convective stability,
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and hence the vertical motions, contribute to the increased
precipitation over the wet area. Comparison of residual
vertical velocity from the control and historic simulations
also illustrates variations in meridional circulation as a result
of global warming, which can further drive the increased
precipitation over the tropical regions. Correct simulation
of these important features by the climate model can help
to elucidate the physics behind the temporal variations of
precipitation, paving the way for more accurate prediction of
future climate change due to anthropogenic activities.
With increasing numbers of weather extremes related to
climate change, it is important to investigate precipitation,
temperature, and water vapor trends and their associated
spatial distribution. The significance and broader impacts
are evident when we look at the consequences of increased
drought in some areas and flooding in other areas. Droughts
create a heightened threat for fire weather, diminishing the
water supply, and recovery from the economic impact could
take years. On the other hand, rapid and abundant rainfall
could cause flooding and economic damages. These may be
related to the influence of global warming.
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The focus of this study is to assess spatiotemporal variability of tropospheric NO2 over South Asia using data from spaceborne OMI
during the past decade (2004–2015). We find an average value of NO2 1.0 ± 0.05 × 1015 molec/cm2 and a significant decadal increase
of 14%. The elevating NO2 pollution over the region is linked to rise in motor vehicles and industrial and agricultural activities and
increase in biomass fuel usage. The observed seasonality of NO2 is associated with change in meteorological conditions and seasonal
cycles of anthropogenic emissions. OMI data reveal a seasonal peak in spring followed by winter largely linked to metrological
conditions and anthropogenic emissions from crop residue and biomass burning for heating purpose, and low concentration in
summer is mostly attributed to meteorological conditions. Significant increase, up to 42%, in NO2 concentrations over northwestern
IGB, is observed connected to large scale postmonsoon crop residue events of 2010 and 2012. It is seen that NO2 is mounting over all
the hotspot locations and most of the cities. Dhaka shows the highest increase of 77% followed by Islamabad (69%), Kabul (68%),
Korba (64%), Bardhaman (47%), and Lahore (40%). On the contrary, DG Khan has shown negative trend of −11%.

1. Introduction
Nitrogen dioxide (NO2 ) plays an important role in the
modification of radiative balance of the Earth’s atmosphere
by changing its oxidizing capacity and chemistry and by
influencing the lifetimes of important greenhouse gases. Its
high concentration in the troposphere adversely impacts
inhabitants of the planet [1, 2]. NO2 is mainly emitted
during industrial burning, vehicle combustion, biomass fuel
and crop residue burning, direct soil emissions, and natural
lightning [3, 4]. The dominant sink of NO2 is its oxidation
process, involving hydroxyl radical (OH) and solar ultraviolet
(UV) radiations, by which secondary pollutants such as
ozone, nitric acid, methane, and aldehydes are produced [5–
9].
Tropospheric NO2 shows high spatiotemporal variability
mainly modulated by local emission changes, seasonal cycles,
and meteorological conditions. South Asia is experiencing
severe air quality degradation due to high population growth
rate, burgeoning urbanization and industrialization, expanding demand of agricultural products, and exponentially
increasing energy consumption rate (e.g., [10–14]). Therefore,

in order to develop the effective strategies to reduce its emissions, it is necessary to assess spatiotemporal distribution of
NO2 and identify its emission sources over the study region.
As far as tropospheric NO2 assessments are concerned, no
study has so far been carried out over the whole South Asian
region. However, a few studies have been conducted only
on some parts of South Asia to investigate spatiotemporal
variations and to identify NO2 emission hotspots using
satellite remote sensing technique [15–20]. Recently, Ul-Haq
et al. [20] assessed spatial and temporal patterns of NO2
over Pakistan using Ozone Monitoring Instrument (OMI)
retrieved data for the period 2004–2008. Renuka et al. [19]
analyzed long-term changes of tropospheric NO2 over south
India using retrievals from GOME/ERS-2 and OMI/Aura
during 1996–2014. They reported an increase in NO2 column over Gadanki (13.48∘ N, 79.18∘ E). In spite of increase
in anthropogenic emissions (e.g., population and vehicular
traffic), these authors also found decreasing trend between
eastern and western Ghats possibly linked with changes
in land-use pattern limiting the soil emissions of NO2 .
Ramachandran et al. [18] studied tropospheric NO2 over
India and identified NO2 hotspots during 2002–2012 based
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(1) Lahore
(2) Delhi
(3) Karachi
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(8) Kolkata
(9) Angul
(10) Korba
(11) Singrauli

Figure 1: Geographical map of South Asia identifying locations of
the NO2 hotspots (image source: Google Earth).

on measurements from SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY, on
board Envisat satellite; [21, 22]). The study of David and Nair
[17] was based on OMI data to detect seasonal changes and
trends over Indian region for a period from 2007 to 2008.
Ten-year (1996–2006) data obtained from Global Ozone
Monitoring Experiment (GOME) and SCIAMACHY were
used to study trends and seasonality over India [15] and to
detect and analyze global NO2 hotspots [16].
However, compared to previous studies, the present study
offers two advancements, that is, complete coverage of the
South Asian region for the first time and usage of higher
spatial resolution data from OMI to identify small and
localized emission sources of NO2 . In this study, spatiotemporal distribution of tropospheric NO2 and identification of
hotspots in South Asia are presented by using OMI data for a
period from October 2004 to January 2015.

2. Geography and Meteorology of South Asia
South Asia is the second most populous region in the world
having population over 1667.8 million with land surface area
of approximately 5,134,613 km2 . According to the South Asian
Association for Regional Cooperation (SAARC), this region
consists of eight countries: Afghanistan, Pakistan, India,
Nepal, Maldives, Sri Lanka, Bangladesh, and Bhutan [23]
(Figure 1).
The study region can be divided into five extensive
physical subregions: the high Himalayan and Karakoram
mountains in the north; the southern lowlands (IndusGanges-Brahmaputra) that expand from Pakistan to the
delta lands of Bangladesh making up the core and densely
populated areas; Balochistan Plateau, the most dry area of the

study region that covers the Suleman and Kirthar mountains
in southern boundary of Afghanistan and Pakistan; the
peninsular India, dominated by the Deccan Plateau bordered
by narrow and fertile coastal plains backed by elongated
north-south mountain ranges called western Ghats and
eastern Ghats; and the island realm that includes Sri Lanka
and Maldives [24].
Monsoon weather systems are the dominant climatic
factors for the most of South Asia especially in Pakistan and
India. In winter season cold and dry winds flow outward due
to a large high-pressure system over the Himalayas and down
across South Asia causing small amount of rain, whereas, in
spring, these winds diminish, resulting in hot and dry season.
In June low pressure over landmass draws in clean, warm,
and moist air from the Arabian Sea (ArS), Bay of Bengal
(BoB), and Indian Ocean (InO). The uplifting and cooling
of these moist monsoon winds result in heavy rain fall, but
not all of South Asia receives substantial rainfall from the
southwest monsoon. In much of Pakistan and the Indian state
of Rajasthan, precipitation is low and variable, resulting in
steppe and desert climates [25–28].
Eleven statistical significant hotspots of NO2 concentration have been identified which include Delhi, Mumbai,
Kolkata, Korba, Singrauli, Bardhaman, Pakur, and Angul
located in India, Lahore and Karachi from Pakistan, and
Dhaka sited in Bangladesh. The basic climatic parameters of
these hotspots are shown in Figure 2.

3. Materials and Methods
3.1. NO2 Retrievals by OMI/Aura. NASA’s Aura satellite team,
celebrating its 10th anniversary of operations, has provided
vital data about the chemistry and dynamics of Earth’s
atmosphere from the surface through the mesosphere. This
satellite carries four instruments, that is, High Resolution
Dynamics Limb Sounder (HIRDLS), Tropospheric Emission
Spectrometer (TES), Microwave Limb Sounder (MLS), and
Ozone Monitoring Instrument (OMI). In this study, because
of improved algorithms and sensitivity of OMI for NO2
detection at lower atmosphere, we have used its tropospheric
NO2 daily averaged product (OMNO2d.003, level 3). This
sensor is a wide-field-imaging grating spectrometer with
horizontal resolution of 13 × 24 km2 at the nadir point and
it uses push-broom mode to measure the backscattered solar
radiations (270–500 nm with spectral resolution of about
0.5 nm, [29–31]). Tropospheric NO2 columns are retrieved by
using Differential Optical Absorption Spectroscopy (DOAS)
analysis in the 405–465 nm spectral range [32, 33]. Details of
data filtering, DOAS analysis and algorithm, and data quality
control procedures can be found in NASA’s online user’s
manual for OMI products (https://earthdata.nasa.gov/).
It has been well established that NO2 measurements
retrieved from satellites are in good agreement with in situ
measurements and bottom-up emission inventories [34–40].
The studies of Boersma et al. [41] and Celarier et al. [42]
reviewed and validated the OMI-NO2 with ground (MAXDOAS instruments) and aircraft (DC-8 aircraft) measurements. They showed a good agreement between the tropospheric OMI-NO2 column and ground-based measurements,
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Figure 2: Climographs showing average temperature, sun fraction, precipitation, wind speed, and sun hours per day over NO2 hotspots.
Dotted line corresponds to secondary vertical axis.

with OMI-NO2 columns underestimated by 15–30%. They
also found a good correlation (𝑟 = 0.83) between the aircraft
based NO2 and OMI-NO2 datasets. The observed OMI-NO2
columns were smaller at about 15% (with uncertainty of ±10%
and large scatter in the data) than the integrated in situ aircraft
profiles. In a recent study, Ul-Haq et al. [20] found a good
correlation (𝑟 = 0.845) between tropospheric OMI-NO2
and SCIAMACHY-NO2 columns using overpass data for the
megacity Lahore (Pakistan).
3.2. Climate Data by Food and Agriculture Organization
of United Nations (FAO). Monthly averaged climate data
for NO2 hotspots have been obtained from Food and
Agriculture Organization of United Nations (FAO) global
climate database using FAO Local Climate Estimator software
New LocClim, version 1.10 [43]. FAO has been using data
from satellites and agrometeorological models [44, 45].
3.3. NO2 Hotspots Identification. Higher values of a measurement may be very significant statistically but their spatial patterns are equally important if the data in hand is
geographical in nature. In such a case spatial clustering of
higher or lower values is of real importance to explain the
phenomenon rather than the statistics of values only. In
geostatistics, a feature will be significant if it has a high
value and is surrounded by other features with high values as
well. Geostatistical hotspot analysis compares proportionally
local sum of NO2 concentration for a feature and its defined
neighborhood with sum of all the features in the study area.
In this study, geospatial statistic tool Getis-Ord 𝐺𝑖∗ [46,
47] is used to identify statistically significant NO2 concentration hotspots. The Getis-Ord 𝐺𝑖∗ tool can be utilized for
spatial clustering and autocorrelation [48]. This tool has
been applied by using ArcGIS’s Spatial Statistics tools and
described in the following equations:
𝐺𝑖∗ =

∑𝑛𝑗=1 𝑤𝑖,𝑗 𝑥𝑗 − 𝑋 ∑𝑛𝑗=1 𝑤𝑖,𝑗
2

𝑆√ [𝑛 ∑𝑛𝑗=1 𝑤2 𝑖,𝑗 − (∑𝑛𝑗=1 𝑤𝑖,𝑗 ) ] / (𝑛 − 1)

,

𝑋=

∑𝑛𝑗=1 𝑥𝑗

𝑆=√

𝑛

,

∑𝑛𝑗=1 𝑥𝑗2
𝑛

2

− (𝑋) ,
(1)

where 𝑥𝑗 is the attributive value for a point 𝑗, 𝑤𝑖,𝑗 = 1/𝑟𝑖,𝑗
is distance of 𝑗th measurement point from 𝑖th measurement
point, and 𝑛 is the total number of measurement points
(i.e., 23712 in this study). The calculated values of 𝑋 are
0.724356 and 0.782528 for the years 2005–2008 and 2011–
2014, respectively. Similarly, we find 𝑆 values to be 0.665821
and 0.587949 for the data during 2005–2008 and 2011–2014,
respectively. Getis-Ord 𝐺𝑖∗ creates a new output feature class
with 𝑧-score for each feature in the input feature class which
indicates the place of a particular value in a dataset relative
to the mean, standardized with respect to the standard
deviation. The 𝑧-score represents the statistical significance
(90% significant at 𝑧 ≥ 1.645, 95% significant at 𝑧 ≥
1.960, 99% significant at 𝑧 ≥ 2.576, and 99.9% significant
at 𝑧 ≥ 3.291) of clustering for a specified distance. For
statistically significant positive 𝑧-scores, the larger the 𝑧score, the more intense the clustering of high values (hotspot)
[49]. A high 𝑧-score for a point indicates its neighbors have
high attribute values and 𝑧-score near zero indicates that
neighboring points have a range of values [50]. The Inverse
Distance Squared Method, appropriate for this type of data
where the closer features influence each other, with threshold
distance of 1∘ has been used in hotspot identification [49].
We have obtained 𝑧-score values ranging from −4.43 to 22.18.
Any location with its surrounding areas having sufficiently
extreme 𝑧-score (𝑧 ≥ 10) is selected to be a real statistically
significant hotspot of NO2 concentration.
In the present work, we have used annual mean values
of OMI-NO2 to calculate NO2 average values, and the
percentage increase calculation is based on linear trend line
equation; that is, 𝑦-intercept represents initial concentration
value. The correlations of hotspots are based on monthly
mean values.
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Figure 3: Area averaged annual distribution of OMI-NO2 (×1015
molec/cm2 ) over the study region during 2005–2014.

4. Results and Discussion
4.1. Temporal Distribution of NO2 . The OMI retrievals show
annual average value of tropospheric NO2 column to be
1.0 ± 0.05 × 1015 molec/cm2 over South Asia during the study
period. A linear regression on the annual mean data shows a
statistically significant (at confidence level of 99.9%) decadal
increase of 14% with a slope of 0.013 (±0.002), correlation
coefficient (𝑅2 ) 0.723, and 𝑦 intercept at 0.930 (±0.017) ×
1015 molec/cm2 . This positive trend is quite consistent with
the trend (1.76 ± 1.1% per year) reported by Ghude et al. [16]
for a region consisting of India, Pakistan, Bangladesh, and
Nepal and trend reported by Ghude et al. [15] for India (1.67%
per year). During the study period the highest annual value
of 1.07 × 1015 molec/cm2 is found in 2011 and lowest value of
0.93 × 1015 molec/cm2 in 2006 (Figure 3).
The observed increase of NO2 in the region may be
attributed to increase in anthropogenic emissions due to
expansion in traffic volume, increasing power generation,
flourishing industries, rapid urbanization, more demand of
agricultural products, and more biomass fuel usage (e.g., [10–
16, 19, 20, 51–54]).
The main sources of NO2 are different for South Asian
countries. The level of urbanization in Pakistan is now the
highest in South Asia [55]. During this period the escalating
urban population, coupled with more demand in some sectors such as cement production, industrial expansion, motor
vehicles usage, and electricity generation, has resulted in
elevated levels of NO2 emissions. In Pakistan road transport
is the dominant mode of passengers that is responsible for
carrying 91% of the national passenger traffic and 96% of
the freight movements. During 2000 to 2010, the number of
vehicles on the roads has grown from 4 to 9.8 million showing
an increase of 145% [56]. The factors that are responsible for
this huge increase are the import of reconditioned vehicles,
popularity of vehicle financing schemes, and the President
and the Prime Minister’s Rozgar schemes (self-employment
schemes) with heavy investments at low mark-up to purchase
small auto vehicles like rickshaws and taxies [53]. The
economy of Pakistan is heavily dependent on the agricultural
sector. The total agricultural waste burnt is estimated to be
1704.9 thousand tons per year in the rice-wheat cropping
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system in Pakistan [57] contributing significant emissions of
NO2 .
In India, the road transport is the dominant source of
NO2 emissions as compared to industry and power sector.
The number of vehicles, registered in India, was 55 million
in 2001 which has grown to around 159.5 million by 2012
[58]. Another important source of NO2 emissions is the
industrial process, especially the production of nitric acid,
used in fertilizer manufacturing. India is an agrarian country
and generates a large quantity of agricultural wastes. The
annual crop residue generated in India for 2008-2009 is
found to be about 620 Mt/year of which 15% is burnt on
farms emitting huge amount of NOx for the 2008-2009 [59].
Significant amount of NO2 is emitted from coal fired power
plants. India is the biggest energy user, followed by Iran and
Pakistan. Coal is India’s most abundant source of energy and
currently almost 60% of its commercial energy needs are
fulfilled by it. Lastly, widespread use of traditional sources
of energy such as fuel wood and animal dung has also been
contributing to NO2 emissions. Estimates indicate that nearly
3 in 4 rural households depend on traditional sources of
energy for cooking, heating, and so forth [60].
In Afghanistan, usage of electricity generators, biomass
burning, and vehicular traffic are important sources of NO2 .
The use of portable generators during power outages is a
major source of NO2 in the country. In Kabul alone, there are
about 173,755 diesel and gasoline power generators in which
99.5% are used by households. Animal dung is also used in
85% of rural homes and in about 15% of urban homes for
heating and cooking. The transport sector faces challenges of
illegal import of used vehicles, continued use of very old and
poorly maintained vehicles, poor quality of transport fuel,
and limited road capacity leading to high emissions of air
pollutants [61].
In Bangladesh, NO2 is mainly emitted from energy
transformation industries, motor vehicles, biomass burning for industrial processing and home cooking, burning
of agricultural residues, and iron and steel industries. In
Bhutan, the sector-wise emissions estimates of NO2 indicate
that domestic sources and vehicles are responsible for NO2
emissions. As per Male Declaration-2000 [62], the sources
of NO2 in Sri Lanka include transport (46.8%), domestic use
(37.1%), power generation (13.7%), industry (2.3%), and fuel
conversion (0.1%). Bhutan is one of the few countries in the
world where the environment is still protected largely due
to its vast forest cover and widespread use of hydropower
and biomass energy. Forest fires are the biggest sources of
air pollution in Bhutan [63]. In Maldives, road traffic and
domestic combustions are mostly responsible for NOx air
pollution. In Nepal, major NOx sources are associated with
the combustion of fossil fuels in industries, especially in the
cement industry.
The estimated lifetime of NO2 in the Planetary Boundary
Layer (PBL) is 18–27 hours with considerable diurnal and
seasonal variations [7, 64, 65]. However, in the middle and
upper troposphere, NO2 lifetime varies from several days to a
week due to decreased OH and aerosol concentrations [6, 66,
67]. The NO2 lifetime depends on meteorological conditions,
its photolysis rate, surface emissions, length of day and night,
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aerosols abundance, and OH and H2 O concentrations [18,
68, 69]. The meteorological conditions such as wind speed,
temperature, humidity, and solar radiations flux affect NO2
concentration via removal, transformation, and transport
processes [68]. The hot and humid atmosphere enhances
the removal of NO2 through photolysis [18]. Also low wind
speeds reduce NO2 transport and its vertical air mixing thus
elevating NO2 concentration near emission sources [69].
OMI data show large seasonal amplitude with a monthly
highest value of 1.58 × 1015 molec/cm2 (in March 2011) and
lowest value of 0.76 × 1015 molec/cm2 (in July 2006). We also
find high fluctuations in daily average values ranging from
2.01 × 1015 molec/cm2 to 0.22 × 1015 molec/cm2 . The 10-year
monthly mean (October 2004–January 2015) NO2 behavior
is presented in Figure 4.
The monthly pattern shows NO2 maximum in spring season with a primary peak in March 1.22 × 1015 molec/cm2 and
secondary peak in May 1.13 × 1015 molec/cm2 . March peak
is mainly attributed to low humidity, low wind speeds, and
mild temperatures causing reduction in photolysis removal
process of NO2 hence stabilizing its concentration. Because of
these factors, the NO2 stability dominates the NO2 removal
through photolysis process of NO2 due to the availability of
more solar radiations in this month. In March, the lower
concentration of OH (if the water vapor concentration is low
enough) is considered a limiting factor of NO2 photolysis to
form HNO3 , the principal sink for NO2 (e.g., [5]).
Relatively high values in March–May and OctoberNovember are also associated with emissions of NO2 from
large scale open field crop residue burning (nearly 7–10 tons
of crop waste per hector) in the study area during wheat-rice
rotation periods [12, 70–72]. In the study region, the main
area for crop residue burning is IGB consisting of Lahore,
Dera Ghazi Khan, Narowal, Hafizabad, and Faisalabad in
Pakistan and states of Uttar Pradesh, Punjab, and Haryana in
India [13, 53, 73].
A winter season high with a peak in December 1.07
× 1015 molec/cm2 , is due to meteorology (weak winds and
dry weather conditions), heavy usage of biomass fuel for
wintertime home heating especially in the northern areas,
and less UV radiations available for the initialization of
photolysis reactions that break down NO2 [8, 20, 74, 75].
In winter, shallower boundary layer results in lower vertical
dispersion which reduces the dilution and removal rates
of NO2 . This may also contribute to NO2 enhancement in
wintertime [76].
Low NO2 during wet summer, with a notable dip in
August 0.80 × 1015 molec/cm2 , is linked to massive advection
of moist clean air mass, increased actinic fluxes enhancing
the photodissociation of NO2 , elevated levels of OH radical
helping NO2 removal from the atmosphere via HNO3 , and
presumably less traffic activity due to reduced social and
educational activities during very hot summer [16, 20, 77, 78].
During the rainy season, effect of lightning on the increase of
NO2 concentration is not clearly seen due to the opposing
influence of rain washout discussed by Yoo et al. [78]. The
washout of the SO2 and NO2 by rainfall has been a global
and regional concern, since it plays an important role in
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Figure 4: Area averaged monthly mean distribution of OMI-NO2
(×1015 molec/cm2 ) over the study region during October 2004–
January 2015.

producing acidic precipitation [78]. In the atmosphere, NO2
reacts with water to form nitric or nitrous acid [79]. A number
of previous studies have demonstrated significant negative
correlation between NO2 and rainfall (e.g., [77, 80, 81]).
Martin [80] showed the washout coefficient for NO2 is about
80% of that for SO2 . However, the washout effects on the
NO2 and SO2 concentrations by daily cumulative rainfall
are comparable over India, resulting in the reduction (40–
45%) of these pollutants [77]. Yoo et al. [78] demonstrated
the scavenging of air pollutants (CO, NO2 , SO2 , and PM10 )
by summertime precipitation based on the three washout
effect indicators such as Absolute Washout Index (AWI),
Negative Correlation Fraction (NCF), and Relative Washout
Index (RWI). They showed that the washout effect is in the
descending magnitude order of PM10 > SO2 > NO2 > CO >
O3 .
We discuss two crop residue burning events of postmonsoon 2010 [82] and postmonsoon 2012 [83]. South Asia is the
principal niche of rice-wheat system that occupies a total of
13.5 million ha in rice-wheat consortium countries such as
India, Pakistan, Bangladesh, and Nepal with rice cultivation
areas of 10, 2.2, 0.8, and 0.5 million ha, respectively [57, 84]. In
this regard, South Asian farmers need to manage 5–7 t ha−1 of
rice residues and overcome the problems for planting wheat.
There are various options for crop waste management out of
which the burning of crop residue is one of the most common
practices.
Elevated NO2 concentrations have been found over
northwestern parts of IGB including Punjab, Haryana, and
western Uttar Pradesh regions as a direct consequence of
the crop residue burning emissions (Figures 5(a)–5(c)). In
Figure 4, NO2 enhancements (10–42% on average) can be
seen over the rice residue burning areas during the postmonsoon period of 2012, compared with the average value
of postmonsoon periods during study years except 2010 and
2012, especially in Pakistani and Indian Punjab and their
adjoining territories famous for rice cultivation. For the
postmonsoon 2012, we find 15–35% increment in NO2 levels
showing close agreement with the results of Kaskaoutis et
al. [83]. In a previous study, Kaskaoutis et al. [83] examined
the impact of paddy crop residue burning over northern
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Figure 5: (a) Average NO2 after monsoon for all years except 2010 and 2012. (b) NO2 during postmonsoon 2010. (c) NO2 during postmonsoon
2012.

India during the postmonsoon (October–November) season
of 2012. They showed about 34–40% increase in NO2 levels as
a direct consequence of these crop residue burning events.
4.2. Spatial Distribution of NO2 . In Figure 6, an enhanced
value of NO2 observed over IGB is mainly coupled with
high human settlement, coal based thermal power plants,
industrialization and urbanization, more agricultural activity,
large scale crop residue, and biomass mass burning previously
reported by many studies (e.g., [3, 12, 19, 71, 85, 86]). It
is evident from the figure that IGB section consisting of
Punjab (from India and Pakistan) and eastern region of
India show consistent high values due to high pupolation
density, crop residue and biomass buning events, power
plants, and mining activities. In addition, low population and
rural areas scattered all over the region also contribute to
NO2 emissions from domestic cooking, small and medium

industries, transport, and open burning of litter and biofuels.
NO2 masking is also observed over marine areas that is
associated with NO2 emissions due to seaport activities and
urban pollution.
Our analysis shows significant decadal increasing trend
of 17% (slope of 0.02428 ± 0.00657 and 𝑦 intercept at
1.24751 ± 0.03695 × 1015 molec/cm2 ) with average of 1.36 ±
0.01 × 1015 molec/cm2 over a region between eastern and
western Ghats (12.57–17.58∘ N to 76.05–79.00∘ E). This finding
differs with the results by Renuka et al. [19] who reported a
decreasing trend over the region between the two Ghats. The
disparity in the results may be attributed to the difference in
spatial and temporal domains.
4.3. NO2 Hotspots in South Asia. In Figure 7(a), NO2
hotspots have been identified and visualized during 2005–
2014 using Getis-Ord 𝐺𝑖∗ statistic hotspot analysis tool.

8

Advances in Meteorology
January

February

March

April

May

June

July

August

September

October

November

December

65 70 75 80 85 90 95
Longitude (deg.)

65 70 75 80 85 90 95
Longitude (deg.)

65 70 75 80 85 90 95
Longitude (deg.)

65 70 75 80 85 90 95
Longitude (deg.)

Latitude (deg.)

35
30
25
20
15
10
5

Latitude (deg.)

35
30
25
20
15
10
5

Latitude (deg.)

35
30
25
20
15
10
5

8
7
6
5
4
3
2
1
0
8
7
6
5
4
3
2
1
0
8
7
6
5
4
3
2
1
0

Figure 6: 10-year monthly mean spatial and temporal distribution of OMI/Aura tropospheric NO2 (×1015 molec/cm2 ) over the study region
during October 2004–January 2015.

These hotspots include megacities of Karachi and Mumbai
located along the coastal belt of ArS, Lahore and Delhi sited
in IGB, and Kolkata and Dhaka situated in eastern region of
the study area.
It is evident from Figure 7(a) that high values of NO2 are
found over most of the hotspots observed in the northern
areas. This NO2 pollution appears more widespread over
Lahore and Delhi as compared to other hotspots. This may
be related to large scale crop residue burning and high
population density in the surrounding territory. The lower
NO2 value over southern part of South Asia is due to a
number of factors: small number of large point sources,
low population density, less amount of biomass burning and
vehicular population, and the hot and humid climate which
leads to enhanced NO2 photolysis.
In order to perform a more meaningful analysis of
hotspots, we have created two time zones, namely, first
four years (2005–2008) and last four years (2011–2014). The
tendencies in the NO2 -hotspots are expressed in terms of
differences in 𝑧-score values (Δ𝑧-score) and are calculated
from the linear regression (Δ𝑧-score = 𝑎 ∗ Δ𝑡) to the time
series for 2005–2008 and 2011–2014 periods individually.
The averaged 𝑧-score values of the two periods are used to

calculate the trends of hotspots. Δ𝑧-score actually represents
the slope of the 𝑧-score regression line in each pixel starting
in 01–01–2005 to 31–12–2008 (first period) and 01–01–2011
to 31–12–2014 (second period). From Figures 7(b)–7(d), it is
revealed that negative trends of 𝑧-score cover some parts of
IGB and central areas of India. The hotspots of Lahore, Delhi,
Dhaka, Bardhaman, Pakur, and Korba are strengthening and
expanding in geographical extent during both the periods.
On the other hand, Mumbai, Karachi, Singrauli, Angul, and
Kolkata are found to have decreasing trends. Cities of Islamabad, Kabul, and Ahmedabad also appear with significant
increasing trends.
OMI data reveal that NO2 columns are mounting over
all the hotspots and most of the selected cities. However, the
difference in increasing rates is mainly attributed to levels
of the industrial activity, traffic volume, urban and rural
background, and local meteorological conditions. Dhaka is
the fastest growing city among all the hotspots and selected
cities [87] linked to the highest increase (77%) in NO2 column
with an average of 3.15 ± 0.51 × 1015 molec/cm2 . After
Dhaka, we find high growth rates for Islamabad 69%, Kabul
68%, Korba 64%, Bardhaman 47%, and Lahore 40%. On the
other hand, DG Khan is found with negative trend at −11%.
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Figure 7: Spatial distribution of (a) hotspots during 2005–2014, (b) hotspots during 2005–2008, (c) hotspots during 2011–2014, and (d)
hotspots tendencies (Δ𝑧-score) for 2005–2008 and 2011–2014.

The average value of NO2 column over Singrauli is the highest
3.71 ± 0.27 × 1015 molec/cm2 followed by Bardhaman 3.23 ±
0.44×1015 molec/cm2 and Korba 3.23±0.44×1015 molec/cm2 ,
whereas Karachi has exhibited the lowest average value of
2.00 ± 0.10 × 1015 molec/cm2 with decadal increase at 6%
(Table 1).
Figures 8 and 9 show the seasonality and intercomparison
of the hotpots in the region. The megacities of Lahore
and Delhi are located in IGB and experience almost the
same meteorological conditions (Figure 2), large crop residue
burning in surrounding areas, and extremity of monsoon
which result in similarity in NO2 seasonal patterns showing
𝑅2 = 0.865 (Figures 7 and 8). Over Lahore and Delhi, higher
NO2 values are found during the winter months followed
by spring season (Figure 6). Winter peak is mainly due to
biomass burning for domestic heating [20], stable winds,
less daily sun hours and sun fraction, and low temperature

(Figure 2). In May, a surge in NO2 over Lahore and Delhi is
linked to large scale crop residue burning from wheat fields in
the neighboring rural areas of Kasur, Shiekhupura, Narowal,
Hafizabad, Mianchannu, and Uttar Pradesh regions. In this
month, high temperature also contributes to soil emissions
which are further enhanced by the application of fertilizers in
the rice fields. The low NO2 column over these cities during
the period of monsoon season is mostly coupled with heavy
rains, high humidity, and strong winds (Figure 2).
Some important anthropogenic emission sources of NO2
in Lahore are industrial zones (e.g., Sundar industrial estate,
Kot Lakhpat industrial area, Shahdara tractors manufacturing units, steel mills, and refrigerator manufacturing units),
power plants (SEPCO, Kohinoor, Japan Power, and Nishat)
and large scale crop residue burning events. Also a notable
source of high NO2 , over Lahore, is the usage of diesel and
petrol electricity generators during the heavy electric power

156.6

1252

31

27

182

0.3

20.4

0.7

Location

23.70∘ N, 90.35∘ E

21.00∘ N, 78.00∘ E

34.53∘ N, 69.13∘ E

26.53∘ N, 86.73∘ E

33.66∘ N, 73.16∘ E

3.20∘ N, 73.22∘ E

7.00∘ N, 81.00∘ E

27.41∘ N, 90.43∘ E

23.48∘ N, 90.24∘ E

33.40∘ N, 73.00∘ E

34.33∘ N, 69.08∘ E

22.35∘ N, 82.68∘ E

Bangladesh

India

Afghanistan

Nepal

Pakistan

Maldives

Sri Lanka

Bhutan

Dhaka
(Dhaka Division, Bangladesh)

Islamabad
(Capital of Pakistan)

Kabul
(Capital of Afghanistan)

Korba
(Chhattisgarh, India)
1.01

3.5

2.1

14.39

Population
(million)

Name of the country/hotspot
area/city

6,598

425

1060

815

38,394

65,610

300

796,095

147,181

652,864

3,287,590

147,570

Area
(km2 )

3.23 ± 0.44

1.74 ± 0.27

2.32 ± 0.43

3.15 ± 0.51

0.83 ± 0.04

0.71 ± 0.01

0.20 ± 0.01

1.24 ± 0.05

1.05 ± 0.05

0.81 ± 0.04

1.66 ± 0.08

1.75 ± 0.13

Average
(×1015 molec/cm2 )

64

68

69

77

5

6

10

13

13

16

17

23

Decadal
trend
(%)

Trend parameters
𝑎 = slope ± error
𝑏 = y intercept ± error
(×1015 molec/cm2 )
𝑎 = 0.04039 ± 0.01063,
𝑏 = 1.54966 ± 0.05983,
𝑅2 = 0.67337
𝑎 = 0.02912 ± 0.00452,
𝑏 = 1.51498 ± 0.02541,
𝑅2 = 0.85592
𝑎 = 0.01362 ± 0.00358,
𝑏 = 0.74361 ± 0.02012,
𝑅2 = 0.67459
𝑎 = 0.01452 ± 0.00464,
𝑏 = 0.98200 ± 0.02614,
𝑅2 = 0.58262
𝑎 = 0.01706 ± 0.00383,
𝑏 = 1.15578 ± 0.02154,
𝑅2 = 0.73952
𝑎 = 0.00239 ± 0.00098,
𝑏 = 0.19713 ± 0.00549,
𝑅2 = 0.46181
𝑎 = 0.00471 ± 0.00203,
𝑏 = 0.68708 ± 0.01141,
𝑅2 = 0.43601
𝑎 = 0.00464 ± 0.00628,
𝑏 = 0.80861 ± 0.03533,
𝑅2 = 0.07251
𝑎 = 0.190 ± 0.02121,
𝑏 = 2.2012 ± 0.119355,
𝑅2 = 0.9198
𝑎 = 0.12912 ± 0.03554,
𝑏 = 1.67488 ± 0.19997,
𝑅2 = 0.65351
𝑎 = 0.09677 ± 0.01071,
𝑏 = 1.26159 ± 0.06026,
𝑅2 = 0.92105
𝑎 = 0.1699 ± 0.012827,
𝑏 = 2.3838 ± 0.072183,
𝑅2 = 0.9616

2.36
(Mar.-11)
0.49
(Oct.-05)
0.71
(Jan.-06)
0.94
(Nov.-05)
0.09
(Sep.-05)
0.582
(Oct.-07)
0.48
(Aug.-05)

1.16
(Jul.-06)
1.25
(Jul.-10)
1.70
(Apr.-09)
1.53
(Jul.-10)
0.33
(Feb.-06)
0.88
(May-06)
1.63
(Mar.-09)

5.82
(Jun.-08)

5.03
(Jan.-13)

4.68
(Dec.-10)

1.44
(Feb.-05)

1.01
(Mar.-05)

1.19
(Sep.-06)

1.31
(Jul.-06)

0.95
(Jul.-05)

2.95
(Mar.-11)

6.25
(Jan.-11)

Lowest monthly value
(×1015 molec/cm2 )

Highest monthly
value
(×1015 molec/cm2 )

Table 1: Statistics of tropospheric NO2 (×1015 molec/cm2 ) over South Asian countries, hotspots, and some major cities using OMI/Aura data during 2005–2014.
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23.33∘ N, 87.30∘ E

31.32∘ N, 74.22∘ E

23.30∘ N, 86.40∘ E

22.36∘ N, 91.80∘ E

31.41∘ N, 73.07∘ E

24.36∘ N, 88.60∘ E

12.96∘ N, 77.56∘ E

28.67∘ N, 77.22∘ E

24.12∘ N, 82.39∘ E

20.83∘ N, 85.01∘ E

17.37∘ N, 78.48∘ E

13.08∘ N, 80.27∘ E

Lahore
(Punjab, Pakistan)

Pakur
(Jharkhand, India)

Chittagong
(Chittagong Div, Bangladesh)

Faisalabad
(Punjab, Pakistan)

Rajshahi
(Rajshahi Division, Bangladesh)

Bengaluru
(Karnataka, India)

Delhi
(National Capital Region of
India)

Singrauli
(Madhya Pradesh, India)

Angul
(Odisha, India)

Hyderabad
(Telangana, India)

Chennai
(Tamil Nadu, India)

Location

Bardhaman
(West Bengal, India)

Name of the country/hotspot
area/city

4.34

9.5

1.27

1.17

16.31

4.30

0.8

6.5

4.6

0.89

10.23

0.34

Population
(million)

426

650

6,232

2,200

1,484

741

2,407

5,856

157

686

1,172

56

Area
(km2 )

2.33 ± 0.21

2.06 ± 0.15

2.73 ± 0.16

3.71 ± 0.27

3.20 ± 0.19

1.88 ± 0.11

2.43 ± 0.19

2.48 ± 0.21

1.61 ± 0.15

3.07 ± 0.26

3.22 ± 0.31

3.23 ± 0.38

Average
(×1015 molec/cm2 )

Table 1: Continued.

19

19

19

21

21

21

26

29

31

35

40

47

Decadal
trend
(%)

Trend parameters
𝑎 = slope ± error
𝑏 = y intercept ± error
(×1015 molec/cm2 )
𝑎 = 0.1363 ± 0.011839,
𝑏 = 2.5578 ± 0.066623,
𝑅2 = 0.9498
𝑎 = 0.1176 ± 0.013978,
𝑏 = 2.6338 ± 0.078661,
𝑅2 = 0.91
𝑎 = 0.102 ± 0.008346,
𝑏 = 2.5619 ± 0.046963,
𝑅2 = 0.9552
𝑎 = 0.04878 ± 0.01076,
𝑏 = 1.37594 ± 0.06054,
𝑅2 = 0.74601
𝑎 = 0.06997 ± 0.01379,
𝑏 = 2.13633 ± 0.07759,
𝑅2 = 0.78626
𝑎 = 0.06211 ± 0.01320,
𝑏 = 2.12518 ± 0.07426,
𝑅2 = 0.75987
𝑎 = 0.04048 ± 0.00602,
𝑏 = 1.67940 ± 0.03390,
𝑅2 = 0.86579
𝑎 = 0.0697 ± 0.008978,
𝑏 = 2.8575 ± 0.050523,
𝑅2 = 0.896
𝑎 = 0.0783 ± 0.02638,
𝑏 = 3.3193 ± 0.148447,
𝑅2 = 0.5574
𝑎 = 0.0527 ± 0.013024,
𝑏 = 2.4762 ± 0.073292,
𝑅2 = 0.7001
𝑎 = 0.04071 ± 0.01533,
𝑏 = 1.86456 ± 0.08629,
𝑅2 = 0.50165
𝑎 = 0.04669 ± 0.02416,
𝑏 = 2.10360 ± 0.13594,
𝑅2 = 0.34802
3.31
(Mar.-11)

3.6
(Mar.-11)

4.59
(Mar.-11)

5.55
(Aug.-13)

5.31
(Jan.-08)

3.33
(Mar.-11)

4.27
(Dec.-12)

3.79
(Jan.-11)

4.03
(Mar.-11)

5.19
(Sep.-12)

5.95
(Oct.-13)

5.89
(Dec.-13)

Highest monthly
value
(×1015 molec/cm2 )

1.93
(Jul.-13)

1.06
(Aug.-13)

1.12
(Jul.-06)

1.55
(Aug.-11)

1.99
(Aug.-06)

0.99
(Jul.-06)

1.16
(Jul.-10)

1.54
(Sep.-11)

0.58
(Jul.-09)

1.58
(May-05)

1.82
(Sep.-06)

1.47
(Aug.-06)

Lowest monthly value
(×1015 molec/cm2 )
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26.80∘ N, 80.90∘ E

22.55∘ N, 88.31∘ E

27.27∘ N, 85.33∘ E

24.90∘ N, 91.86∘ E

13.48∘ N, 79.20∘ E

19.04∘ N, 72.52∘ E

24.51∘ N, 67.72∘ E

23.03∘ N, 72.78∘ E

6.93∘ N, 79.84∘ E

26.28∘ N, 80.24∘ E

30.03∘ N, 70.38∘ E

Kolkata
(West Bengal, India)

Kathmandu
(Capital of Nepal)

Sylhet
(Sylhet Division, Bangladesh)

Gadanki
(Andhra Pradesh, India)

Mumbai
(Maharashtra, India)

Karachi
(Sindh, Pakistan)

Ahmedabad
(Gujarat, India)

Colombo
(Capital of Sri Lanka)

Kanpur
(Uttar Pradesh, India)

DG Khan
(Punjab, Pakistan)

Location

Lucknow
(Uttar Pradesh, India)

Name of the country/hotspot
area/city

2.12

2.5

6.4

3.52

16.05

11,294

1,680

37.31

464

3,527

4,355

Few acres

Few
thousands
12.47

26.5

50.67

1,886

2,528

Area
(km2 )

2.6

0.7

14.11

3.7

Population
(million)

1.80 ± 0.12

2.17 ± 0.04

1.32 ± 0.15

3.03 ± 0.10

2.00 ± 0.10

2.14 ± 0.08

1.16 ± 0.06

1.35 ± 0.01

1.03 ± 0.05

2.63 ± 0.13

2.14 ± 0.10

Average
(×1015 molec/cm2 )

Table 1: Continued.

−11

2

3

4

6

7

9

12

13

15

15

Decadal
trend
(%)

Trend parameters
𝑎 = slope ± error
𝑏 = y intercept ± error
(×1015 molec/cm2 )
𝑎 = 0.03362 ± 0.00609,
𝑏 = 1.97686 ± 0.03427,
𝑅2 = 0.81324
𝑎 = 0.0411 ± 0.011804,
𝑏 = 2.4314 ± 0.066426,
𝑅2 = 0.6343
𝑎 = 0.01412 ± 0.00630,
𝑏 = 0.96398 ± 0.03546,
𝑅2 = 0.41776
𝑎 = 0.01765 ± 0.01109,
𝑏 = 1.26824 ± 0.06240,
𝑅2 = 0.26568
𝑎 = 0.01194 ± 0.00784,
𝑏 = 1.10182 ± 0.04410,
𝑅2 = 0.24890
𝑎 = 0.0163 ± 0.011462,
𝑏 = 2.0635 ± 0.064502,
𝑅2 = 0.2243
𝑎 = 0.0144 ± 0.014674,
𝑏 = 1.9283 ± 0.082573,
𝑅2 = 0.1211
𝑎 = 0.01725 ± 0.01369,
𝑏 = 3.12073 ± 0.07701,
𝑅2 = 0.18491
𝑎 = 0.00503 ± 0.02161,
𝑏 = 1.30349 ± 0.12158,
𝑅2 = 0.00769
𝑎 = 0.00442 ± 0.00584,
𝑏 = 2.15486 ± 0.03285,
𝑅2 = 0.07553
𝑎 = −0.02401 ± 0.01464,
𝑏 = 1.92591 ± 0.08238,
𝑅2 = 0.27753
2.53
(Jan.-08)

2.99
(Dec.-13)

3.3
(Jan.-12)

4.28
(Dec.-10)

3.36
(Feb.-08)

4.08
(Sep.-12)

2.16
(Mar.-11)

2.98
(Mar.-09)

1.85
(Apr.-09)

4.27
(Oct.-10)

2.99
(Jan.-12)

Highest monthly
value
(×1015 molec/cm2 )

1.12
(Oct.-11)

1.18
(Mar.-12)

0.39
(Jul.-13)

1.727
(Jul.-05)

1.08
(Sep.-11)

0.48
(Aug.-09)

0.44
(Jul.-13)

0.61
(Jul.-05)

0.485
(Jan.-06)

1.43
(Jul.-12)

1.35
(Jul.-08)

Lowest monthly value
(×1015 molec/cm2 )
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6
3
0
6
3
0
6
3
0
6
3
0
6
3
0
6
3
0
6
3
0
6
3
0
6
3
0
6
3
0
6
3
0
6
3
0

Study area
Delhi
Angul
Dhaka
Karachi
Kolkata

Cities

Mean NO2 (×1015 molec/cm2 )
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Korba
Lahore
Mumbai
Pakur
Singrauli
Bardhaman
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Months

Figure 8: Monthly mean values of OMI/Aura tropospheric NO2 (×1015 molec/cm2 ) over the study area and hotspots during October 2004–
January 2015.

load shedding (average 10–16 hours daily in city area) [53]. In
Delhi, power plants (Badarpur, Rajghat, Pragati, and IPGCL),
industrial estates (Badli, Wazirpur, Mangolpuri, Lawrance,
Jhilmil Industrial Area, Patparganj, etc.), and biomass and
crop residue burning are the notable contributors of NO2
emissions. We find higher (17%) annual average value of
tropospheric NO2 3.22 ± 0.31 × 1015 molec/cm2 than the
previously reported value 2.74 ± 0.79 × 1015 molec/cm2 by UlHaq et al. [20] over Lahore for 2004–2008 using OMI data.
The discrepancy between these two reported values is mainly
due to the difference in time periods and increasing growth
of anthropogenic emissions in the past few years.
The megacities of Karachi and Mumbai are considered as
financial hubs of Pakistan and India, respectively. These cities
are located in the coastal belt of ArS and show large similarity
(𝑅2 = 0.800) in NO2 column values, trends, and temporal
variability (Table 1, Figure 9) mainly associated to matching
meteorological and urban conditions. Karachi showed the
lowest average value 2.00 ± 0.10 × 1015 molec/cm2 with the
lowest increase at 6% followed by Mumbai 2.14 ± 0.08 ×
1015 molec/cm2 with 7% increase during the study period. UlHaq et al. [20] reported higher 3.63 ± 2.19 × 1015 molec/cm2
value of NO2 over Karachi during 2004–2008 than our
computed value. This decrease in NO2 concentration over
Karachi may be associated with the political instability and
economic downturn in recent years. In Karachi and Mumbai,

more than 80% of total NO2 emissions come from industrial
sector and fugitive emissions from oil and gas activities [18,
20]. It is clear from Figure 8 that high NO2 occurs in winter
over Karachi and Mumbai. These cities have poor conditions
for NO2 removal, transformation, and transport processes
(low rainfall, low wind speed, and low ambient temperature)
in winter months. Other contributing factor for high NO2
may be NO2 carrying wind (NW-NE) from Indian landmass
areas amplified by local emissions. On the other hand, low
values are observed in summer linked to more rain wash-out
and high humidity and strong and clean sea breeze (Figure 2)
from ArS. Major sectors of NO2 emissions in Karachi are
power plants (Bin Qasim I&II, Gul Ahmed, and Tapal),
textile industry, steel and iron factories, chemical industry,
oil refineries, and seaport activities. The core industrial
area of major emissions in Mumbai and surrounding areas
is the Mumbai-Pune belt that includes textiles, chemicals,
engineering, electrical, drugs, transport equipment, plastic
and synthetic goods, leather goods, and ship-building.
We find high correlation (𝑅2 = 0.864) between the NO2
seasonality for Dhaka and Kolkata. NO2 is found high over
these cities throughout the dry season (October–March) and
low for the rest of the year (April–September). Gurjar et al.
[14] have reported that the ambient NO2 level in Dhaka
is 83 𝜇g/m3 which exceeds the World Health Organization
(WHO) guideline concentration (40 𝜇g/m3 ). Annual 7–16%
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Angul

0.737
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0.328

0.517

0.283 ∗ 0.607

0.709

0.419

0.587

0.703

0.661

1

0.850

0.609

0.797

0.613

0.896

0.883

0.624

0.879

0.859

0.866

1

0.708

0.869

0.663

0.897

0.901

0.712

0.835

0.980

0.856

1

0.654

0.707

0.727

0.670

0.865

0.663

0.669

0.736

1

0.722

0.864

0.815

0.692

0.830

0.321

0.782

1

0.731

0.602

0.610

0.636

0.623

0.878

1

0.851

0.720

0.908

0.885

0.817

1

0.679

0.790

0.896

0.878

1

0.636

0.824

0.869

1

0.824

0.869

1

0.869

Bardhaman
Delhi

Dhaka
Karachi
Kolkata
Korba
Lahore
Mumbai

Pakur

1
Pakur

Mumbai

Lahore

Korba

Kolkata

Karachi

Dhaka

Delhi

Bardhaman

Angul

Study area

Singrauli

Singrauli

Study area

Figure 9: Correlation matrix of eleven NO2 hotspots and study region with best fit curve. Pearson correlations values 𝑅2 are also shown. All
correlations are significant at the 0.01 level (2-tailed) except correlation between Karachi and the study area indicated by ∗ which is significant
at the 0.05 level (2-tailed).

increase of vehicles has been observed for the last 10 years
that has worsened the air quality as vehicular emissions
are the single largest contributor of NO2 in Dhaka [10,
88, 89]. The ambient NO2 in Kolkata is observed to be
37 𝜇g/m3 [14] with the major emission sources of moderate
to heavy vehicular traffic, power generation plants, rapid and
unplanned urbanization and industrialization, and railway
yard [11]. In Dhaka, a substantial part of total traffic is
nonmotorized vehicles that produce severe congestion and
pollution problem especially in road intersections. Other
notable sectors which contribute to high NO2 emissions are
brick kilns, urban residential combustion, gas processing and
refineries, and energy and manufacturing industries [90].
The highest correlation (𝑅2 = 0.980) is observed for
Pakur and Bardharman and surrounding rural areas. These
areas have very similar topography, low population, and
meteorological conditions in agreement with Ramachandran
et al. [18]. These hotspots have major sources of emissions as
steel plants, major coal fields (Raniganj and Jharia), and crop
residue burning in the adjoining territory. Singurali, Korba,

and Angul hotspots are located in the eastern mining region
(Singurali coalfield, Talchar coalfield, and Korba coalfields)
of India [18]. Most of the mining processes and associated
industries exist along with many of the major power plants
and refineries in this region and cause high emissions and
spread of NO2 in this area [18, 85, 91, 92]. We have also
found a similar seasonality (𝑅2 = 0.908) between NO2 column
over Mumbai and Kolkata as well, because both cities lie on
almost similar latitude range and have tropical climate. Lower
NO2 values are observed over Mumbai compared to Kolkata
primarily linked to strong winds (Table 1).
From Figure 7, it may be noted that there exists some
difference between the NO2 seasonality between the hotspots
and South Asia. The NO2 column over hotspots generally
shows peak in December, while over South Asia it exhibits
its elevated level in March. This is because of the fact that
anthropogenic emissions dominate NO2 seasonality over
hotspots. On the other hand, March peak in South Asia, as
a whole, is due to the dominance of natural factors discussed
in Section 4.1.
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5. Conclusions
OMI measurements over South Asia have been used to
analyze spatial and temporal variability of tropospheric NO2
column during October 2004 to January 2015. NO2 emission
hotspots and some important cities have been discussed for
trends and seasonal cycles. An average value of 1.0 ± 0.05 ×
1015 molec/cm2 with 14% decadal increase has been reported
over the study region. This positive trend is linked to the
increasing anthropogenic emissions from power generation,
urbanization, and vehicular and industrial sectors. Significant
increase has been observed in NO2 concentrations over
some parts of IGB connected to large scale postmonsoon
crop residue events of 2010 and 2012. Strong seasonality of
NO2 concentration is observed with the highest value in
March and the lowest in August. Statistically significant NO2
hotspots have been identified and discussed. OMI data reveal
that the NO2 columns are mounting at considerable rates over
all the hotspot locations and most of the major cities. Dhaka
(Bangladesh) showed the highest decadal increase, whereas
Karachi (Pakistan) has exhibited the lowest average value of
2.00 ± 0.10 × 1015 molec/cm2 with the lowest decadal increase
at 6%. The highest average value is observed over Singrauli
(India).
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[76] I. Barnes and K. J. Rudziński, Eds., Disposal of Dangerous
Chemicals in Urban Areas and Mega Cities: Role of Oxides and
Acids of Nitrogen in Atmospheric Chemistry, NATO Science for
Peace and Security Series C: Environmental Security, Springer,
Amsterdam, The Netherlands, 2013.
[77] K. Ravindra, S. Mor, A. Ameena, J. S. Kamyotra, and C. P.
Kaushik, “Variation in spatial pattern of criteria air pollutants
before and during initial rain of monsoon,” Environmental
Monitoring and Assessment, vol. 87, no. 2, pp. 145–153, 2003.
[78] J.-M. Yoo, Y.-R. Lee, D. Kim et al., “New indices for wet
scavenging of air pollutants (O3 , CO, NO2 , SO2 , and PM10 ) by
summertime rain,” Atmospheric Environment, vol. 82, pp. 226–
237, 2014.
[79] S. Zumdahl and S. Zumdahl, Chemistry, Cengage Learning, 7th
edition, 2006.
[80] A. Martin, “Estimated washout coefficients for sulphur dioxide,
nitric oxide, nitrogen dioxide and ozone,” Atmospheric Environment, vol. 18, no. 9, pp. 1955–1961, 1984.
[81] M. Q. Huo, Q. Sun, Y. H. Bai et al., “Chemical character of
precipitation and related particles and trace gases in the North
and South of China,” Journal of Atmospheric Chemistry, vol. 67,
no. 1, pp. 29–43, 2010.
[82] S. Tariq, Z. Ul-Haq, and M. Ali, “Analysis of optical and physical
properties of aerosols during crop residue burning event of
October 2010 over Lahore, Pakistan,” Atmospheric Pollution
Research. In press.
[83] D. G. Kaskaoutis, S. Kumar, D. Sharma et al., “Effects of crop
residue burning on aerosol properties, plume characteristics,
and long-range transport over northern India,” Journal of
Geophysical Research: Atmospheres, vol. 119, no. 9, pp. 5424–
5444, 2014.
[84] K. G. Mandal, A. K. Misra, K. M. Hati, K. K. Bandyopadhyay, P.
K. Ghosh, and M. Mohanty, “Rice residue-management options
and effects on soil properties and crop productivity,” Journal of
Food, Agriculture and Environment, vol. 2, pp. 224–231, 2004.
[85] A. Garg, P. R. Shukla, S. Bhattacharya, and V. K. Dadhwal,
“Sub-region (district) and sector level SO2 and NO𝑥 emissions
for India: assessment of inventories and mitigation flexibility,”
Atmospheric Environment, vol. 35, no. 4, pp. 703–713, 2001.
[86] T. Kunhikrishnan, M. G. Lawrence, R. von Kuhlmann et al.,
“Regional NO𝑥 emission strength for the Indian subcontinent
and the impact of emissions from India and neighboring
countries on regional O3 chemistry,” Journal of Geophysical
Research: Atmospheres, vol. 111, no. 15, Article ID D15301, 2006.
[87] CMF, 2014. City Mayors Foundation, http://www.citymayors
.com/statistics/urban growth1.html.
[88] B. A. Begum, E. Kim, S. K. Biswas, and P. K. Hopke, “Investigation of sources of atmospheric aerosol at urban and semi-urban

18

[89]

[90]

[91]

[92]

Advances in Meteorology
areas in Bangladesh,” Atmospheric Environment, vol. 38, no. 19,
pp. 3025–3038, 2004.
B. A. Begum, S. K. Biswas, and P. K. Hopke, “Assessment of
trends and present ambient concentrations of PM2.2 and PM10
in Dhaka, Bangladesh,” Air Quality, Atmosphere & Health, vol.
1, no. 3, pp. 125–133, 2008.
B. Sivertsen, S. Randall, S. Ahammad, and N. D. Cruz, Modelled Concentrations of Criteria Air Pollutants in Dhaka and
Chittagong PM10 , PM2.5 , NO𝑋 , and SO𝑋 for 2013 and 2020,
Norwegian Institute for Air Research (NILU), 2015.
Z. Lu and D. G. Streets, “Increase in NOx emissions from indian
thermal power plants during 1996–2010: Unit-based inventories
and multisatellite observations,” Environmental Science & Technology, vol. 46, no. 14, pp. 7463–7470, 2012.
S. K. Sahu, G. Beig, and N. S. Parkhi, “Emerging pattern of
anthropogenic NO𝑥 emission over Indian subcontinent during
1990s and 2000s,” Atmospheric Pollution Research, vol. 3, no. 3,
pp. 262–269, 2012.

Hindawi Publishing Corporation
Advances in Meteorology
Volume 2015, Article ID 680264, 13 pages
http://dx.doi.org/10.1155/2015/680264

Research Article
Analysis of Long-Range Transport of Carbon
Dioxide and Its High Concentration Events over East Asian
Region Using GOSAT Data and GEOS-Chem Modeling
Seung-Yeon Kim,1 Sang-Deok Lee,1 Jae-Bum Lee,1 Deok-Rae Kim,1
Jin-Seok Han,1 Kwang-Ho Choi,2 and Chang-Keun Song1
1

Climate and Air Quality Research Department, National Institute of Environmental Research, Incheon 404-708, Republic of Korea
Department of General Education, Namseoul University, Cheonan 331-707, Republic of Korea

2

Correspondence should be addressed to Chang-Keun Song; cksong@korea.kr
Received 30 January 2015; Revised 19 May 2015; Accepted 8 June 2015
Academic Editor: Ugo Cortesi
Copyright © 2015 Seung-Yeon Kim et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
This study aims to evaluate the long-range transport of CO2 in East Asian region, using concentration data in a surface measurement
site (Gosan Station), column averaged concentration data of satellite-borne instrument (GOSAT), and GEOS-Chem modeling
results for the period of June 2009 to May 2011. We perform a validation of the data from GOSAT and GEOS-Chem with total
column observations (TCCON). The analysis of the long-range transport and high concentration (HC) events using surface/satellite
observations and modeling results is conducted. During the HC events, the concentrations in CO2 and other air pollutants such as
SO2 and CO are higher than that of all episodes. It means that CO2 , known as a globally well-mixed gas, may also act as a fingerprint
of human activity with unique regional characteristics like other air pollutants. This comprehensive analysis, in particular with
GOSAT CO2 observation data, shows that CO2 plume with high concentration can be long-range transported with 1-2 days’
duration with regional scale. We can find out with GEOS-Chem tagging simulation that more than 45% of the elevated CO2
concentration over central/eastern China, Korea, and Japan on high concentration days can be explained by emission sources
of East Asia mainland.

1. Introduction
Since the industrial revolution, the current level of CO2
emitted into the atmosphere has increased by nearly 41%
because of fossil fuel combustion. This contributes to a higher
global warming potential (approximately 82%) as compared
to other greenhouse gases, such as CH4 and N2 O [1]. In
general, the global CO2 concentration is 2.0–2.5 ppmv higher
in the northern hemisphere than in the southern hemisphere
because of the greater dependence on fossil fuel combustion
[2]. In particular, among the countries in the northern hemisphere, the ground-based CO2 concentration in Asia for year
2007 is relatively high (387.6 ppmv), as compared to Europe
(386.3 ppmv) and North America (385.1 ppmv) because of
the rapid industrialization [3]. According to the International
Energy Agency report [4], the 2007 CO2 emissions by regions

in Asia, such as China, India, Korea, and Iran, have increased
by over 100%, compared to the 1990 level.
The atmospheric CO2 concentration is determined by the
average concentration and its short-term variation mainly
due to the long-range transport and meteorological conditions [5]. It is reported that an increase in CO2 concentration
in the Arctic region is affected by the impact of long-range
transport of CO2 emissions from the midlatitude northern
hemisphere [6–12]. In case of Asian regions, some studies
[3, 13, 14] showed that long-range transport of CO2 from the
Asian continent contributed to the variations of CO2 concentration in Japan and Korea, using surface measurement
data. In addition, using airborne and model data, Shirai et al.
[15] mentioned that the CO2 concentration in the free troposphere was significantly affected by the long-range transport
of CO2 .
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Figure 1: The location of Gosan site, Jeju Island in Korea.

In order to investigate the impact of global/regional
carbon cycle on the regional change of CO2 concentration
and air quality [16], it is important to understand the comprehensive feature of long-range transport events utilizing
the observation data on the surface level and vertically
integrated column data and modeling results, simultaneously.
However, the above-mentioned studies were carried out
with temporally and spatially limited measurement data.
For example, ground-based observations have much higher
accuracy rather than the modeling approach and the satellite
data, while their spatial resolution is very coarse. As for the
modeling approach, there are no restrictions on spatial and
temporal coverage, while it has lower confidence rather than
observation data due to uncertainties in emission inventory,
meteorological fields, and its initial and boundary conditions.
On the other hand, the satellite data have less restriction on its
spatial and temporal resolution rather than surface observations, and those are more reliable than modeling results; however, satellite data has still observational errors which are due
to radiometric/geometric/atmospheric correction, surface
reflection and cloud masking, and the smearing effect in
high peak concentrations due to much less spatial resolution
compared to that of modeling approach. Therefore, it is necessary to integrate the ground-based observations, the satellite
data, and the modeling results in order to compensate possible drawbacks of the measurement and the modeling and
utilize their advantages.
Although CO2 is a globally well-mixed gas in a climatological sense, it has also the unique regional characteristics
over the source and downwind area because of the same
anthropogenic emission sources driven by human socioeconomic activity like other air pollutants (e.g., CO, SO2 , and
aerosols), and few studies for long-range transport of CO2
and its high concentration events have been conducted at East
Asia where it is one of the most hot spots of CO2 emission in
the world.
In this study, we investigate CO2 long-range transport
phenomena and high concentration events on the downwind
regions of the Asian continent and provide observational
evidences showing regionally the same behavior of CO2 as

other air pollutants over East Asia, using all the available data,
CO2 and other air pollutants concentration data observed
at surface monitoring sites, satellite data, and results of a
chemical transport model.

2. Data and Methodology
This study focused on the CO2 concentration data available
for the period of June 2009 to May 2011, which was observed
by the Greenhouse gases Observing SATellite (GOSAT)
and surface monitoring stations. Surface observation data
were collected from the Gosan site in Korea (http://ds.data
.jma.go.jp/gmd/wdcgg/cgi-bin/wdcgg/accessdata.cgi?index=
GSN233N01-GERC), which is located on the eastern side of
the Asian continent. Satellite data, column-averaged CO2
concentrations, were utilized along with GOSAT dataset
L2 V02.xx (http://www.gosat.nies.go.jp/index e.html). The
Goddard Earth Observing System with Chemistry Model
(GEOS-Chem, v9.1.2), a global chemical air quality transport
model, was used for simulating high concentration events
and their source/sink apportionment. In addition, we also
evaluated satellite data and modeling results with CO2
concentration data from the World Data Centre for Greenhouse Gases (WDCGG; http://ds.data.jma.go.jp/gmd/wdcgg/)
and column-averaged concentration data from the Total
Column Observing Network (TCCON; http://www.tccon.caltech.edu/). Also, the Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) [17] was used for a
trajectory analysis.
2.1. Ground-Based Observation Data. Hourly averaged CO2
concentration and other air pollutants (SO2 , NO2 , CO, O3 ,
PM10 , and PM2.5 ) concentration data have been measured at
Gosan Station in Korea. Gosan Station is located at the west
end of Jeju Island, Korea (33∘ 17 N, 126∘ 10 E) (Figure 1), in the
middle among the Korean Peninsula, China, and Japan, so
that it is well suited for the research on long-range transport
of greenhouse gases and other air pollutants in East Asia.
In this area, PEM-WEST A and B, ACE-Asia, and ABC’s
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International Joint Observational Campaign had been conducted [18–21].
The CO2 sampling from a 10 m tower is automatically
analyzed every 30 seconds, through a Nondispersive Infrared
Analyzer (NDIR). All CO2 data are reported using the WMO
CO2 mole fraction scale. We perform a statistical analysis
after QA/QC (Quality Assurance/Quality Control) processes
to determine whether it is a clean or a polluted atmosphere
[22]. We followed Advanced Global Atmospheric Gases
Experiment (AGAGE) statistical pollution identification procedure by O’Doherty et al. [22] to select clean atmosphere
cases from Gosan observation data by removing polluted
cases affected by local and regional sources. A polluted
atmosphere is then divided as either a local atmosphere or a
regional atmosphere by using the criterion according to wind
direction and speed shown in Figure 1. For excluding data in
a local atmosphere, the data in which wind direction is 22.5∘ –
112.5∘ and the wind speed is less than 11 m/s were discarded
[23]. The local atmosphere refers to areas affected by the
urban scale emission sources, while the regional atmosphere
reflects the effect of the East Asian regions, in which the effect
of a local atmosphere could be minimized. In this study, CO2
concentration data collected only in clean atmosphere and
regional atmosphere were used to assess the effect of longrange transport.
Also, in order to make direct comparison of GOSAT data
and GEOS-Chem model results with surface measurement
data, we used TCCON’s column-averaged concentration.
TCCON is a network of ground-based Fourier transform
spectrometers that measure column-averaged concentrations
of CO2 , CO, CH4 , and H2 O in the atmosphere. For this study,
the TCCON data were selected at each site, within about ±1
hour of the GOSAT overpass time. Also, the GOSAT and
GEOS-Chem data were selected within about ±1 degree of the
area centered at each TCCON site.
2.2. Satellite Data. GOSAT is a sun-synchronous satellite,
which provides a global coverage in three days and crosses
the equator at about 13:00 local time. Its swath width is
790 km and its spatial resolution at nadir is 10.5 km. GOSAT’s
wavelength ranges between 0.76 and 14.3 𝜇m, consisting of
two sensors—one is the Thermal and Near-Infrared Sensor for Carbon Observation-Fourier Transform Spectrometer (TANSO-FTS), which measures CO2 and CH4 , and
the second is the Thermal and Near-Infrared Sensor for
Carbon Observation-Cloud and Aerosol Imager (TANSOCAI), which measures clouds and aerosols. TANSO-FTS is
composed of four bands. Bands 1 to 3 are Shortwave Infrared
(SWIR) bands, which provide the total column amount of
CO2 and CH4 , and Band 4 is a Thermal Infrared (TIR) band,
which produces a profile of CO2 and CH4 concentration at
1000, 700, 500, 300, 100, 50, and 10 hPa [24]. It is well known
that the SWIR absorption bands near 1.6 𝜇m and 2.0 𝜇m
provide better information on the near-surface concentrations. On the other hand, the TIR absorption band around
14 𝜇m is used to obtain information on the profiles of CO2 and
CH4 , mainly above 2 km altitudes, so TIR data are sensitive to
the middle and upper troposphere [25, 26]. With this reason,
we use SWIR XCO2 data, column-averaged concentrations,

3
in order to compare directly to the surface observation data
of CO2 in this study.
2.3. Modeling Data. We have used version 9-02-01 of GEOSChem, a global 3D atmospheric chemistry transport model
developed by the National Aeronautics and Space Administration (NASA) and Harvard University. It is driven by
assimilated meteorology from the NASA Global Modeling
Assimilation Office (GMAO) and contains approximately
300 photochemical reaction mechanisms of the O3 -NO𝑥 hydrocarbon chemistry [27]. The original GEOS-Chem CO2
simulation was developed by Suntharalingam et al. [28]. A
current major update including the CO2 source/sink inventory data has been carried out by Nassar et al. [29].
In this study, we used a globally uniform CO2 field of
375 ppmv as an initial condition, which was measured on
January 1, 2004. This simulation is performed for the target
period of June 2009 to May 2011 using the GEOS-5 meteorological field with a horizontal resolution of 2∘ × 2.5∘ and 47
vertical levels that reach up to approximately 80 km above the
surface of the Earth.
The CO2 concentration (CO2𝑖 ) and air density (𝐴 𝑖 ) at
each layer were used in the following equation [30] to
calculate the column-averaged CO2 concentrations (XCO2 )
of GEOS-Chem [28] for comparison with CO2 columnaveraged mixing ratio of GOSAT defined as the number of
gas molecules in a vertical unit column stretching from the
ground surface to the top of the atmosphere [25]:
XCO2 =

∑47
𝑖=1 (𝐴 𝑖 × CO2𝑖 )
∑47
𝑖=1 𝐴 𝑖

.

(1)

In addition, GEOS-Chem can carry out tagged simulations for CO, O𝑥 , and CO2 to better identify the contributions from various source regions. These contributions were
calculated using tagged tracer for each geographical region
and source [31, 32]. We estimated the contributions of each
region and source/sink to atmospheric CO2 concentration in
East Asian regions by adding CO2 tracer of different source
produced in various geographical regions.
2.4. Selection of Long-Range Transport and High Concentration Events. It is difficult to show the long-range transport
phenomena of CO2 in the regional scale because its lifetime
is very long enough to be well-mixed even globally. Moreover
timely continuous CO2 measurements with spatially wide
coverage are very restricted so far. So, to distinguish each high
concentration event from measurements of long-term period
and to analyze the composite field of them are an easy way to
identify the long-range transport phenomena.
As mentioned above, Gosan surface measurement site
observed both CO2 and other air pollutants simultaneously
and its geographical location is almost a middle zone of
Korean Peninsula, China, and Japan. So, this site is one of
the best stations for analyzing the characteristics of a longrange transport that occurred in the East Asia regions. The
observed CO2 , SO2 , and CO concentrations of Gosan site
for the period of June 2009 to May 2011 were used. SO2 and
CO are well-known tracers of long-range transport, which are
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Figure 2: Comparison of the column-averaged CO2 concentration (a) between TCCON and GOSAT, (b) between TCCON and GEOS-Chem,
and (c) between GOSAT and GEOS-Chem. 𝑁 and 𝑅 indicate number and correlation coefficient of matched data, respectively.

mostly emitted by anthropogenic activities and their lifetime
(several weeks to months) is long enough to trace air pollutant
plumes at the intercontinental scale [33–38].
In addition, high concentration (HC) events were defined
as CO2 concentration at Gosan Station was higher than the
mean + 1𝜎 (𝜎: standard deviation) and the SO2 or CO concentration was also higher than the mean + 1𝜎 for at least three
consecutive hours. The day before HC and the day after HC
will be defined as HC − 1 and HC + 1, respectively.

3. Results
3.1. Evaluation of GOSAT Data and Modeling Results. Compared to TCCON’s column-averaged concentration, GOSAT
concentrations underestimated nearly by 2.4 ± 5.3 ppmv
(0.6 ± 1.4%), while GEOS-Chem overestimated nearly 0.8 ±
1.5 ppmv (0.2 ± 0.4%) (Figures 2(a) and 2(b)). Morino et al.
[25] also reported that GOSAT V01.xx data underestimated
approximately 8.57 ± 4.44 ppmv (2.2 ± 1.2%) as compared

Advances in Meteorology

5

Table 1: Daily averaged surface concentrations of CO2 and air pollutants on HC, HC − 1, and HC + 1 case and their occurrences.
CO2
(ppmv)

SO2
(ppbv)

CO
(ppmv)

O3
(ppbv)

NO2
(ppbv)

PM10
(𝜇g/m3 )

PM2.5
(𝜇g/m3 )

Number of
days

All

395.9

2.9

0.7

43.5

3.9

49.1

27.0

606

HC − 1
HC
HC + 1

398.3
403.1
398.0

2.8
5.0
2.8

1.0
1.2
1.0

44.9
47.7
46.9

3.8
5.5
3.9

48.4
68.1
55.2

22.8
40.3
25.5

25
67
25

to TCCON due to multiple errors (e.g., solar irradiance
database, handling of aerosol scattering). An improved
retrieval algorithm (V02.xx) shows much smaller bias and
standard deviation (−1.48 ± 2.9 ppmv) than V01.xx [39].
Fraser et al. [40] indicated that the overestimation of
observed concentration under GEOS-Chem was largely due
to the high anthropogenic emissions. Figure 2(c) shows a
comparison result of the GOSAT and the GEOS-Chem, highlighting that GEOS-Chem generally overestimated approximately 2.6 ± 2.5 ppmv (0.7 ± 0.7%) with the relatively small
spatial/temporal variation, overestimation in low concentration, but underestimation in high concentration.
Figure 3 indicates the comparison between the GOSAT
SWIR measurement data and GEOS-Chem modeling results
for each season. The number of GOSAT data is not enough to
make comparison with the modeling results at the northern
hemisphere in DJF and North Pacific in all time, because of
issues regarding the elevation angle of the Sun and the effect
of cloud [41, 42].
Nevertheless, the GOSAT and GEOS-Chem data showed
very similar patterns of the seasonal variation and spatial distributions. The seasonal variation for both data is obvious that
CO2 decreases in summer because of photosynthesis by vegetation while it increases in winter because of the increased
usage of fossil fuel and decreased vegetation. The amplitude of
the CO2 seasonal cycle is higher in the northern hemisphere
than in the southern hemisphere. Also, the spatial distributions represent that CO2 concentration is higher in the northern hemisphere than in the southern hemisphere because
of the higher population and greater number of industrial
activities. In addition, the spatial distribution of CO2 concentration showed the possibility of a long-range transport
of CO2 because relatively high concentration was detected
over an ocean region far from the land source. For spring and
winter period of northern hemisphere (MAM and DJF), high
concentration plume of CO2 emitted from the Asian continent was expanded down to North Pacific, and for spring
period of southern hemisphere (SON), the CO2 emitted from
South America and Africa has been expanded to the Atlantic
and the Indian Ocean.
Through correlation analysis and comparison of spatial
distribution among the comprehensive dataset, TCCON,
GOSAT, and GEOS-Chem, we find that, at least in East Asian
region, GOSAT and GEOS-Chem data are comparable to
each other in temporal/spatial distribution with well-known
differences with TCCON data, so that it might be reasonable
to use those data for this study.

3.2. Analysis of the Long-Range Transport and High Concentration Event of CO2 Using Surface Measurement. Annual
averaged CO2 concentration observed at Gosan Station in
2010 was 398.3 ppmv, which is 13.1 ppmv higher than the
global average CO2 concentration of 389.0 ppmv [43]. For
the past nine years (2002–2010), its growth rate was approximately 2.2 ppmv per year, which is faster than the global
average growth rate (1.98 ppmv per year).
Table 1 shows the concentrations of CO2 and air pollutants for the HC, HC − 1, and HC + 1 days defined in
Chapter 2.4. During all of the target period (June 2009 to
May 2011; 606 days) of this research, the averaged CO2
concentration observed at Gosan Station is 395.9 ppmv. The
ratio of HC days to all periods is 11.1% (67 days) with the mean
CO2 concentration of 403.1 ppmv, which was 7.2 ppmv higher
than that of all periods. Also, the concentration of other air
pollutants was higher than that of all periods. In particular,
the concentrations of SO2 (5.0 ppbv) and CO (1.2 ppmv) were
more than 1.7 times higher than those for all periods. HC was
almost 5 ppmv higher than HC − 1 (398.3 ppmv) and HC + 1
(398.0 ppmv). It is obvious that Gosan Station is more directly
affected by a polluted plume transported from China on HC
days rather than for a day before/after HC days (HC − 1/HC
+ 1).
Backward trajectory and forward trajectory analyses
(Figure 4) were conducted for ±3 days on HC case, at a height
of 1 km above the ground using the HYSPLIT model which
was developed by NOAA to compute air trajectories and dispersion of atmospheric tracers [17]. It clearly demonstrated
that the air originating from/out of Asian continent traveled
through the polluted areas in China and flowed into the
Korean Peninsula. Also, the analysis of the forward trajectory
clearly showed that the air that once flowed into the Korean
Peninsula moved away to the northwestern Pacific through
Japan.
Figure 5 shows the monthly occurrence of HC case at
Gosan Station. HC occurred for 48 days in winter (20 days in
December, 10 days in January, and 18 days in February), for 11
days in spring (4 days in March, 5 days in April, and 2 days
in May), for 7 days in autumn (5 days in October and 2 days
in November), and for 1 day in summer (1 day in August). It
means that long-range transport occurred mostly in winter
because the CO2 gases emitted from fuel combustion in
China were affected by the continental high pressure, thus
moving into the downwind regions. In summer, because the
high pressure in the North Pacific expanded to the Korean
Peninsula, they are mainly affected by the oceanic weather
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Figure 3: Seasonal variation and global distribution of the column-averaged CO2 concentration (a) measured by GOSAT SWIR and (b)
simulated by GEOS-Chem. MAM denotes the period from March to May, JJA from June to August, SON from September to November, and
DJF from December to February.
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Figure 5: Monthly distribution in number of HC days classified from CO2 concentration data observed at Gosan Station.

pattern, thus reducing the impact caused by the Asian
continent.
3.3. Analysis of the Long-Range Transport and High Concentration Event of CO2 Using GOSAT Data and GEOS-Chem
Results. In this section, further analysis on the long-range
transport of high concentration CO2 was conducted using the
GOSAT data and the GEOS-Chem modeling results, in order
to expand its spatial coverage.
Figure 6 indicates the spatial distribution of the deviation of the column-averaged CO2 concentrations for HC
to those for all the periods observed by GOSAT within
the area of Eastern Asia (10–70∘ N, 80–170∘ E). The mean
column-averaged concentration (389.4 ppmv) for HC days
was 3.6 ppmv higher than the one for all of the periods,
showing a similar pattern to the result from the surface observation. As compared to the reported retrieval error (2 ppmv)
of GOSAT SWIR measurement [25, 41], the increased concentration is 1.8 times higher than the measurement error. It
is interesting that high concentrations are also dominating
in central and eastern China and Japan when a surface site,
the Gosan Station in Korea, experiences high concentration
events. This means that CO2 plume with high concentration
is prevailing over those areas through long-range transport

and mixing processes like other air pollutants. It implies that
the regional/national action to reduce CO2 emission and its
adverse impact might be taken with the same way/time as that
of air pollutant reduction for the sake of socioeconomic cost,
that is, cobenefit strategy.
We focused on 3 subregions (Region I, Region II, and
Region III) for providing some observational evidence of
long-range transport of high concentration CO2 over downwind area from Asian continent; Region I (30–60∘ N, 110–
120∘ E) covers the eastern region of China, and Region II
(30–60∘ N, 120–130∘ E) covers the Yellow Sea and the Korean
Peninsula, while Region III (30–60∘ N, 130–140∘ E) represents
Japan.
Figure 7(a) shows that the concentrations on HC − 1, HC,
and HC + 1 were 389.7 ppmv, 390.4 ppmv, and 390.7 ppmv
in Region I, respectively. Their amplitude of variation is less
than 1 ppmv, thus maintaining a certain level of concentration
because Region I is one of the world most populated areas and
major emission sources. However, in Region II, concentrations on HC − 1, HC, and HC + 1 were 389.3 ppmv, 391.5 ppmv,
and 388.7 ppmv, respectively (Figure 7(b)). In this case, the
concentration on HC is 2.2 ppmv higher than that of HC
− 1 and then it dramatically decreases on HC + 1. Unlike
Regions I and II, the concentration (392.2 ppmv) on HC + 1 in
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Figure 8: Distribution of the column-averaged CO2 concentrations for all periods (All) and high concentration cases (HC − 1, HC, and HC +
1) simulated by GEOS-Chem.

Region III was 1.3–1.4 ppmv higher than the ones (390.8 ppmv
and 390.9 ppmv) on HC − 1 and HC (Figure 7(c)). In this
analysis, we can clearly find out with satellite observations
that CO2 plume with high concentration could be long-range
transported with 1-2 days’ duration.
Figure 8 shows the simulation results of GEOS-Chem
for the same domain and period of GOSAT. Given the
distribution of CO2 concentration in all periods, most inland
regions where anthropogenic emission sources are mainly
concentrated, including China, Korea, and central Tokyo in
Japan, reached more than 392 ppmv of CO2 concentration.
It is also shown that high concentration (almost up to
400 ppmv) plume of CO2 emitted from China on HC − 1 days
moved into the Korean Peninsula passing through the Yellow
Sea on HC days and then ran away to the Pacific through the
eastern coast of Korea and Japan, a day after the high concentration days (HC + 1). In particular, on HC days, high CO2
concentrations are shown over marine area near the Korean
Peninsula.
In order to clarify the source apportionment on high
CO2 concentration days, we performed the so-called tagging simulation [31, 32] using GEOS-Chem modeling.

Figures 9(a), 9(b), and 9(c) show the difference of the columnaveraged CO2 concentration between HC days and all of
target periods from all sources and sinks, East Asia mainland,
and South and Central Europe, respectively. Figure 10 indicates the contribution to East Asian regions as being caused
by sources and sinks of 40 different regions around the world.
It is found that there are two major contributions to East
Asia region for high concentration events from East Asia
mainland and South/Central Europe. Over central and eastern China, Korea, and Japan, almost 45% of the contribution
to China, Korea, and Japan inland area can be explained by
emission sources of East Asia mainland (i.e., central/eastern
China) and almost 20% to northern China by European
emission sources out of the analysis domain (Figures 9(b),
9(c), and 10). In particular, it is reported from previous meteorological analysis [36] that the dynamic and meteorological
mechanism for long-range transport phenomenon of high
concentration CO2 plume supposes that CO2 emitted from
China is lifted to the upper troposphere or tropopause by
convection, midlatitude cyclones, and orographic lifting and
is thus transported across the Pacific along with the westerlies
in the upper atmosphere.
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4. Conclusion
In this study, the ground-based data, the satellite-borne
instrument (GOSAT), and the chemical transport model
(GEOS-Chem) are used to investigate the long-range transport phenomena for high CO2 concentration plume in Asian
continent and the downwind regions for the period of June
2009 to May 2011. We also evaluate GOSAT data and GEOSChem results with TCCON data to show the reliability of the
derived data. Those have very similar patterns of the seasonal
variation and spatial distribution and have well-known differences with TCCON data, so that it could be reasonable
to use GOSAT and GEOS-Chem data for this study.
The analysis of the long-range transport and high concentration event using observation data in a surface site, the
Gosan Station in Korea, shows that the ratio of high concentration days to all periods is 11.1% with CO2 concentration of

403.1 ppmv and 7.2 ppmv increases compared to the average
CO2 concentration (395.9 ppmv) in all periods. We can find
out from backward/forward trajectory analysis that the air
originating from/out of Asian continent may be transported
through the polluted area in China and flowed into Korea and
Japan.
The column-averaged concentration data by GOSAT and
GEOS-Chem were analyzed to expand the spatial distribution
of the long-range transport of high concentration CO2 plume.
With GOSAT data, concentration (389.4 ppmv) on HC days is
3.6 ppmv higher than that of all periods. It is obvious that high
concentrations are also dominating in central and eastern
China and Japan as a surface site, the Gosan Station in Korea,
experiences high concentration events and CO2 plume with
high concentration is prevailing over those areas through
long-range transport and mixing processes like other air pollutants. Also, with subregional analysis, it is found that CO2
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plume with high concentration can be long-range transported with 1-2 days’ duration with regional scale.
With tagging simulation using GEOS-Chem modeling,
we can explain that more than 45% of the elevated CO2
concentration over central and eastern China, Korea, and
Japan on HC days may be attributed to emission sources of
East Asia mainland, while almost 20% over northern China
may be attributed to European emission sources.
In this study, we can understand that CO2 which is known
as a globally well-mixed gas may also act as a fingerprint of
human activity with regional characteristics like other air pollutants. This comprehensive analysis with all of available data,
although observational evidences are still quite few, would
help better understand the long-range transport of CO2 and
its impact on climate change and the carbon cycle in the Asian
regions.
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Atmospheric column-averaged methane (XCH4 ) observations from GOSAT are analyzed to study the spatiotemporal variation of
XCH4 in China. Furthermore, we investigate the driving mechanism of XCH4 spatiotemporal variations, especially for high XCH4
values shown over Sichuan Basin, by analyzing both the emission mechanism of rice planting process and the regional atmosphere
dynamic transportation. The results indicate that spatially the Sichuan Basin presents a higher XCH4 concentration than other
regions in China and is 17 ppb higher than the paddy area in the same latitude zone. Seasonally, XCH4 in Sichuan Basin during
rice harvest season is generally higher than that in early cultivation period. However, comparing to paddy area in the same latitude
zone, Sichuan Basin shows a relatively higher XCH4 value during the winter of noncultivation period when the emissions from rice
paddies are weak and surface air temperature is low. To further investigate the high XCH4 concentration during this low-emission
period, we use the HYSPLIT model to simulate the atmosphere dynamic transport process, and the result suggests that the typical
closed topography of Sichuan Basin, which may lead to CH4 accumulation and keep it from diffusion, is one possible reason for
the high XCH4 value in winter.

1. Introduction
Atmospheric methane (CH4 ) is one of the most important
greenhouse gases, and the greenhouse effect generated by
unit molecule of CH4 is about 23 times higher than that
of atmospheric carbon dioxide (CO2 ). Therefore, it will be
more effective to reduce the CH4 emissions to mitigate the
potential global warming than reducing CO2 emissions [1].
The World Meteorological Organization (WMO) indicated
in the “Greenhouse Gas Bulletin” published on September
9, 2014, that, from the year 1990 to 2013, greenhouse effect
had increased by 34% due to increasing concentrations of
greenhouse gases such as CO2 and CH4 . Global warming
has become one of the most important global environmental issues nowadays. Therefore, analyses of the CH4
concentration variation and studies on its driving factors

have drawn increasing attention. However, due to limited
observation capabilities and understanding of CH4 sources
and sinks, the underlying driving factors for the regional CH4
spatiotemporal variation are still unclear [2]. The increase
of global atmospheric CH4 concentration is mainly due to
agricultural activities, in which irrigated rice paddy is one of
the most important sources [3]. China is the world’s largest
rice producer, accounting for about 22% of the rice planting
area in the world and 37% of the global production. Therefore,
studies of China’s regional CH4 emissions and its driving
factors are of importance to understand the regional and
global carbon cycle and the changing climate.
Since 1983, WMO has established a global greenhouse
gases reference network for continuous observation of atmospheric greenhouse gases, including CH4 concentration.
However, due to the limited observation stations in many

2
parts of the world, it is still difficult to comprehensively
understand the global distribution and variation of CH4
[4, 5]. Satellite remote sensing observation of atmospheric
CH4 concentration, which provides continuous observations
at the global scale, plays an increasingly important role in
improving our understanding of the distribution of sources
and sinks of CH4 and the carbon cycle [6, 7]. To date, several
satellites for observing CH4 had been launched, including
Atmospheric Infrared Sounder (AIRS) on the EOS/Aqua
platform [8], SCanning Imaging Absorption spectroMeter
for Atmospheric CHartographY (SCIAMACHY) [9, 10], and
the Greenhouse gases Observing SATellite (GOSAT) [11],
and a lot of valuable observations have been obtained.
Using AIRS data, Xiong et al. [12] investigated a strong
enhancement of CH4 over South China region during the
summer, July, August, and September, in the middle to upper
troposphere, and its relationship with transport and local
surface CH4 emission. Zhang et al. [13] discovered that the
vertical distribution of CH4 concentration in the troposphere
of China area decreases as the altitudinal increases. Moreover,
seasonal CH4 concentration in the eastern and northern
parts of China presents a double-peak variation, with the
highest concentration in summer and the second highest
in winter. Hayashida et al. [10] analyzed the relationship
between rice paddy emission and XCH4 concentration in
Southeast Asia using satellite data obtained by SCIAMACHY
and found that there is a strong correlation between the two
variables in Southeast Asia. Zhang et al. [13] showed that
paddy CH4 emission is the major source of CH4 in China
and found that the air temperature, normalized difference
vegetation index (NDVI), and soil total nitrogen explain
more than 75% of the XCH4 variation in China. Previous
studies by [10, 12, 13] also showed that a consistently high CH4
concentration is observed in the Sichuan Basin, including
Chongqing and Sichuan regions in southwest China. These
studies greatly improved the estimation of regional and
national CH4 emissions as well as our understanding of the
CH4 emission mechanism. However, most of previous studies
focused on examining the correlation between the CH4
variation and emissions from rice paddies, while potential
driving factors for CH4 variation, such as the atmospheric
dynamic transport and influence from external sources, are
not well analyzed, and therefore the underlying mechanism
affecting the spatial and temporal distribution of CH4 has
not been comprehensively understood. Moreover, the used
satellite observations of CH4 concentration by most previous
studies are primarily obtained from SCIAMACHY [12, 13],
which was operational from March 2002 to April 2012.
However, due to sensor problems that happened in the end
of the year 2005, the SCIAMACHY observing instrument
became unstable since 2006 [2]. The GOSAT, launched on
January 23, 2009, is the world’s first spacecraft dedicated to
observing greenhouse gases, including CO2 and CH4 [14].
GOSAT data has been widely used in many previous studies
for studying CO2 [8, 15–17], while studies on analyzing CH4
from GOSAT observations are still rare.
In this study, XCH4 observations from GOSAT, spanning
from January 2010 to December 2013, are analyzed to study
the spatiotemporal variation of XCH4 in China and its
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relationship with regional surface emissions. Furthermore,
we investigate the driving mechanism of XCH4 spatiotemporal variations, especially for high XCH4 values shown over
Sichuan Basin in southwest China, by combining the emission mechanism of rice planting process, the meteorology
data, the surface emission data, and the regional atmosphere
dynamic transportation.

2. Study Area and Data
2.1. Study Area. Figure 1 shows the study area of China
land region, the Sichuan Basin, and the corresponding same
latitude zone in the east for comparison of XCH4 variation.
Sichuan Basin is located in the upper reaches of the Yangtze
River, encompassing the eastern part of Sichuan province
and most of Chongqing city, with an elevation of about 500
meters above the sea level. The basin has a close topography,
in which the eastern, southern, and northern parts of the
basin are surrounded by mountains, and to the western is
Qinghai-Tibet Plateau, which makes it difficult for air flow
diffusion. The summer season of the basin lasts for 4 to
5 months with rich rain and temperatures as high as 25∼
29∘ C during the hottest month, which is suitable for rice
growing and makes the basin one of China’s five major riceproducing regions [18]. The paddy region in Sichuan Basin
with elevation less than 1000 meters is chosen to be the study
area. In addition, Yanting county (105∘ 27 E, 31∘ 16 N, ∼420 m
in altitude), where we conducted ground-based observation
of XCO2 and XCH4 [19, 20], and Yueyang city (116∘ 42 E,
43∘ 38 N, ∼40 m in altitude), which is located between Hunan
province and Hubei province in the same latitude paddy zone
with Yanting, as shown in Figure 1, are chosen to be centers
of the atmospheric molecule trajectory simulation.
2.2. Data Collection
(1) Satellite Data. In this study, 3-year GOSAT XCH4 Level
2 data (Version 02.XX) for General User (GU) from the
year 2010 to 2012 are collected. XCH4 data are retrieved
using the spectra observed from Thermal And Near-infrared
Sensor for carbon Observation Fourier Transform Spectrometer (TANSO-FTS) with an orbiting period of 3 days.
The nadir footprint of the instrument has a diameter of
about 10.5 km at sea level [21]. Compared to early versions,
these 02.xx version XCH4 data were improved by identifying
and correcting the error characteristics in retrieval, such
as handling of aerosol scattering [22] which has a big
impact on the GOSAT retrieval accuracy. The comparison
result with data of the Total Carbon Column Observing
Network (TCCON) shows the bias and standard deviation
of the GOSAT XCH4 data are −5.9 and 12.6 ppb, respectively [22]. Our ground measurement results implemented
at Yanting Station using optical spectrum analyzer (OSA)
[19, 20] for October-November of 2013 present 24 ppb lower
deviation comparing with the GOSAT-XCH4 data within
400 km distance from the station. Our XCH4 data are the
averaged values for the local mean solar time of 10–14 h,
which show a decreasing tendency from the beginning of
October to the end of November by 90 ppb and have one
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Figure 1: (a) Paddy fields distribution in China, the Sichuan Basin (black line polygon), and the comparative study regions (within two
horizontal lines) at the same latitude zone to the east of the basin, and (b) the terrain elevation of the Sichuan Basin. Also showed in (a) and
(b) are the locations of Yanting (solid triangle) and Yueyang (solid circle).

standard deviation of 70 ppb. More detailed analysis is still in
process.
(2) Meteorological Data. To study the relationship between
air temperature and satellite-observed XCH4 concentration,
monthly mean temperature data in Sichuan Basin and the
paddy area in the same latitude zone are collected from the
China Meteorological Data Sharing System (http://data.cma
.gov.cn/) [23], which are based on the basic-reference surface
weather observation station and automatic stations in China.
We obtain the temperature data from the 19 stations in
Sichuan Basin and 33 stations in the paddy areas in the
same latitude zone from January 2010 to December 2013 and
calculate the regional monthly mean temperature of the two
areas for the following analysis.
(3) Emission Dataset. CH4 emissions from human activities
and natural processes correspond to anthropogenic sources
and natural sources, respectively, in which anthropogenic
emissions account for about 60% [24]. The anthropogenic
emissions are mainly from rice cultivation, ruminants, waste
disposal, biomass burning, and energy industries. The used
dataset of CH4 emissions is from the Emissions Database
for Global Atmospheric Research (EDGAR) v4.2 data [25]
for the year 2010 on spatial grid of 0.1∘ × 0.1∘ . EDGAR
is a joint project of the European Commission JRC Joint
Research Centre and the Netherlands Environmental Assessment Agency, and the data are mainly from point source
emissions and global energy statistics database of the International Energy Agency (IEA). The EDGAR CH4 emission data

include emissions from agricultural soils, gases, industrial
process, and animal enteric fermentation [26]. Figure 2 shows
the spatial distribution of CH4 emissions in China for the year
2010. The area of high emission sources around the Sichuan
Basin is mainly located to the east and northeast, followed by
the south, whereas the emissions to the west and north are
almost negligible.
2.3. Trajectory Simulation Analysis. In order to study the
influence of nonlocal sources and atmospheric transport
on CH4 concentration, Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model is used to simulate
the atmospheric transport by successively setting Yanting
and Yueyang as center point under the weather conditions
of the year 2013. The HYSPLIT model is a complete system, developed jointly by NOAA and Australia’s Bureau of
Meteorology, for computing simple air parcel trajectories to
complex dispersion and deposition simulations, allowing for
a variety of meteorological elements in the input file, varying
physical processes, and different types of emission sources.
Past studies showed that 3–5-day trajectory simulation is an
appropriate simulation period to study regional impact [27,
28]. Therefore, three-day (72 hours) period is chosen in this
study to implement the trajectory simulation using HYSPLIT.
The simulations were started from the UTC time 00:00,
06:00, 12:00, and 18:00, respectively, with simulated height
of 500 meters above the ground. The simulated trajectories
are aggregated using 0.5∘ × 0.5∘ grids to calculate the number
of trajectory lines and the corresponding orientations within
each grid under certain atmospheric conditions. CH4 sources
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3. Results and Discussions
3.1. Spatiotemporal Variability of XCH4 . Using the GOSAT
XCH4 Level 2 dataset collected from January 2010 to December 2013, we aggregated all the data into 2.5∘ × 2.5∘ grids and
calculated the averaged data within each grid to obtain the
spatial distribution of XCH4 in China, as shown in Figure 3.
We found that the spatial variation of XCH4 from GOSAT is
generally consistent with XCH4 bottom-up calculated emission data from EDGAR as shown in Figure 2. From Figure 3,
it can be seen that west China shows a much lower value
than southeast region. The lowest value exists in QinghaiTibet Plateau, where little CH4 emission happens because
the elevation is high (about 3000 meters on average) and
there are much less human activities. However, the Sichuan
Basin next to the Qinghai-Tibet Plateau presents the highest
XCH4 concentration in China. This overall distribution from
GOSAT data shown in Figure 3 agrees with previous studies
[29].
A more detailed demonstration of the XCH4 seasonal
variations is shown in Figure 4, in which the seasonal variation of all the GOSAT XCH4 data in China region with
monthly mean data, the Sichuan Basin, and the rice paddy
fields in the same latitude zone is compared. The XCH4 value
in China land region varies from 1702 to 1917 ppb with mean
value of 1794 ppb and also presents an annual increase and
a seasonal cycle with the highest value in Autumn (July to
September) and the lowest value in Winter (November to
January). This temporal variation is consistent with groundbased observation result from Waliguan, one of the World
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and sinks can then be further analyzed by combining the
simulation data and the distribution of CH4 emissions.
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Figure 4: The seasonal variation of all the GOSAT XCH4 data over
China land region (light blue dots), the Sichuan Basin (red dots), and
the rice paddy fields (dark green dots) in the same latitude zone from
January 2010 to December 2013. The dark blue dots are the monthly
mean for land region and the blue line shows the corresponding
trend from linear fitting.

Data Centre for Greenhouse Gases (WDCGG) stations in
China [30, 31]. Moreover, XCH4 in both of the Sichuan Basin
and the rice paddy field area in the same latitude zone of the
basin presents general higher XCH4 value than the average
value in China land region, and XCH4 value in the previous
region is on average 17 ppb higher than that in latter region.
The difference of 17 ppb is larger than the standard deviation
(12.6 ppb) of the GOSAT XCH4 data error, indicating a XCH4
difference between the two regions with high confidence.
Two main factors that contribute to the XCH4 concentration variability are the local surface CH4 emission and
the large scale atmosphere dynamic transport. Among the
CH4 emissions, more than 60% percent are from human
activities, in which agriculture related emissions are the main
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Figure 5: Comparison of XCH4 value from GOSAT and the corresponding surface air temperature values from weather stations in (a) the
Sichuan Basin and (b) the rice paddy fields in the same latitude region. The time lable of months in 𝑥-axis indicates the beginning of each
month.

component. According to statistics from EDGAR, as shown
in Figure 2, in the Sichuan Basin the proportions of CH4
emissions from agriculture related emission, fuel gas, and
waste water are 44%, 14%, and 13%, respectively. On the other
hand, the typical closed topography of Sichuan Basin, which
results in low surface wind speed and CH4 accumulation
and keeps it from outward diffusion, together with high CH4
emissions from large area of rice paddy fields in the Sichuan
Basin is possibly the main reasons for the high XCH4 value
in region [29]. To further investigate the high XCH4 value in
this region, two factors, including the emission mechanism
of rice paddy which is the main CH4 emission source and the
regional atmosphere dynamic transportation, are analyzed
to investigate the underlying processes leading to XCH4
variability in the Sichuan Basin.
3.1.1. Relationship between Seasonal Variation of XCH4 and
Emissions from Rice Paddies. Emissions of CH4 from rice
paddies become active through soil CH4 production, reoxidation, and transmission and release from plant through
the aeration organizations [30]. The emission process of
CH4 is influenced by many factors including weather, water
management, fertilization, soil respiration, and rice growth
[30, 32, 33]. As shown by previous studies, the temperature
is one of the most important factors influencing the CH4
emissions from rice paddies [34, 35] and the CH4 emission
will increase 3 times as the temperature increases by 10∘ C [36].
The Sichuan Basin paddy region mainly includes winter rice
paddy, which is characterized by irrigation in March, planting
in May, and rice harvesting in September. Afterwards the land
keeps soil moisture and remains arable until transplanting
rice in the following May [29, 33]. This kind of paddy field is
flooded during all four seasons to keep the soil in a reduced
state.

Figures 5(a) and 5(b) show the relationship between
the monthly averaged surface air temperature from weather
stations and the XCH4 values in the Sichuan Basin and
the corresponding paddy fields in the same latitude zone,
respectively. From Figure 5(a), in the Sichuan basin region the
averaged XCH4 value in September is generally higher than
that in May, as expected according to the seasonal variation
of CH4 emissions due to rice paddy cultivation with planting
in May and harvest in September. However, XCH4 value
during the noncultivation season, especially from November
to December and January to February, is unexpectedly higher
than that in September which is the harvest month in
cultivation. As shown in Figure 5(b), paddy rice regions in
the same latitude zone show a different feature from the
Sichuan Basin. From the available monthly mean XCH4 data
shown in Figure 5, we can see that both regions present
an annual maximum of XCH4 concentration in September.
Moreover, we found the seasonal variation of XCH4 of paddy
regions in the latitude zone as shown in Figure 5(b) agrees
well with the seasonal variation of surface air temperature,
while the Sichuan Basin in Figure 5(a) presents a relatively
higher XCH4 value during low temperature period in winter.
For the period during July and August, unfortunately, almost
no GOSAT XCH4 data are available during this rainy season
because of the frequency clouds. As presented by Hayashida
et al. [10] using the SCIAMACHY data, this period, which
is right before the paddy harvest time, presents the highest
CH4 concentration, corresponding to the highest surface air
temperature.
It can be concluded that, in the Sichuan Basin region as
in Figure 5(a), the seasonal variation of XCH4 is generally
consistent with CH4 emissions from cultivation of rice paddy
fields. However, higher XCH4 is unexpectedly observed
during the low temperature period in winter, which will be

6

Advances in Meteorology

further investigated in the following sections in this paper.
For the rice paddy fields located in the same latitude zone in
Figure 5(b), the seasonal variation of XCH4 generally agrees
with CH4 emissions from cultivation of rice paddy fields and
is consistent with the surface air temperature variation.
3.1.2. Relationship between XCH4 Variation and Atmospheric
Transport. HYSPLIT model is used to simulate atmospheric
transport and trajectories to investigate the influence of
transport on high XCH4 concentration in January, February,
November, and December in the Sichuan Basin. Based on
the source of gas molecules, a simulation can be categorized
into backward trajectory simulation and forward trajectory
simulation. A backward track simulation can be used to
analyze the impact of external sources on local circumstances,
and a forward trajectory simulation can be used to examine
atmospheric dynamics and transport in a specific region. In
this study, we chose Yanting and Yueyang in Sichuan Basin,
as shown in Figure 1, as the target regions and implemented
both the forward and backward simulation every three days
beginning, respectively, from the two target regions at four
UTC times (00:00, 06:00, 12:00, 18:00) each day for the year
2013. There are in total 4 trajectories for each target regions
each day. Figure 6 shows gridded results from the backward
simulation of the Sichuan Basin for each month in 2013.
Figure 7 shows the results from forward trajectory simulation
by setting Yanting and Yueyang city as the target regions in the
year 2013.
Using all the trajectories from HYSPLIT forward simulation, as shown in Figure 7, we calculate the number of
trajectories that remains in the target regions within different
time ranges, to study the atmospheric transport and diffusion
of CH4 molecules from the study regions. Each trajectory line
from the HYSPLIT output is a series of 73 hourly trajectory
points, including the initial time (0 hours) and all hourly
output of the 3-day simulation (3 day × 24 hours). For each
trajectory line, the time when the line intersects with the
study region boundary is obtained and then used to calculate
the staying time of the molecule inside the study area. The
total number of daily trajectories inside the study region is
grouped into 4 different time lengths (0, 12, 24, and 48 hours)
and then further grouped into monthly statistics using the
following equation:
𝑚𝑑 4
{𝑛𝑖𝑗 = 1 (ℎ𝑖𝑗 ≥ 𝐻)
𝐿 𝑚 = ∑ ∑𝑛𝑖𝑗 {
𝑛 = 0 (ℎ𝑖𝑗 < 𝐻)
𝑗=1 𝑖=1
{ 𝑖𝑗

(1)

(𝐻 = 0, 12, 24, 48; ℎ𝑖𝑗 ∈ (0, 72]) ,

where 𝐿 𝑚 is the number of trajectories staying inside the
study area in month 𝑚, 𝑚𝑑 is the number of days in the
corresponding month, 𝑖 is the daily number of trajectories,
𝑗 is the 𝑗th day in month 𝑚, and ℎ𝑖𝑗 is the time length from
target point to the area boundary of the 𝑖th trajectory in 𝑗th
day, which quantify the transport time by the molecules to be
transported out of the study region. The value is from 0 to 72
hours. 𝐻 stands for the 4 different time lengths. We define
the Sichuan Basin region (Figure 7(a)) and the circle region

centering on Yueyang with 2.5∘ radius (Figure 7(b)) as two
target regions. Figure 8 shows the number of CH4 molecule
trajectories staying inside these two target regions after 4
different transport running times in each month for the year
2013 calculated from (1) based on the forward simulations.
From Figure 8, in the Sichuan Basin region the number
of staying trajectories is generally higher than Yueyang area,
especially the result after 48 hours of transport, which
indicates a strong gas retention phenomenon in the Sichuan
Basin. For January, February, November, and December in
the basin region, the number of staying trajectories inside
this area is obviously larger than other months, even after 48
hours of transport. However, the number of staying trajectories in Yueyang region is smaller in these months. Comparing
with seasonal variation of XCH4 in Figure 5, we found the
seasonal variation of the number of staying trajectories inside
the study region agrees well with the seasonal variation of
XCH4 . Moreover, from Figure 7 we found in the Sichuan
Basin area the air parcel trajectories are aggregating in a
volute shape, indicating a weak outward diffusion of the
CH4 molecules. However, the overall atmosphere transport
in Yueyang as observed from the trajectories is distributed
obviously along the northeast and southwest direction, which
is very different from the Sichuan Basin possibly mainly due
to their different topographies.
Compared with the backward simulation results in
Figure 6, the Sichuan Basin is weakly influenced by emissions
from a small part of the eastern China source region in
February and from northeastern part in November and is
consistently and greatly influenced from north regions all
the year, where, however, almost no CH4 emission sources
exist according to EDGAR emission data shown in Figure 2.
Therefore, we conclude that, in January, February, November,
and December, the CH4 in Sichuan Basin is partly affected
by the CH4 emissions from the northeast and north regions,
where the emissions are small, indicating the high XCH4
values during these four months are not results of strong
influence by external emission sources.
Regarding CH4 emission from sources other than rice
paddies, which might be impacting the spring/winter high in
Sichuan Basin, we examined the GISS bottom-up emission
inventory data [37] as shown in Figure 8 (6-2) in Hayashida
et al. [10]. We found that during the cultivation season almost
all the CH4 emission is from rice cultivation, while during the
winter noncultivation season the rice emission is close to zero
and the emissions from other sources are also very small that
the GOSAT-observed high XCH4 value during spring/winter
is not likely from these sources.
From both the spatial and temporal variation of XCH4
from GOSAT data as described and discussed above, it can
be concluded that the typical closed topography of Sichuan
Basin, which leads to CH4 accumulation and keeps it from
diffusion, is one important reason for the high XCH4 value
observed in this region.
As the main sink of atmospheric CH4 , the reaction of
CH4 with hydroxyl radicals (OH) removes almost 90% of
CH4 [38]. Because of a stronger chemical loss that happened
in summer, the CH4 concentrations are generally lowest in
summer and highest in winter, as reported by [39] using
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the background observations from the monitoring network
data. However, GOSAT XCH4 data in this study shows a
different seasonal variation in Sichuan Basin characterized
by higher concentration during summer and autumn (rice
cultivation season) and lower concentration during winter
and spring (noncultivation season), which are consistent with
Hayashida et al. [10] using the SCIAMACHY XCH4 data.
Unfortunately, few XCH4 retrievals from GOSAT during
summer are available for further investigation.

4. Conclusions
In this study, GOSAT-XCH4 data from January 2010 to
December 2013 are used to study the spatiotemporal variation
of XCH4 in China, especially for Sichuan Basin where it

presents consistent higher XCH4 values than other parts of
China. We further investigate the driving factors, including
the CH4 emissions and regional atmosphere dynamic transport, to study the variations of CH4 concentration in the basin
and evaluate the potential role of satellite-observed XCH4
data in analyzing the regional variation of CH4 .
Our results show that the spatial distribution of GOSATXCH4 is generally consistent with that of CH4 emission, and
abnormal high XCH4 values can be seen in the Sichuan Basin,
which is consistent with previous results from SCIAMACHY
[10, 12]. The seasonal variation of XCH4 is highly related to
the CH4 emissions from rice paddy fields during rice growing
period from April to October and presents a difference feature
from background CH4 variation related to stronger CH4
loss in summer due to chemical reaction. During the rice
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harvesting season of August to September, XCH4 data are
higher than that in early stage of rice growing in April.
However, the abnormal high XCH4 data are shown in the
winter when the CH4 emissions from rice paddy fields are
weak and the surface air temperature is low. By implementing
the trajectory simulation using HYSPLIT in the basin, we
found the typical closed topography of Sichuan Basin, which
may lead to CH4 accumulation and keep it from diffusion,
is one possible reason for the extreme high XCH4 value in
winter. The influence of CH4 emissions from sources other
than rice paddies is also discussed and bottom-up emission
inventory data show that they are not likely big causes of the
observed winter high XCH4 value in Sichuan Basin. It can
be indicated that the regional variations of XCH4 observed
by GOSAT in Sichuan Basin are determined by not only the
CH4 emissions from ground sources but also very likely the
regional topography and the related regional air transport.
Our result from studying the CH4 variations in Sichuan
Basin, especially the abnormal higher value during winter,
and their driving factors demonstrate a certain potential
of using GOSAT-XCH4 for investigating the regional CH4
changes. This study presents preliminary results of CH4 in
China, and a further investigation of the CH4 in the basin
is still necessary as more satellite observations of CH4 with
improving accuracy are available in the coming future to
further study the CH4 variations and regional emissions [40].
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Applications of satellite remote sensing data combined with ground measurements and model simulation were applied to study
aerosol optical properties as well as aerosol long-range transport under the impact of large scale circulation in the urban
environment in Lithuania (Vilnius). Measurements included the light scattering coefficients at 3 wavelengths (450, 550, and 700 nm)
measured with an integrating nephelometer and aerosol particle size distribution (0.5–12 𝜇m) and number concentration (𝐷pa >
0.5 𝜇m) registered by aerodynamic particle sizer. Particle number concentration and mean light scattering coefficient varied from
relatively low values of 6.0 cm−3 and 12.8 Mm−1 associated with air masses passed over Atlantic Ocean to relatively high value of
119 cm−3 and 276 Mm−1 associated with South-Western air masses. Analysis shows such increase in the aerosol light scattering
coefficient (276 Mm−1 ) during the 3rd of July 2012 was attributed to a major Sahara dust storm. Aerosol size distribution with
pronounced coarse particles dominance was attributed to the presence of dust particles, while resuspended dust within the urban
environment was not observed.

1. Introduction
The atmospheric aerosol particles have significant direct and
indirect effects on air quality, climate, and human health [1].
The impacts of particles depend on their physical and chemical properties [2–4]. Thus, the characterization of the aerosol
properties is crucial to understand many important processes
in the atmosphere and to examine the energy balance of the
Earth. The coming solar radiation is modified when it passes
through the atmosphere by two main processes: the light
scattering and the light absorption. The attenuation of the
light by these processes has important climatic consequences
[5, 6]. Aerosol particles both absorb and scatter the light,
with the efficiency of the processes being highly dependent on
their size and shape, chemical composition, morphology, and
the wavelength of the incident radiation [7–9]. The maximum
in scattering efficiency is found for aerosol particles in a range
from 0.1 to 1 𝜇m [7]. The integrating nephelometer is widely
used for the measurement of the light scattering coefficient

[8, 9] in the marine boundary layer [10, 11] and in the urban
environment [12].
Most studies have examined parameters, which depend
on the quantity of aerosol, such as AOD, and parameters
depend on the aerosol characteristics, such as the scattering
Ångström exponent [13, 14]. Aerosol optical properties at
regional scale have been studied since 1990s with model
simulations [15–17] and satellite-based retrievals [18–20].
Satellite data from MODIS have been used to retrieve the
AOD measurements of dust storm events [21, 22] as aerosol
particles may be transported over long distances. Long-range
transport of Saharan dust to the Northern parts of Europe
was observed [23]. The climate and aerosol communities
are increasingly relying on satellite-derived aerosol data for
research as well as for monitoring [24]. Aerosol products
from NASA’s Moderate Imaging Spectrometer (MODIS) [25]
sensor were utilized in the latest IPCC (AR5) assessment of
climate (IPCC, 2014) [26]. Satellite-derived aerosol products,
including those from MODIS, have been used for air quality
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monitoring on both regional and local scales [27, 28]. One
important and common aerosol parameter retrieved from
satellite sensors is the aerosol optical depth (AOD). Generally,
a higher AOD value indicates higher aerosol loading and
therefore low visibility. It should be noted that the AOD
values represent vertical column properties, whereas the
PM2.5 or PM10 data are the “surface” data. The AOD data do
not always have good correlation with the PM data measured
at the ground station. AOD is not an ideal indicator of the
exact average size of particles as it depends on the absorption
property of aerosols [29]. The satellite technique proved to be
a suitable tool for the study of aerosol optical properties and
long-range transport. Main advantage of satellite is the real
time observation, which can be used to identify the origin
and the path of air mass. This technique has its uncertainty
limitations, but, in combination with surface based measurements such as nephelometer, important information about
aerosol origin, type, and distribution can be derived [30]. This
study is focused on detailed analysis of an intensive case of air
pollution in Lithuania.
The current study describes the results combining data
obtained by a nephelometer, aerosol particle sizer, and
satellite-based datasets. Air masses from North and Eastern
Europe, from the Atlantic Ocean, and from South-Western
part of Europe have been advected to the monitoring site during the study period in accordance with back-trajectories and
satellite images. It is shown in the study that only the integration of data from different instruments gives the possibility
to properly characterize the contribution of different aerosol
types (sizes) during long-range transport. A description of
the experiment methodology is given in Section 2. Results are
analyzed and discussed in Section 3.

2. Instrumentation and Methods
2.1. Sampling Location. Ground based measurements of the
aerosol physical and optical properties were performed during July 2012 in Vilnius (Lithuania) (54∘ 38 36 N, 25∘ 10 58 E)
at the top floor of the academic building of the Center
for Physical Sciences and Technology campus. The inlet of
sampling system was placed on the top floor about 12 m above
the ground level. The location can be described as an urban
background.
2.2. Nephelometer. The light scattering coefficient was measured at three wavelengths, 𝜆 = 450, 550, and 700 nm, using
an integrating nephelometer TSI model 3563. The nephelometer geometry restricts the sensing of the total aerosol
scattering to angles between 7∘ and 170∘ . The nephelometer
was operated at a 30 L/min flow rate. The measured values
of the aerosol scattering coefficients (𝜎sp ) are recorded every
5 min and an automatic calibration is performed every 60 min
for setting the instrument background level. The instrument
background determines the detection limit of the light scattering measurement and it has been assessed as the standard
deviation (SD) of the zero baseline measurements. The investigation of the nephelometer performance characteristics is
presented by [31, 32]. On the front of the nephelometer was
installed a 15 cm long stainless steel tube with a diameter of
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30 mm in 60 degrees from horizontal and a connected vertical
∼5 m length stainless steel tube with a diameter of 30 mm
with open conductive inlet protection from precipitation.
The sampled aerosol losses and the instrument cut-size were
estimated by empirical relationship [33, 34]. The resulting
calculated cut-size was 10 𝜇m at a typical measured wind
speed of 3 m/s.
The particle scattering coefficient 𝜎sp decreases with
wavelength and can be described as
𝜎sp = 𝐵𝜆−𝛼 ,

(1)

where 𝐵 is a constant known as the turbidity coefficient, 𝜆 is
wavelength of light, and 𝛼 is an Ångström exponent coefficient. Using the measured light scattering coefficient data at
450 and 700 nm wavelength pair, the corresponding values
of the Ångström exponent can be calculated by the following
equation:
𝛼=

−ln [𝜎sp 700 /𝜎sp 450 ]
ln (700/450)

,

(2)

where 𝜎sp 700 is the measured light scattering coefficient at the
wavelength of 700 nm and 𝜎sp 450 is the measured light scattering coefficient at the wavelength of 450 nm. The wavelength
pair of 450 and 700 nm gives more accurate determination
of the Ångström exponent because of the larger difference
in the values of the measured light scattering coefficients.
The calculated Ångström exponent describes the domination
of the fine or coarse particles on the measured integrated
light scattering coefficient. So, if there are high values of the
Ångström exponent, then the fine particles of 0.1–1.0 𝜇m had
larger domination on the value of the measured date. Low 𝛼
values (close to zero) indicate domination by coarse particles
of 1.0–10 𝜇m [35]. The determination of the Ångström exponent allows characterizing and selecting different sources
of the aerosol particles. The light scattering coefficient is
dependent on the aerosol particle number concentration and
the particle size. However, if the particle size is smaller than
the used wavelength, the efficiency of the light scattering
is very low. Thus, the measured integrated light scattering
coefficient is determined only by the optically detectable
particles.
2.3. Aerodynamic Particle Sizer. The aerosol particle number
concentration and the particle size distribution were investigated with the aerodynamic particle sizer of TSI model 3321.
The APS measures the aerodynamic diameter of individual
particles (from 0.5 to 20 𝜇m) based on the particle velocities
immediately downstream of a flow accelerating nozzle. The
instrument was operated using the high total flow rate of
5 L/min (an aerosol flow is 1 L/min and a clean sheath flow
is 4 L/min). The aerosol particle size distribution and the
particle number concentration (𝐷pa > 0.5 𝜇m) were determined in real time averaging the measured data every 5 minutes. The APS used individual sampling line. The sampling
aerosol flow passed through PM10 impactor and a vertical
∼2.5 m long stainless steel sampling tube (6 mm i.d.) before
reaching the instruments. Particle losses in the line were
estimated to be lower than 2%.

2.5. CALIPSO, NAAPS, and MODIS Retrievals. The Navy
Aerosol Analysis and Prediction System (NAAPS) has been
used to explore the spatial distribution of the AOD. NAAPS
was developed at the Naval Research Laboratory in Monterey,
USA, based on the Danish Eulerian Hemispheric Model
(DENM). The offline model NAAPS utilizes the meteorological analysis and forecast field from 0.5-degree Navy’s Operational Global Analysis and Prediction System (NOGAPS)
[37, 38]. The model calculation result is an optical depth at a
wavelength of 550 nm for three components (sulphate, dust,
and smoke). The dust distribution was simulated for aerosol
particles of 1.0 𝜇m in the diameter having a refractive index
of 1.55 + 0.001𝑖. As a result, the dust distribution is illustrated
by a common modeling parameter, an aerosol optical depth.
Additionally, the AOD was determined by MODIS Terra
and Aqua satellites using the calculation algorithm over land
surface [39–42]. The aerosol optical depth is computed at
470, 550, and 660 nm wavelengths [43, 44]. However, the
wavelength of 550 nm is more useful for our investigations
because the same wavelength is used by the nephelometer
and the NAAPS model. Dust plume layers were evaluated
by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) Level-2 aerosol products (Version3.01) such as aerosol layer identification by total attenuated
backscatter. Vertical feature masks were used to determine
the heights of structures and to distinguish aerosols from
cloud; the 532 nm total attenuated backscatter and depolarization ratio were checked.

3. Results and Discussion
3.1. Ground Based Measurements. The light scattering coefficients at 450, 550, and 700 nm and Ångström exponent are
illustrated in Figure 1. Figure 1(a) shows that the 1 h averaged
scattering coefficient values varied in the range from 4.0 to
369.0 Mm−1 . There is a similar trend in the variations of
the light scattering coefficients at different wavelength. The
average of the light scattering coefficient at 450, 550, and
700 nm was found to be 30.5 (SD = 23.8), 20.2 (SD = 16.7),
and 12.8 (SD = 11.3) Mm−1 , respectively. The highest values for
𝜎sp 450 = 369 and 𝜎sp 700 = 195 Mm−1 were observed mostly
at the beginning of the month. High positive correlations of
0.99 and 0.98 were found between 450 and 550 nm and 450
and 700 nm wavelengths. In order to use ground based measurements, data of the light scattering coefficient at 550 nm
were selected investigating the trends of the particle optical
properties and comparing the ground based measurements
with the satellite determined AOD. Meanwhile, the light
scattering coefficients at wavelength of 450 and 700 nm were

̈ exponent (—)
Ångstrom

2.4. Air Mass Backward Trajectories Analysis. The air mass
trajectories were calculated using the Hybrid Single-Particle
Lagrangian Integrated Trajectories model Version 4 (HYSPLIT4) [36]. 96-h backward trajectories at 500, 1500, and
2500 m a.g.l. were calculated to identify the origin of the air
masses. The analysis of air masses allowed determining the
most important sectors, which have an effect on the air quality
in Lithuania. The dispersion model used meteorological data
fields that were obtained from dataset archives.
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Figure 1: (a) The light scattering coefficient for the wavelength of
450, 550, and 700 nm during July 2012. (b) The calculated Ångström
exponent for 450 and 700 nm wavelength pair filtered with a 2-point
moving average filter. The oval highlighted area shows Saharan dust
intrusion.

useful characterizing aerosol particle sources by Ångström
exponent values.
The Ångström exponent (Figure 1(b)) analysis allowed us
to determine the domination of the aerosol fine and coarse
modes using scattering coefficient data [45]. Figure 1(b)
shows that the typical Ångström exponent values were ranged
from 1.1 to 2.4 with the average of ∼2.0 (SD = 0.2). The
positive fluctuation of the Ångström exponent up to averaged
value was about 15% and presented the domination of the
coarse particles. It is seen that the fluctuations of Ångström
exponent values below average value were more pronounced
(∼45%) compared with the typical Ångström exponent mean
value. The statistical analysis of the frequency distribution of
Ångström exponent showed a peak of 2.0 that is typical for
places affected by the urban or continental pollution [12, 46].
It is also shown that the aerosol particle optical properties
during the 3rd of July could be strongly affected by the
long-range transport (discussion in Section 3.3). It should be
noted that extreme light scattering values at 700 nm occurred
influencing aerosol number concentration as well (Figure 2).
Consequently, the light scattering coefficients in conjunction
with Ångström exponent and number concentration analysis
can be helpful in determining the influence of the far located
pollution sources on the regional air quality. The variation of
the total particle number concentration and light scattering
coefficient is presented in Figure 2.
Figure 2 shows that the typical number concentration
varies between several particles and 40 cm−3 . The statistical
examination showed that the mean aerosol number concentration was found to be 12 cm−3 (SD = 9 cm−3 ) during the
study period. However, several high peaks of the particle
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Figure 2: The variations of the light scattering coefficient (at
550 nm) and the particle number concentration (𝐷pa > 0.5 𝜇m).

number concentration were observed on 1st (33 cm−3 ), 2nd
(43 cm−3 ), 3rd (118 cm−3 ), 11th (65 cm−3 ), 19th (24 cm−3 ), and
25th (39 cm−3 ) of July. Therefore, below we focused our study
on relationship between the particle number concentration
and the light scattering coefficient (Figure 2). Statistical
analysis of data showed a positive correlation (𝑅2 = 0.82)
between light scattering coefficient and particle number
concentration. The relationship between the light scattering
coefficient (at 550 nm) and the particle number concentration
(𝐷pa > 0.5 𝜇m) is shown in Figure 3 as a solid line with
top and bottom dot lines, which characterize the critical
ranges of particle refractive indexes. A solid line with top
and bottom dot lines characterizes the critical ranges of dispersion. The middle line, the so-called “bisector” (Figure 3),
describes a linear dependence of the light scattering coefficient on the particle number concentration. Presumably,
the urban aerosol is more heterogeneous according to the
particle chemical composition. As a result, the refractive
index varies in a wide range. Two dominating types of the
urban aerosol particles were determined (Figure 3). Most
important parameters for scattering, holding the refractive index constant, allowed exploring observed changes in
scattering/absorption due to changes in particle size. The
measured optical properties and the relationship between
the light scattering coefficient (at 550 nm) and the particle
number concentration (𝐷pa > 0.5 𝜇m) in different air
masses (Figure 3) arriving from different areas showed that
the changes in particle size explain most of the variability
in scattering. It is shown that increasing particle number
concentration in the “low scattering sector” has a little effect
on the value of the light scattering coefficient. The angle
between two bisectors characterizes the homogeneity of the
aerosol optical properties. Thus, the aerosol optical properties
can be characterized by three empirical parameters: (1) the
angle 𝛼𝐻 between the “bisector” of “high scattering sector”
and 𝑥-axis, (2) the angle 𝛼𝐿 between the “bisector” of “low
scattering sector” and 𝑥-axis, and (3) the angle 𝛽 between two
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Figure 3: The relationship between the light scattering coefficient (at
550 nm) and the particle number concentration (𝐷pa > 0.5 𝜇m) in
different air masses arriving from Sahara storm area (red), Atlantic
Ocean (blue), and continent (grey).

bisectors. We suggest that the data dispersion is dependent
mainly on particle refractive indexes. So the homogeneous
particles have a single refractive index. More detailed analysis
of both sectors allowed concluding that the particles from
“high scattering sector” were observed during the air mass
transport from the Mediterranean Sea basin and the Sahara
desert (Section 3.3).
The air masses arriving from Atlantic Ocean and continent sector are presented in “low scattering sector.”
Contrary to the urban environment and for products of
the burning processes, the Ångström exponent of the desert
aerosol has very low values (𝛼 < 1) [47]. For example,
during the Saharan dust intrusion into Europe in OctoberNovember 2001, the Ångström exponent decreased up to
0.68, when its variation varied from 1.20 to 1.45 before and
after the dust event in Kishinev [47]. The Ångström exponents lower than 0.5 during the Saharan dust events were
also observed at the Global Atmospheric Watch (GAW)
laboratory at the high alpine research station Jungfraujoch
(3580 m above sea level) in Switzerland [48]. It should be
noted that Ångström values of <0.5 also can indicate the
presence of sea salt particles in the clean marine environment
[49]. Close to the dust source region (Sahara desert), the
aerosol optical properties show mostly pure dust particles.
However, after a long-range transport of the air masses, a
vapour condensation, particle coagulation, sedimentation,
and mixing with the other aerosol types could modify aerosol
physical, chemical, and, as a result, optical properties [50]
(Figure 3) (grey square dots). It is known that the mixing
of the Sahara dust particles with anthropogenic aerosol has
the largest effect on the aerosol properties [51, 52]. So it can
be pointed out that the influence of the anthropogenic
particles on the direct radiative forcing needs to take into
account analyzing Sahara desert dust intrusions over the
Mediterranean basin and continental Europe [53, 54].
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Table 1: The comparison of the aerosol optical depth, the light
scattering coefficient (at 550 nm), and the particle number concentration (𝐷pa > 0.5 𝜇m) averaged daily.
July 2012
01
03
07
09
11
24
25
26
28
29
30

AOD,
—

Light scat. coef.,
Mm−1

Number conc.,
cm−3

0.32
0.35
0.10
0.30
0.12
0.02
0.12
0.02
0.20
0.22
0.26

50.3
50.1
25.9
23.0
19.7
14.9
20.2
24.0
26.3
28.0
27.9

19
19
20
15
15
7
15
11
14
11
15

3.2. Satellite Data
3.2.1. Aerosol Optical Depth. The cloudy atmosphere prevented the continuous satellite measurements of the AOD
over Vilnius during study period and the satellite AOD data
consist of eleven events only (Table 1).
The table shows that AOD varied in a wide range from
0.02 to 0.35 compared with the typical AOD of 0.20 (Table 1,
Figure 1). The satellite AOD measurements were compared
with the ground based measurements of the light scattering
coefficient and the particle number concentration (𝐷pa >
0.5 𝜇m). Moderate positive correlation (𝑅 = 0.7, 𝑃 = 0.01)
was found between AOD and the light scattering coefficient
as well as with particle number concentration (𝑅 = 0.6,
𝑃 = 0.01). So the satellite measurements of the AOD are
more useful for the global atmosphere aerosol distribution
monitoring and the sun radiation absorption modelling.
However, the characterization of optical properties of the
local aerosol particles cannot be done accurately based only
on the AOD satellite measurements over Lithuania. Thus,
detailed characterization of the aerosol optical properties
can be obtained based on the ground based measurements
of the light scattering coefficient and the particle number
concentration and size distribution.
3.3. Air Mass Clustering and Sahara Dust Event. By dividing
the source regions into clusters (sectors), it was possible to
classify and understand the relative influence of each sector in
the typical characteristics of the air masses arriving over the
measurement site (Vilnius) and to evaluate the dependence
of these optical and physical aerosol particle properties on
the dominant air mass type. To identify the origin of air
masses arriving above study area, the backward trajectories
were classified into five main clusters. Investigating the
clusters revealed five sectors: one cluster was in the Northern
direction, “N,” and two clusters were in the Western and
South-Western direction, “W” and “SW.” One cluster was
in the Eastern direction, “E.” Sector “N” defines continental
polar air masses and includes Scandinavian region. “W”

and “SW” air masses reached Preila area from Atlantic
Ocean but “W” passed dominantly through the industrial
European regions (Great Britain, France, Germany, Czech
Republic, and Poland), while “SW” originated over North
Africa (Egypt and Morocco) and the Mediterranean Sea
basin. Days under the influence of different air masses and
Sahara dust outbreaks were identified by means of backward
trajectories and satellite map analysis, and then aerosol
number concentration and Ångström exponent levels were
evaluated for these days. It was determined that cold air
masses with the marine aerosol particles from the Atlantic
Ocean passed over the Western region. On the contrary,
sector “SW” is characterized by continental air masses with
a significant load of dust due to the Saharan desert storm
causing the advection of dust and aerosol particles into highaltitude layers from where they were transported to higher
latitudes and study area. The air masses coming from this
sector were expected to have low Ångström exponent values
and a size distribution with a coarse mode dominating the
accumulation mode. The industrial European region affected
air masses and, as a result, aerosol particles properties; for
example, East sector, “E,” combined the air masses from the
continent (Ukraine, Belarus, and Russia). The “N” and “W”
clusters’ air masses were influenced by cleanest conditions
(especially on 20–25 July (not shown)), which were associated
with the lowest light scattering coefficients and the lowest
particle number concentrations (𝐷pa > 0.5 𝜇m). The Western
and Northern directions’ clusters represented 48% of the total
trajectories. The South-Western cluster represented 29% and
the Eastern cluster 23%. To illustrate the difference in the
air mass origin, the events of each type were selected for
case studies (Figures 4–6). The light scattering coefficient of
28 Mm−1 for 550 nm and the particle number concentration
of 20 cm−3 were registered on 29 July (Figure 4).
Figures 4(c) and 4(d) indicate that the Ångström exponent is quite sensitive to the aerodynamic diameter of size
distributions that are consistent with fine mode aerosols; that
is, an increase in the Ångström exponent (9 p.m.) up to 2.2
showed increase in particles smaller than ∼0.4 𝜇m (9 a.m.).
The effect of the local pollution sources can be seen on 14
July, despite the fact that the air masses from industrialized
areas (sector “W”) of Europe were observed (Figure 5(a)). The
aerosol number concentration increased during the morning
traffic peak (5–7 a.m.) hour and again in the evening (7–
10 p.m.). After the morning traffic peak hour, the number
concentration rapidly decreased. This phenomenon can be
explained by mixing within the developing boundary layer.
Low mean light scattering coefficient of 12.8 Mm−1 and
mean particle number concentration of 6.0 cm−3 were found
(Figure 5(b)).
The calculated Ångström exponent varied from 2.0 to
2.3 (Figure 5(c)) with the mean value of 2.2. However,
the high Ångström exponent values associated with coarse
mode aerosols could significantly reduce the particle number
concentration. It is also evident in Figure 5(d) that a decrease
in the Ångström exponent values (3 a.m.) corresponds to
an increase in number concentration in the fine mode aerodynamic diameter and coarse particles as well, highlighting
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Figure 4: (a) Air parcel trajectory analysis from the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
(ARL) HYSPLIT model. For this analysis, the model was run backwards for 96 hours from 29th July 2012 at 12 UTC. Traces show the origin
of air parcels at Vilnius at the 500 m (red), 1500 m (blue), and 2500 m (green) levels. (b) The variation of the measured and hourly averaged
values of the light scattering coefficient at 550 nm and the particle number concentration. (c) The calculated Ångström exponent for 450 and
700 nm wavelength pair. (d) The particle size distributions.

intensive Saharan dust intrusion. The two-modal particle size
distribution was observed with the mean particle diameters at
0.55 and 2 𝜇m (Figure 5(d)).
As in the case of the 3rd of July, observations have
suggested that increase of the light scattering coefficient and
the particle number concentration (𝐷pa > 0.5 𝜇m) was not
influenced by local sources as the daily variation of both
parameters was not pronounced (7–12 p.m.) (Figure 6(b)).

The particle number concentration started to increase at
3 a.m. when the local traffic influence was negligible. The
mixing of different types of air mass (“SW” and “N” sectors)
arriving at 3 a.m. could lead to a regional mixed plume
with modified properties. Figure 6(a) highlights air masses
arriving over Vilnius on the 3rd of July 2012 at 1500 m altitude
transported from Sahara dust plume extended across the
Atlantic Ocean toward Great Britain. This makes one think
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Figure 5: (a) Air parcel trajectory analysis from the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
(ARL) HYSPLIT model. For this analysis, the model was run backwards for 96 hours from 14 July 2012 at 12 UTC. Traces show the origin
of air parcels at Vilnius at the 500 m (red), 1500 m (blue), and 2500 m (green) levels. (b) The variation of the measured and hourly averaged
values of the light scattering coefficient at 550 nm and the particle number concentration. (c) The calculated Ångström exponent for 450 and
700 nm wavelength pair. (d) The particle size distributions.

that loading the atmosphere with coarse aerosol particles
during this period is mainly Saharan dust type. Thick dust
which blew through the Sahara desert in late June 2012
(http://earthobservatory.nasa.gov/NaturalHazards/) extended
over parts of Algeria, Mali, Mauritania, Morocco, and
Atlantic Ocean. To validate this idea, we used CALIPSO and
NAAPS satellite data (Figures 7-8).
A sudden increase in the aerosol number concentration
(118 cm−3 ) and light scattering coefficient (276 Mm−1 ) was

observed on 3 July over Lithuania which can be attributed
to the Sahara dust event in Europe as well as to some industrial activities in that region. At the same time, Ångström
exponent decreased to 1.4. The massive export of dust from
Sahara is observed starting 23rd June, while the dust plume
spread over Western parts of Europe including Lithuania only
on the 3rd of July. Lidar data measured on 23 June 2012
between 9:30 UTC and 18:30 UTC confirm the existence of an
aerosol layer in the atmosphere above Vilnius between 4 and
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Figure 6: (a) Air parcel trajectory analysis from the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
(ARL) HYSPLIT model. For this analysis, the model was run backwards for 96 hours from 3 July 2012 at 00 UTC. Traces show the origin
of air parcels at Vilnius at the 500 m (red), 1500 m (blue), and 2500 m (green) levels. (b) The variation of the measured and hourly averaged
values of the light scattering coefficient at 550 nm and the particle number concentration. (c) The Ångström exponent for 450 and 700 nm
wavelength pair. (d) The particle size distributions.

5 km, which descends in time below 3 km after 17:00 UTC.
Grey shades indicate a change in aerosol type. Black region is
due to laser stop for half an hour (Figure 7). The CALIPSO
classification scheme identified two types of aerosol layers:
pure dust (orange) and polluted dust (brown). In this study,
aerosol (low confidence) could be defined as a mixture of pure

dust and anthropogenic pollution formed during air mass
transport.
The particle size distribution showed two modes in the
spectra at 0.6 and 6.70 𝜇m. Comparing the particle size
distribution at 3 a.m. and at 9 a.m., it is seen that the second
mode disappeared and the particle number concentration
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Figure 7: (a) Vertical feature mask shows the CALIPSO aerosol subtypes. (b-c) Total attenuated backscatter at 532 nm along with the orbit
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(𝐷pa > 0.5 𝜇m) and the light scattering coefficient decreased
(Figure 6(d)).
AOD based on the satellite measurements shows that the
penetration of the Sahara dust to the Baltic region (Figure 8)
was observed from the 1st to the 8th of July 2012.
From the Atlantic Ocean, the dust formed the arc bents
eastward in the direction of the Mediterranean Sea. Thus, the
dust has spread over the Atlantic and turned to the North
getting the UK islands. Another part of the dust crossed
Europe directly from the Mediterranean Sea region through
Italy, Germany, and Poland. Arriving air masses were mixed
with the air from other regions. As a result, the aerosol
was diluted with the clean air decreasing the high values

of the particle number concentration and light scattering
coefficients. However, the event on the 3rd of July clearly
illustrates increasing of the particle number concentration
(𝐷pa > 0.5 𝜇m) correlating with the rapid light scattering
coefficient increasing. Also, the appearance of the second
particle mode with the peak at 7 𝜇m of the particle size
distribution was observed. That presents the appearance of
the dust particles in the local ambient air at the time when the
local pollution sources have a minimal influence. The Sahara
dust intrusions are very frequent in South Europe. In Spain,
Italy, and Greece, the number of days when carrying of a
dust from Northern Africa is observed makes up 20–30%.
In the region of Belarus, such episodes make up 5–10% [55].
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a result, the light scattering coefficient suddenly increased to
276 Mm−1 and the particle number concentration increased
up to 118 cm−3 , while the Ångström exponent decreased to
1.4. The measurements of the optical and physical particle
properties determined two dominating types of the aerosol
particles dividing them into two sectors “the high scattering
sector” and “the low scattering sector” described by three
parameters 𝛼𝐻 = 63.6∘ , 𝛼𝐿 = 24.1∘ , and 𝛽 = 39.5∘ . It was
evaluated that aerosol properties depended on the air mass
properties. For example, “the high scattering sector” consists
of the aerosol particles from the Mediterranean Sea region,
while “low scattering sector” is formed by particles from the
Atlantic Ocean.
The optical property characterization of the local aerosol
particles cannot be done accurately based only on the satellite
measurements of the AOD. The most detailed characterization can be obtained referring to the ground based measurements of the light scattering coefficient, the particle number
concentration, and the particle size distribution.

Smoke

Figure 8: The dust distribution over Europe on the 3rd of July by
satellite measurements and NAAPS distribution model.

The high dust particle number concentrations are observed
close to the Mediterranean Sea region and they decreased
over West and Central Europe coming highly diluted in the
East region. The vertical profile of the Sahara dust over South
Europe is distributed mainly at heights of 1.5–8 km [56]. With
an increase in the distance from Sahara storm location, the
average height of the dust layer increased. For example, in
the region of Belarus, the dust layer concentrates at a height
of 3–8 km [56]. Thus, the air masses from the Sahara region
transported the sand dust over Lithuania in the middle free
troposphere.

4. Conclusions
The ground based measurements of the light scattering coefficients for 450, 550, and 700 nm, the particle number concentration (𝐷pa > 0.5 𝜇m), and the particle size distribution
from 0.5 to 12 𝜇m in conjunction with satellite measurements
were investigated during July 2012 in urban environment. The
investigation of the air mass backward trajectories and the
regional AOD distribution over Europe allowed determining
the far located air pollution sources and their effect on the
typical local aerosol physical and optical properties. It was
determined that the cleanest air masses arrived from the
Atlantic Ocean and Scandinavia. The trends observed in
the AOD and the Ångström exponent were consistent with
the dependences found in the size distributions. The major
source of small particles occurred when the air mass crossed
the industrialized areas of Europe or was sourced locally,
pointing to the influence of anthropogenic particles related
to both urban and industrial pollution. Inversely, the major
contribution of coarse particles occurred when the dominant air masses were transported from Sahara dust plume
extended across the Atlantic Ocean toward Great Britain. As
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Nearly 30-year aerosol optical thickness (AOT) climate data record (CDR) derived from the operational satellite observations
of National Ocean and Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) is used to
study the AOT trends over seventeen megacities in the coast zone (MCCZ). Linear trends are derived from monthly and seasonal
mean AOT in the past three decades and used in the analysis. The results indicate the following: (1) AOT around a MCCZ in fast
developing countries has relatively high value and a positive trend with a confidence level generally above 95%; (2) AOT around a
MCCZ in industrialized countries has relatively low value and a negative trend with a confidence level generally above 95%; (3) AOT
values and their trends show distinct seasonal variations in MCCZ, which can be explained somewhat by the seasonal variations of
meteorological conditions. AOT trend is an effective index for examining the efficacy of air pollution control policies implemented
for these megacities.

1. Introduction
About half of the world’s population lives in urban areas today
due to convenient living facilities and the opportunity of a
better quality of life, driving the formation of many rapidly
growing urban centers or agglomerations, called megacities.
Here, a megacity is defined as a large urban agglomeration with populations exceeding 10 million inhabitants. The
majority of these urban megacities are located in a coastal
zone or a zone with distinct coastal influence [1], which are
called megacities in the coastal zone (MCCZ) hereafter. The
concentrations of people in MCCZ and the related human
activities (e.g., construction, transportation, energy generation, industrial production, etc.) pose serious challenge to
the ecological environment of MCCZ [1, 2]. For example, air
and water pollutions associated with human activities have
become one of the most imminent environmental issues of
MCCZ in recent decades [3–6], especially in the developing
countries where limited resources are available for addressing
the pollution issues.
The scale of air and water pollutions in MCCZ can be
hundreds to thousands of kilometers in the atmosphere and

tens to hundreds of kilometers in the ocean and has the
potential to contribute significantly to climate change [1, 7–
10]. Long-term continuous monitoring and analysis on the
distribution and evolution of air pollutants are the necessary
effort to better manage, control, and mitigate the air pollution
in MCCZ [7, 11]. One primary reason for monitoring ambient
air pollutants is to provide information for estimating their
potential effects, particularly on environmental and human
health. Considering that satellite remote sensing can detect
air pollutants and track their transport from local and
regional scales to the globe, long-term satellite observations
of air pollution have been identified as an effective measurement to characterize air pollution in MCCZ [6, 7].
One of the most important ambient air pollutants is
particulate matter (PM), which refers to tiny pieces of solid
or liquid particles suspended in the air and is also called
atmospheric aerosols. Aerosols in urban environment not
only cause serious air quality and health issues but also
serve as important cooling and warming agent for climate
change due to its scattering and absorbing of solar and
earth radiations [9] and serving as cloud condensation nuclei
(CCN) [12]. Aerosol optical thickness (AOT) can be used
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Figure 1: Identified seventeen megacities in the coastal zone
(MCCZ) in the study and their population in 2009 and 2025,
respectively.

as an effective optical measure of PM amount for urban air
pollution. In general, a high or low AOT value corresponds to
a high or low PM amount assuming most of the aerosols are
near ground or in planetary boundary layer (PBL) in an urban
environment. Thus, long-term observation of AOT over
MCCZ from satellite can provide information on the changes
and trends of air pollution, which can be used to evaluate the
efficiency of the measures and polices implemented for air
pollution control and air quality improvement in MCCZ.
In this paper, we will analyze AOT and its trend around
MCCZ observed in the past three decades from the Advanced
Very High Resolution Radiometer (AVHRR) onboard polar
operational satellites of National Ocean and Atmospheric
Administration (NOAA). The paper is arranged as follows:
Section 2 introduces selected MCCZ and the AVHRR satellite
AOT data; trend analysis approach is briefly described in
Section 3; variation of monthly mean AOT and its trend for
the selected MCCZ are studied in Section 4; seasonal features
of AOT and its trend are examined in Section 5; summary and
conclusions are given in the close section.

2. Selected MCCZ and Satellite Data
Seventeen urban centers in the coastal zone with inhabitants
going to exceed 10 million in 2025 are selected as MCCZ in
our current study. Figure 1 shows the population of these 17
MCCZ in 2009 and 2025, respectively, based on the data of
United Nations [1, 13]. Among these megacities, there are five
(Tokyo, Osaka-Kobe, New York, Los Angeles, and Istanbul) in
developed countries and the rest are in developing countries.
There are five megacities (Sao Paulo, Rio de Janeiro, Buenos
Aires, Lima, and Jakarta) in the south hemisphere (SH) and
the others are in the north hemisphere (NH). Fifteen out of
the seventeen megacities are in the coastal zone of tropical

or subtropical regions and the other two (New York and
Istanbul) are in the coasts of NH temperate zone.
Version 2 of NOAA operational AVHRR satellite AOT
climate data record (CDR) [14, 15] is used in this study.
AVHRR AOT CDR is derived over global water (or ocean)
surface at 0.63 𝜇m channel using a two-channel AVHRR aerosol retrieval algorithm [16] from the AVHRR clear-sky
reflectance, which is determined from the NOAA Pathfinder
Atmospheres-Extended (PATMOS-x) AVHRR all-sky reflectance and cloud probability CDR products [17]. The PATMOS-x AVHRR reflectance has been intercalibrated with
MODIS reflectance and retrospectively calibrated among all
the AVHRR sensors used in the AOT CDR production so that
the calibration accuracy is improved to ∼3%, which is close
to MODIS accuracy of ∼2% [17].
Due to limited channels of AVHRR instrument, only
aerosol retrieval over waters can be obtained and only
AOT retrieved from 0.63 𝜇m channel achieves a climate
quality since the retrieval from wider 0.86 𝜇m channel is
contaminated by water vapor absorption, which is difficult to
be accurately quantified, especially in the case of AOT trend
detection. The retrieval algorithm has been validated by comparing with the AERONET ground AOT measurement [16,
18]; specifically, surface AOT observations from AERONET
coastal stations had been used to validate our AOT retrieval
algorithm and the aerosol model and surface reflectance were
adjusted to achieve best validation results as demonstrated
in our validation works [16, 18]. In our validation, satellite
(ST) aerosol optical thickness values (𝜏st ) are matched up with
the corresponding “truth” values derived from the same day
surface AERONET sun-photometer (SP) observations (𝜏sp )
at coastal stations. They are statistically processed within an
optimum space-time window from which scatter diagram
of 𝜏st versus 𝜏sp is produced. Linear regression analyses are
performed, predicting the satellite retrieved values of 𝜏st as
a function of the SP values of 𝜏sp in the form of 𝜏st = 𝐴 +
𝐵𝜏sp . Retrieval algorithm performance can be evaluated from
resulting statistical parameters of the linear regression: 𝐴
(intercept), 𝐵 (slope), 𝛿 (standard error), and 𝑅2 (square of
correlation coefficient). For example, a nonzero intercept tells
us the retrieval algorithm is biased at low AOT values, which
is mainly associated with improper assumptions about ocean
surface reflection (including the contamination associated
with sediment in Case II water in coastal regions) after sensor
calibration error has been minimized through intercalibration. A slope that is different from unity (proportional error)
indicates that there is some inconsistency between the aerosol
microphysical model (mainly refractive index) used in the
retrieval algorithm and that in the real world.
Corresponding input satellite reflectances and retrieval
geometrical conditions are also collected in the match-up validation data set; thus, we were able to adjust the ocean surface
reflectance and aerosol model and redo the AOT retrieval
for the collected match-up data to obtain updated match-up
𝜏st data. Then we perform linear regression analyses again
and obtain new statistical parameters of the linear regression:
𝐴, 𝐵, 𝛿, and 𝑅2 . This adjustment and linear regression are
repeated until obtained 𝐴 is nearly zero and 𝐵 is close to unity.
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Figure 2: Global map of temporal averaged (1981–2009) monthly
mean AOT along with the locations of seventeen MCCZ marked by
red square boxes.

The corresponding surface reflectance and aerosol model are
optimized and used in the retrieval algorithm. As a result,
the surface contamination from various sources (including
the contamination associated with sediment in Case II water
in coastal regions) on the AOT retrieval is corrected and
minimized in a collective way rather than individually. Please
refer to [16, 18] for more detailed explanation.
The AOT values in the coastal regions shown in Figure 2
clearly demonstrate the effectiveness of removing the surface
reflectance contamination; otherwise high AOT values will
be over all the coast regions. The comparison with the
MODIS satellite AOT observation [19] also indicated that
our AOT retrieval over ocean has similar performance as the
standard MODIS AOT retrieval if the same MODIS observed
radiances are used as the input radiances. The algorithm had
been applied to both previous and current versions of the
PATMOS-x reflectance to generate long-term AOT data for
the study of AOT long-term trend over global and regional
scales [20, 21]. We will extend the study to local scale in this
work.
Residual cloud contamination on AOT has been greatly
reduced in version 2 AVHRR AOT CDR product compared
to previous version and is more reliable for AOT trend study
[15]. Global AVHRR AOT (0.63 𝜇m) CDR product from 1981
to 2009 in 0.1 × 0.1 degree equal angle grid is used in this study.
Two and a half years of data after the major volcano eruptions
of El Chichón in March 1982 and Mt. Pinatubo in June 1991
are discarded in the trend analysis to remove the abrupt AOT
perturbations [20].
Figure 2 shows the global map of temporal (1981–2009)
averaged AOT along with the locations of seventeen MCCZ
marked by red square boxes. It is seen that AOT values over
the coastal oceanic surface around these MCCZ are generally
higher than over the remote open ocean due to the downwind
transport of aerosols originated from urban pollution. Thus,
the changes and trends of AOT over the coastal ocean surface
around these MCCZ can be used effectively to track the
changes and trends of PM over these MCCZ.

3. AOT Linear Trend Analysis
In this paper, we only study the statistical linear tendency
of AOT for selected MCCZ. The real tendencies of AOT

may be much more complex than the statistical linear model.
However, the linear trend allows a simple approximation
of the direction and magnitude of the changes in the data
and may be adequate for many practical purposes. Results
from the linear trend studies are not only commonly used by
scientists but also familiar to policy makers and the public.
Thus, it is important to examine the climate change issues
under such a linear model. Actually, we have successfully
applied this linear trend analysis on the investigation of global
and regional AOT changes and trends in some previous
studies [15, 20, 21].
Here, we only give a brief description on the linear
trend analysis used in this study and detailed description
of linear trend analysis can be found in the literature [22–
24]. The linear change of a variable, such as AOT, is often
measured with the linear trend (LT) in the unit of absolute
(or percentage) changes per decade. AOT LT is the slope
of the linear regression line for the time series of monthly
averaged AOT. We adopt the commonly used decision rule
that a detectable trend is indicated, at the 5% significance level
or 95% confidence level, when |LT/𝜎| > 2 [23]. Here 𝜎 is
the standard deviation of AOT LT. It is difficult to determine
𝜎 from the observational data directly so that, as a firstorder approximation, we will use the standard deviation (𝜀)
of monthly averaged AOT as 𝜎 after adjusting the unit of 𝜀
to match the unit of LT. We further name LT/𝜎 ratio as the
“significance” of AOT LT in this paper. A significance >+2
(or <−2) indicates the increasing (or decreasing) tendency
detected is above 95% confidence level. For each MCCZ,
AOT observation within ±1∘ latitude/longitude spatial window around the megacity is used for the analysis of AOT
variation and trend. The spatial window is in square shape
with the center located at MCCZ latitude/longitude listed
in Table 1 and the four sides are 2∘ wide in both latitudinal
and longitudinal directions. This optimal window size is
determined from sensitive tests for both retaining the signal
of city influence in AOT and providing sufficient observation
sampling numbers for statistical analysis.

4. Monthly Mean AOT and Trend
As an example, the AOT time series of the two cities with the
most distinct negative trend and positive trend, respectively,
are shown in Figure 3. Table 1 summarizes the linear trend
and its significance along with temporal averaged (1981–
2009) AOT values for the seventeen MCCZ. It is seen that
AOT in Jakarta, Mumbai, Karachi, Lagos, Buenos Aires,
Shanghai, Kolkata, and Shenzhen have positive trends either
above or close to 95% confidence level for the past three
decades. These MCCZ are in the developing countries, where
limited pollution control is performed due to lack of strategic
planning and resources as well as relatively low public
concern on the pollution issues compared to the concern on
the improvement of living condition and convenience, such
as job, housing, and transportation [3, 4, 7, 25].
Shanghai and Buenos Aires are the two cities with the
highest temporal averaged AOT value (or climatology value)
while Jakarta and Mumbai are the two cities with the most
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Table 1: AOT linear trend (LT) and its significance (LT/𝜎) and temporal averaged (1981–2009) monthly mean AOT values for the seventeen
MCCZ along with their geolocation and projected population in 2025.
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Megacity

AOT LT
(1/decade)

Significance
of LT

Averaged AOT

Geolocation
(longitude, latitude)

Population in
2025 (million)

Tokyo
Mumbai
Sao Paulo
New York
Shanghai
Kolkata
Karachi
Lagos
Manila
Buenos Aires
Los Angeles
Rio de Janeiro
Istanbul
Osaka Kobe
Shenzhen
Jakarta
Lima

−0.092
0.489
−0.231
−0.439
0.333
0.595
0.258
0.258
−0.084
0.436
−0.229
−0.302
−0.761
0.005
0.173
0.450
0.059

−1.78
4.85
−3.14
−7.66
1.98
1.80
3.42
2.26
−1.61
2.01
−5.99
−4.92
−12.85
0.10
1.45
6.21
1.08

0.21
0.44
0.20
0.17
0.78
0.58
0.31
0.40
0.13
0.77
0.12
0.18
0.20
0.21
0.42
0.26
0.25

139.77∘ , 35.68∘
72.82∘ , 18.90∘
−46.63∘ , −23.55∘
−73.94∘ , 40.78∘
121.43∘ , 31.20∘
88.33∘ , 22.53∘
66.98∘ , 24.80∘
3.40∘ , 6.45∘
120.98∘ , 14.58∘
−58.37∘ , −34.58∘
−118.25∘ , 34.05∘
−43.23∘ , −22.90∘
28.83∘ , 40.97∘
135.50∘ , 34.53∘
114.13∘ , 22.53∘
106.83∘ , −6.10∘
−77.03∘ , −12.05∘

37
26
22
21
20
20
19
16
15
14
14
13
12
11
11
11
11

distinct positive trend in AOT. This suggests that current air
quality in Shanghai and Buenos Aires is much easier to reach
the unhealthy level defined by World Health Organization
(WHO) than in Jakarta and Mumbai but air quality degrades
much faster with time in Jakarta and Mumbai than in
Shanghai and Buenos Aires. There is a high potential that
air quality will become worse in Jakarta and Mumbai than
in Shanghai and Buenos Aires in the future if the trends stay
the same.
AOT climatology value of Mumbai (0.44) is almost two
times larger than that of Jakarta (0.26) and the magnitude
of seasonal extremes observed in Figure 3(d) (Mumbai) is
also larger than that in Figure 3(c) (Jakarta). This suggests
that there is more chance that air quality may reach to WHO
unhealthy level in Mumbai than in Jakarta even though the
positive trend of AOT in Jakarta is more evident than in
Mumbai. Thus, both AOT climatology value and AOT trend
are information needed to better assess the air quality issue of
a MCCZ.
AOT in Istanbul, New York, Los Angeles, Rio de Janeiro,
and Sao Paulo have negative trend with a confidence level
above 95% for the past three decades and their AOT climatology values are also at the low end of seventeen MCCZ
AOT climatology values. These megacities are either in the
developed countries (Istanbul, New York, and Los Angeles)
with more stringent policies implemented for pollution
emissions or in popular coastal tourism cities (Rio de Janeiro
and Sao Paulo) where more stringent air pollution measures
are implemented by the city government due to the concerns
of tourism business and general public [2, 7, 25]. For the
other cities, even though the monthly AOT show some trends

(either positive or negative), their significance is generally
below 95% confidence level.

5. Seasonal Variation of AOT and Trend
Due to the seasonal changes of pollution emissions and meteorological conditions in a MCCZ, AOT and its trend may
also display seasonal variations accordingly. Thus, examining
the seasonal variations of AOT and its trend for a MCCZ
should provide more insightful information on the pollution
conditions and scenarios. The following seasonal analysis
focuses on the eleven MCCZ where the positive or negative
trend of monthly mean AOT discussed in the above section
is at a confidence level close to or above 95%. The eleven
megacities are Jakarta, Shanghai, Karachi, Mumbai, Lagos,
Istanbul, New York, Los Angeles, Buenos Aires, Sao Paulo,
and Rio de Janeiro.
Figure 4 shows the significance (LT/𝜎) of monthly and
seasonal AOT linear trends and temporal averaged seasonal
mean AOT values for the identified eleven megacities in a
bar plot. Relatively high seasonal mean AOT values along
with evident seasonal variations are observed in Shanghai,
Karachi, Mumbai, Lagos, and Buenos Aires, especially in
Shanghai and Buenos Aires. Air quality in Shanghai is
strongly influenced by on-shore wind condition in later
summer and earlier fall and off-shore wind condition in
later winter and earlier spring, which produces low AOT
in summer and fall relative to high AOT in winter and
spring along with a positive trend above 95% confidence
level in winter. For Buenos Aires, air quality is the worst
in cold season due to stagnant wind and strong shallow
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Figure 3: Examples of time series (dark curve) of monthly mean AOT for (a) Istanbul, (b) New York, (c) Jakarta, and (d) Mumbai. Plus
symbols are the departure (or anomaly) from the climatology and the linear trend is shown as the dark straight line.

temperature inversion conditions but greatly improved in
warm season due to moderate and strong winds buffeting
the city throughout most of the summer, which explains the
highest AOT in winter season. However, the seasonal trend
is negative in winter and positive in summer but both are
somewhat below 95% confidence level.
Air quality in Indian Peninsula is heavily influenced by
Indian monsoon circulation and precipitation. As a result,
local urban pollution in Mumbai and Karachi is much worse
in winter than in summer due to the washout of pollutants
by the strong precipitation associated with Indian summer
monsoon, which results in distinct positive trends (above
95% confidence level) of seasonal mean AOT in nonmonsoon
seasons for the two cities. However, due to the intrusion of
dusty air in later spring and summer, which is transported
from Arabian Peninsula and East Africa by monsoon circulation, seasonal mean AOT value is actually higher in summer
and spring than in the other two seasons. Seasonal mean AOT
in Lagos is higher in winter and spring than in summer and
fall, which is consistent with the distinct dry (November to

April) and rainy (May to October) seasons in Lagos. However,
the trends of season mean AOT are positive in all seasons
but below 95% confidence level. In Jakarta, AOT is higher in
summer and fall than in winter and spring. AOT trends are
positive in all seasons and the confidence level in summer and
fall is well above 95%.
For Istanbul, New York, and Los Angeles, AOT negative
trends are above 95% confidence level for all four seasons and
temporal averaged seasonal mean AOT values are at the low
end of eleven MCCZ. This suggests that stringent pollution
control and emission criteria implemented during the past
three decades for these MCCZ in developed countries are
highly effective for improving air quality for all seasons. The
seasonal variations of AOT in Sao Paulo and Rio de Janeiro
are very similar with high AOT in cold seasons (fall and
winter) and low AOT in warm seasons (spring and summer).
However, the variations of their seasonal AOT trend are
different. For example, the highest (above 95% confidence
level) and lowest (below 95% confidence level) negative
seasonal trends are observed in summer and fall, respectively,
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the AOT trends over seventeen megacities in the coast zone.
Linear trend is derived from monthly and seasonal mean
AOT in the past three decades and used in our analysis. AOT
around the MCCZ in fast developing countries generally
has positive trend with a confidence level above 95% and
relatively high AOT value while AOT around the MCCZ in
industrialized countries generally has negative trend with a
confidence level above 95% and relatively low AOT value.
AOT values and their trends show distinct seasonal variation,
which can be explained somewhat by the seasonal variation of
meteorological condition, especially for the variation of AOT
values.
Combined analysis of AOT variations and trends is useful
to reveal the air quality condition in a MCCZ and is effective
for assessing the efficiency of the air pollution control
policies and measures implemented. For a megacity with a
higher AOT and distinct positive trend (e.g., Shanghai), it is
relatively easy for air quality to reach and degrade to WHO
unhealthy level, while for a megacity with a lower AOT and
distinct negative trend (e.g., New York), it is relatively rare for
air quality to reach and degrade to WHO unhealthy level. This
study demonstrates that, similar to global and regional air
pollution applications, continuous global long-term satellite
observation of AOT is also useful for local urban air quality
applications.
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Figure 4: (a) The significance of linear trends of monthly and
seasonal mean AOT and (b) temporal averaged seasonal mean AOT
values for the eleven megacities where the positive or negative trend
of monthly mean AOT is at a confidence level close to or above 95%.

in Sao Paulo, while the corresponding seasons are summer
and winter, respectively, in Rio de Janeiro. Negative AOT
trends in all four seasons (even though not all above 95%
confidence level) for these two coastal tourism cities also
suggest that the policy of air pollution control carried out
by the two city governments during the past three decades
is generally effective for improving air quality.
The above seasonal analyses of AOT variations and trends
in the MCCZ suggest that seasonal variations of meteorological condition have a more direct effect on the AOT
variations than on its trends.
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Scuola di Ingegneria, Università degli Studi della Basilicata, Via dell’Ateneo Lucano, 85100 Potenza, Italy

2

Correspondence should be addressed to Giuseppe Grieco; giuseppe.grieco@est.asi.it
Received 18 February 2015; Revised 24 April 2015; Accepted 27 April 2015
Academic Editor: Liangfu Chen
Copyright © 2015 Giuseppe Grieco et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
This paper describes the operational implementation of the processor 𝜑-IASI over the Mediterranean sea. The 𝜑-IASI model
implements two physically based inversion algorithms for the sequential retrieval of (a) the thermodynamic state of the atmosphere
and (b) the tropospheric content of CO, CO2 , CH4 , and N2 O from hyperspectral radiance observations of the Infrared Atmospheric
Sounding Interferometer (IASI). The retrieval algorithm for trace gases exploits the concept of partially scanned interferogram
technique, which is a tool mostly suited for Fourier transform spectrometers in the infrared. Minor and trace gases retrievals for July
2010 are presented and compared to in situ observations from five Mediterranean, permanent, stations of the Global Atmospheric
Watch (GAW) network. The comparison evidences a good general consistency between satellite and in situ observations. IASI
retrievals show a marked southeastern gradient, which is shown to be consistent with the general tropospheric circulation over
the Mediterranean basin. These patterns are barely seen from in situ observations, a fact which stresses the importance of satellite
(trace gases) data assimilation to improve the performance and quality of trace gases transport models.

1. Introduction
The Infrared Atmospheric Sounding Interferometer (IASI)
is a Michelson interferometer developed by the European
Agency for the Exploitation of Meteorological Satellites
(EUMETSAT). It has been flying onboard the polar Metop
A/B orbiting platforms since October 2006 [1]. IASI sounds
the atmosphere in the infrared spectral band between
645 cm−1 (15.5 𝜇m) and 2760 cm−1 (3.6 𝜇m) with a spectral
sampling of 0.25 cm−1 with the aim of retrieving the thermodynamic state of the atmosphere and its chemical composition for both weather and climate applications. The high
quality hyperspectral radiances acquired by IASI [1] allows us
to retrieve the thermodynamic structure of the atmosphere
with a vertical resolution of 1-2 Km and an accuracy of 1 K
for the atmospheric temperature, an accuracy of 0.5 K for
the skin temperature, and an accuracy of 10–20% for what
concerns the vertical structure of water vapor. These retrieval

accuracies meet the World Meteorological Organization
(WMO) requirements and, generally, they can be achieved by
applying physically based retrieval algorithms [2].
In this paper, we present an operational implementation
of the physically based forward/inverse model, called 𝜑IASI [3, 4], for the Mediterranean Sea. The 𝜑-IASI model
is a physically based retrieval package for the estimation
of the thermodynamic structure of the atmosphere (surface
temperature (𝑇𝑠 ), temperature (𝑇), water vapour mixing
ratio (H2 O), and ozone mixing ratio (O3 ) profiles) and the
tropospheric columnar content of minor and trace gases,
namely, CO, CO2 , CH4 , and N2 O, from clear sky radiance
measurements acquired by IASI.
The limb-sounding of upper and lower stratosphere trace
species is amongst the main goals of many satellite missions,
for example, Atmospheric Chemistry Experiment (see,
e.g., http://www.ace.uwaterloo.ca/) and MIPAS (Michelson
Interferometer for Passive Atmospheric Sounding) of the
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European Space Agency (see, e.g., https://earth.esa.int/web/
guest/missions/esa-operational-eo-missions/envisat/instruments/mipas). However, our study focuses on the retrieval of
trace gases from IASI, which is a nadir-looking instrument.
The subject of remote sensing of atmospheric minor and
trace gases from nadir-looking instruments on board polar
satellites is not a new subject. Instruments used for this
objective include the Japanese IMG (Interferometric Monitor
for Greenhouse Gases) [5], the American AIRS (Atmospheric
Infrared Radiometer Sounder) [6–8], the European IASI [9–
17], and the Japanese GOSAT (Greenhouse Gases Observing
Satellite) [18].
In this study we offer a different perspective focusing
on the use of the partially scanned interferogram (PSI)
methodology, first introduced by [19], and demonstrating
its capability of achieving columnar contents of trace gases
with an unprecedented precision [20]. IASI retrievals for July
2010 over the Mediterranean basin will be compared with in
situ observations of the GAW (Global Atmospheric Watch)
network. The retrieval exercise will also deserve to get better
insight into understanding whether satellite observations of
heavy molecules, such as CO2 and N2 O, can track synopticscale weather patterns as claimed by Chahine et al. [7].
The paper is organized as follows. Section 2 gives a
description of the modules of the 𝜑-IASI package. Section 3
describes and discusses the results of a retrieval exercise for
July 2010; the same section also deals with an analysis of the
computing performance of the code. Conclusions are drawn
in Section 4.

2. The 𝜑-IASI Forward/Inverse
Software Package
In this section we summarize the main methodological
aspects regarding the algorithms implemented in 𝜑-IASI.
An in-depth description of 𝜑-IASI and its accuracy and
validation has been presented in many papers [2–4, 21], which
the interested reader is referred to for further details.
The model 𝜑-IASI is a MATLAB written software package
which consists of seven modules which sequentially process
the clear sky spectral radiance observations acquired by IASI.
These include a scene analysis module to select only clear sky
measurements; an Empirical Orthogonal Functions (EOF)
statistical regression scheme to provide the first guess for the
next module, which implements an iterative optimal estimation algorithm that we call 𝛿-IASI [4]. The inverse module
𝛿-IASI uses a physical radiative transfer model, which is
provided by the module 𝜎-IASI [3]. The two modules 𝛿-IASI
and 𝜎-IASI are the core of the 𝜑-IASI model. Once 𝛿-IASI has
provided the thermodynamic state of the atmosphere (𝑇𝑠 , 𝑇,
H2 O, O3 ); this state forms the input for each of the modules
dedicated to the computation of the total columnar content
of minor and trace gases, that is, CO, CO2 , CH4 , and N2 O.
The flow chart of 𝜑-IASI is shown in Figure 1. Further details
about the individual modules are given below.
2.1. The Scene Analysis Module. The high spectral resolution
of new advanced infrared sensors has resulted in better
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Figure 1: Flow chart of 𝜑-IASI. The acronym SA stands for scene
analysis and its output CF stands for cloud flag. k stands for
the thermodynamic state of the atmosphere (𝑇𝑠 , 𝑇, H2 O, O3 )
while the subscript fg is the acronym for first guess. FTS-PSI
stands for Fourier transform spectroscopy with partially scanned
interferogram. Finally the acronym TG stands for trace gases. The
double-way arrows connecting the modules EOF, 𝛿-IASI, and FTSPSI with 𝜎-IASI mean that all these modules use the 𝜎-IASI code as
a subroutine.

coverage and significantly improved temperature and moisture soundings capabilities compared with the current situation. Infrared data from nadir-looking instruments, however,
are frequently affected by clouds. Thus, observations must
be processed for operational data assimilation and inversion
for geophysical parameters by screening to remove cloudcontaminated soundings. This operation is performed with a
Scene Analysis module, which is normally based on thresholding of a suitable radiance channels. The scene analysis
module embedded in 𝜑-IASI has been variously described in
many papers. The most up-to-date version of the module can
be found in [22].
2.2. The 𝜎-IASI Code. The forward model embedded in 𝜑IASI is called 𝜎-IASI [3]. This is a monochromatic forward
module using a look-up table for the optical depth. The lookup table is derived from LBLRTM (Line-by-Line Radiative
Transfer Model) model [23]. For the work here shown we
have used LBLRTM version 12.2. The forward module is
based on 60 pressure layers, spanning the atmosphere from
the ground level to the top assumed to be at 0.005 hPa. The
model computes spectral radiances and analytical Jacobian
derivatives of any surface and/or atmospheric parameter.
IASI radiances are obtained through convolution with the
IASI Instrumental Spectral Response Function (ISRF).
2.3. The EOF Module. The EOF module is a statistically based
algorithm for the retrieval of the thermodynamic state of
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the atmosphere (𝑇𝑠 , 𝑇, H2 O, and O3 ). The general analytic
formulation of the problem is described in the work of Serio
et al. [24], which the interested reader is referred to for more
details. Basically, the module is based on a linear regression
among atmospheric parameters and radiances, represented
through a truncated expansion of EOF scores. In fact, the
radiances are first transformed to EOF scores and a truncated
expansion is used to reduce the dimensionality of the data
space. The regression coefficients are computed on the basis
of a suitable training data set. For the current implementation
we use a set of (𝑇𝑠 , 𝑇, H2 O, O3 ) state vectors derived from
the ECMWF (European Centre for Medium-Range Weather
Forecasts) analysis for July 2010. A total of 1147 state vectors
were used, which uniformly cover the Mediterranean basin.
2.4. The 𝛿-IASI Module. The 𝛿-IASI module [4] implements
an iterative algorithm for the optimal estimation of the
thermodynamic state of the atmosphere. The algorithms
simultaneously retrieves the state vector k which, for sea
surface, is made up of (𝑇𝑠 , 𝑇, H2 O, O3 ). For sea surface
emissivity we use the Masuda model [25].
The retrieval algorithm follows Rodgers optimal estimation [26] and uses an additional regularization parameter
which improves the retrieval accuracy and convergence rate
of the inverse scheme [15, 21]. The optimal estimator we use
to get an estimate of the state vector k from spectral radiances
has been first derived by Carissimo et al. [4] and discussed at
length by Grieco et al. [21] and Masiello et al. [27].
The 𝛿-IASI estimator reads
𝑡 −1
𝑡 −1
(𝛾S−1
𝑎 + K S𝜀 K) x = K S𝜀 y,

(1)

where the superscript 𝑡 indicates the transpose operation.
Without any loss of generality, we assume that we are in a
region around the first guess in which problem (1) is linear.
If not, the scheme has to be further iterated according to the
usual Gauss-Newton scheme [4]. With this in mind, in (1), we
have
x = k̂ − k𝑎 ;
y = (R − r0 ) − Kx𝑎 ;

with x𝑎 = k𝑎 − k0 ,

(2)

where k̂, k𝑎 , and k0 are the parameters’ state vector (estimated), the 𝑎 priori or background vector, and the first guess
state vector (the size of these vectors will be denoted by 𝑁).
Furthermore, S𝜀 in (1) is the observational covariance matrix
and S𝑎 indicates a suitable smoothing operator, normally
fixed to the covariance matrix of k𝑎 (e.g., [26]). R is the vector
(size 𝑀) of observed radiances, r0 = 𝐹(k0 ), with 𝐹 being the
forward model. Furthermore, the 𝑀 × 𝑁 derivative matrix or
Jacobian derivative, K, is computed as
K=

𝜕𝐹 (k) 
.

𝜕k k=k0

(3)

If we define
S̃𝜀 = 𝛾S𝜀 ,

(4)

then (e.g., [21]) (1) can be written in the equivalent form
𝑡 ̃−1
𝑡 ̃−1
(S−1
𝑎 + K S𝜀 K) x = K S𝜀 y,

(5)

which says that scaling the background covariance by 1/𝛾 has
the same effect as scaling the observational covariance matrix
by 𝛾.
The meaning and use of the parameter 𝛾 have been
discussed at length by Carissimo et al. [4] and Grieco et al.
[21]. Basically, 𝛾 can improve the regularization of the inverse
problem (1) and its tuning may allow us to trade off between
accuracy and stability of the solution, k̂.
In fact, introducing the operator [4]
G = S𝜀−1/2 KS1/2
𝑎 ,

(6)

the 𝛿-IASI estimator can be put in the dimensionless form
(G𝑡 G + 𝛾I) u = G𝑡 z;

with z = S−1/2
y; u = S𝑎−1/2 x,
𝜀

(7)

whose solution, u, is given by
u = Tz

(8)

with
−1

T = (G𝑡 G + 𝛾I) G𝑡 .

(9)

Equation (7) describes a Tikhonov-type or ridge regression
regularization problem. According to Tikhonov and Arsenin
(see, e.g., [28]) the operator T describes a regularization
scheme with the norm of T given by
norm (T) ≤

1
.
2√𝛾

(10)

Within the context of Tikhonov theory [28], the regularization of the problem (7) (hence (1)) improves for 𝛾 >
1. From (10) it is also seen that the amount of smoothing
(regularization) is independent of the details of S𝜀 and S𝑎 ,
provided that they have inverse (so that we can define the
operator G). This is an important aspect of the inverse
problem (1) because normally both S𝜀 and S𝑎 are model
approximations of the truth. Of course, the accuracy with
which both S𝜀 and S𝑎 are known affects the final estimate k̂
and its error analysis.
Finally, we stress that (7) also provides a fast and effective
scheme for the computation of the estimate k̂. Based on the
operator G and (7) an algorithm can be developed [4, 21],
which does not require the inversion of S𝑎 and, in case S̃𝜀
is diagonal, is fast and accurate because it just requires the
singular value decomposition of the kernel G𝑡 G.
2.5. The Minor and Trace Gases Modules: The FTS-PSI Based
Retrieval Technique. The PSI based retrieval technique consists in transforming the radiance spectrum into the interferogram domain where we identify a region which is
particularly sensitive to the geophysical parameter we want to
retrieve. Once the resonant peak in the interferogram domain
has been identified, the given gas is simultaneously retrieved
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𝑞𝑖 (𝑝) = 𝑞0𝑖 (𝑝) (1 + 𝑓𝑞𝑖 ) ;
𝑖 = 1, . . . , 𝑛,

(11)

where 𝑛 is the number of parameters to be retrieved, 𝑞𝑖 is the
vertical profile, 𝑝 is the atmospheric pressure, 𝑞0𝑖 is a suitable
first guess profile, and 𝑓𝑞𝑖 is the parameter to be retrieved. For
the case of surface temperature, (11) just reduces to the scalar
form
𝑇𝑠 = 𝑇𝑠0 (1 + 𝑓𝑇𝑠 ) .

(12)

Considering the first-order Taylor expansion of the interferogram radiance I around first guess values, we have
𝑛

ΔI = I − I0 = ∑J𝑖 q0𝑖 𝑓𝑞𝑖 ,

(13)

0.15

0.1

I (W m−2 sr−1)

with the most important interfering parameters, normally
(𝑇𝑠 , 𝑇, H2 O).
The PSI technique has been applied in several contexts
and is particularly efficient when information content related
to the given geophysical parameter is confined to a small
portion of the interferogram radiance. This is the case, for
example, of linear molecules, such as CO and CO2 . In fact,
the regularly spaced CO2 absorption lines around 15 𝜇m
and of CO around 4.65 𝜇m yield a resonant peak in the
interferogram domain. To exemplify let us consider the case
of CO. For CO the radiance spectrum shows a regular line
spacing of ≈3.6 cm−1 ; therefore, if we Fourier-transform the
spectrum to the interferogram domain, we expect a resonant
peak at an optical path difference (opd) of about the inverse
of this value, that is, 0.28 cm. In order to better clarify this
aspect, Figure 2 shows the interferogram around the expected
resonance peak of CO for the US standard atmospheric
profile [29] and for the same profile with a null concentration
of CO. It can be seen that in the optical path difference
interval between 0.2 and 0.3 the two interferograms are
sensibly different, while they are quite similar outside this
interval. This is an extreme example which gives an idea
of the sensitivity of the interferogram radiance to the CO
concentration near to the expected resonance peak.
The most important advantage of this technique is the
improvement of the signal to noise ratio and the reduction
of the influence of the interfering parameters in the final
retrieval. The basics of the technique may be found in the
work of Grieco et al. [20] and are here briefly summarized
for the benefit of the reader.
For the purpose of the retrieval problem, the retrieved
atmospheric parameters (these include the given gas and
the set of the most important interfering factors, i.e., 𝑇𝑠 , 𝑇,
and H2 O) are represented through a parametric form of the
profile:

0.05

0

−0.05

−0.1
0.15

0.2

0.25
opd, x (cm)

0.3

0.35

AFGL6
No CO

Figure 2: Interferogram radiance (I) around the expected resonance
peak of CO in Wm−2 sr−1 . The optical path difference (opd) is
expressed in cm. AFGL6 stands for the US standard atmosphere,
while “no CO” refers to the same atmospheric profile with a null
CO concentration.

The vector f is retrieved by means of an unconstrained
least square algorithm, and an estimation of the total columnar content is carried out according to
0

̂ ) ∫ 𝑞 (𝑝) 𝑑𝑝,
̂𝑖 = (1 + 𝑓
𝑄
𝑞𝑖
𝑖
𝑝𝑠

(15)

̂ is the estimate of 𝑓 and 𝑝 is the surface pressure.
where 𝑓
𝑞𝑖
𝑞𝑖
𝑠
The usual least square a posteriori error analysis allows
assessing the accuracy of the retrieval and the relative weight
of the interfering parameters. Based on the a posteriori
retrieval accuracy analysis, we have that the retrieved columnar content of the trace and minor gases has the error bars
shown in Table 1. The details about the assessment of these
values can be found in the work of Grieco et al. [20].
Figure 3 exemplifies the Jacobian derivative for CO mixing ratio, in the region around the interferogram resonant
peak. The Jacobian derivative does not show any sharp peak
all over the absorption spectral interval and most of the
contribution comes from the pressure interval between 800
and 200 mb, which corresponds approximately to the region
of the free troposphere. Similar results hold for the other gases
considered in this study and are not shown for the sake of
brevity.

𝑖=1

where, as for the radiance case, I is the observed interferogram, I0 is the interferogram computed with the forward
model at the first geuss state vector, and J𝑖 is the Jacobian
derivative of the interferogram radiance.
Equation (13) can be rearranged as follows [20]:
ΔI = Af,

(14)

where A is the horizontal concatenation of J𝑖 q0𝑖 , 𝑖 = . . . , 𝑛.

3. Application to the Mediterranean Basin
The 𝜑-IASI package has been applied to a dataset of ≈35000
IASI radiance spectra acquired over the Mediterranean basin
for July 2010. This month has been selected because of the
weather pattern over the Mediterranean region, which has
been characterized by above normal surface temperatures
associated with a relatively high frequency of blocking days.
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Table 1: Accuracy of the retrieved total columns of the trace and
minor gases for a single IASI field of view.
Gas species
CO2
CO
CH4
N2 O

Absolute accuracy
±3 ppmv
±1.5 ppbv
±13 ppbv
±15 ppbv

Relative accuracy
<1%
≈1.5%
<1%
≈5%

1030
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1020
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|JI | (W m−2 sr−1 pvv−1)
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15000
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)
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0.22 1200
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Figure 3: Mesh surface of 𝐽𝐼 . The Jacobian derivative of the
interferogram radiance with respect to the mixing ratio profile of
CO.

Likewise, a particularly long blocking event has been experienced over Western Russia that has led to the occurrence
of anomalously high temperatures over this region [30, 31].
Apart from the high temperatures, July 2010 showed the
typical synoptic conditions [32, 33] of the Mediterranean
summer (June to September), with high pressure over the
Mediterranean Europe and a low-pressure through extending
from the Persian Gulf through Iraq to the southeastern
Mediterranean (see Figure 4).
It is now very well understood (e.g., Karnieli et al.
[34] and the references therein) that this kind of weather
pattern yields persistent northwesterly winds which causes
long-range transport of air masses from southeastern and
southwestern Europe into the eastern Mediterranean basin.
Arguing that atmospheric heavy molecules, such as CO2
and NO2 , follow the dominant atmospheric circulation,
Chahine et al. [7] demonstrated that satellite derived CO2
data track weather patterns and can also be used to study the
vertical and horizontal transports in the Earth atmosphere.
Thus, according to Chahine et al. [7], because of the aforementioned summer weather pattern over the Mediterranean
basin, we expect that CO2 and N2 O should show a northwestern to southeastern pattern over the Mediterranean region.
To study this effect, in this section, we will show and analyze
trace gases retrievals form IASI data for July 2010.
To begin with, we briefly show and discuss patterns
associated with retrievals of surface (𝑇𝑠 ) and atmospheric
parameters (𝑇 and O3 ) derived with 𝛿-IASI. Figures 5 and
6 show the maps of the retrieved atmospheric 500 hPa

Figure 4: ECMWF analysis of the monthly sea level pressure for July
2010.
IASI T at 500 mb for July 2010
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Figure 5: Retrieved atmospheric temperature at 500 mb for the
month of July 2010. Data have been smoothed and rendered on a
grid of 0.5∘ × 0.5∘ (lat. × lon.).

temperature and the total columnar ozone, averaged over the
whole July period. These maps and all the following ones
have been smoothed with a median filter and rendered on a
regular grid of 0.5∘ × 0.5∘ . The value of each image pixel is the
median value of the whole month distribution of all the values
in the 2 × 2 neighborhood pixels around the corresponding
pixel in the input image. The maps clearly show the transition
from the European midlatitude air mass type to tropical
one which characterizes the southeastern region of the
Mediterranean basin. This transition is very well evidenced in
the temperature and ozone maps and also testifies the quality
of the retrieval. In addition, Figure 7 shows the sea surface
temperature, with the expected northwestern southeastern
gradient. This map evidences the relatively high sea surface
temperature, which in most part of the Mediterranean basin
exceeds 26∘ C (299 K).
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IASI O3 content for July 2010
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Figure 6: Retrieved atmospheric ozone content for the month of
July 2010. Data have been smoothed and rendered on a grid of 0.5∘ ×
0.5∘ (lat. × lon.).
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Figure 8: Retrieved tropospheric CO2 content for the month of July
2010. Data have been smoothed and rendered on a grid of 0.5∘ × 0.5∘
(lat. × lon.).
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Figure 7: Retrieved sea surface temperature for the month of July
2010. Data have been smoothed and rendered on a grid of 0.5∘ × 0.5∘
(lat. × lon.).

Figure 8 shows the retrieved tropospheric CO2 content
averaged over the whole period of July 2010. The most
striking feature in this map is the marked northwesternsoutheastern gradient, which is consistent with the large
scale synoptic weather pattern for July 2010. Thus, Figure 8
supports Chahine et al.’s [7] finding that the retrieved CO2
is capable of tracking the dominant atmospheric circulation.
Similar results have been also found for N2 O (see Figure 9)
and for methane (see Figure 10).
Finally, we show and discuss the comparison with in
situ observations from the GAW stations of Begur (Spain),
Lampedusa (Italy), Finokalia (Greece), Cairo (Egypt), and
Sde Boker (Israel). It is important to remark that this
comparison is not aimed at validating the retrievals. This
matter has been addressed by Grieco et al. [20, 35], and the
references therein. The present comparison is aimed at getting
insight into understanding whether patterns and structures
seen from satellite data are also shown by in situ observations.
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Figure 9: Retrieved tropospheric N2 O content for the month of July
2010. Data have been smoothed and rendered on a grid of 0.5∘ × 0.5∘
(lat. × lon.).
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Figure 10: Retrieved tropospheric CH4 O content for the month of
July 2010. Data have been smoothed and rendered on a grid of 0.5∘ ×
0.5∘ (lat. × lon.).
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Table 2: Time averaged values of the ground measurements (GM) and retrieved (IASI) columnar tropospheric content of trace gases.
Begur
CO2 (ppmv)
CH4 (ppbv)

GM
385.7
1834

IASI
382.5
1920

Lampedusa
GM
IASI
385.7
386.8
1860
1924

As already mentioned, these stations belong to the Global
Atmosphere Watch (GAW) network and the data have been
downloaded from the website of the World Data Centre
for Greenhouse Gases. Figure 11 shows the geographical
positions of the GAW stations. As it can be seen, they span
all the Mediterranean basin. Three of them are seaside while
Sde Boker and Cairo are about 100 Km far from the coast.
Table 2 compares the monthly average of in situ and IASI
retrievals. The comparison is limited to CO2 and CH4 because
these two gases have the largest density of monitoring (4 out
of 5 GAW stations). There is a general consistency between
in situ and satellite observations. However, systematic differences appear, which nevertheless are still consistent with the
diverse atmospheric column sensed with in situ and satellite
instruments. In fact, from Figure 3, we see that, conversely to
in situ observations, IASI retrieval for atmospheric gases is
sensitive to the free troposphere and cannot see the planetary
boundary layer.
From the comparison of in situ observations and colocated satellite retrievals it can be seen that CO2 and CH4
concentrations tend to agree in showing a southeastward
gradient, although it is fair to say that the gradient is
much more marked for the satellite retrieval than in situ
observations.
3.1. Performance of the Code. The performance of the code
has been evaluated on a multiprocessor machine equipped
with 6 physical and 6 virtual Intel i7 CPUs with a CPU
clock rate equal to 3.33 GHz and a RAM memory which
amounts to 24 GB. The time to invert a single IASI spectrum
varies from about 8 seconds to 14 seconds, depending on the
number of iterations the 𝛿-IASI module performs. For the
application discussed in this paper, the number of iterations
ranges from 1 to 3 with an average number which is around
1.5. Obviously, the number of iterations depends on the
quality of the first guess of the thermodynamic state of the
atmosphere and this aspect is crucial for both the quality
and the speed of the retrieval. For the application under
examination, we can consider that the average time spent for
the retrieval of a single IASI spectrum is about 10 seconds.
Considering that the total number of IASI spectra over the
Mediterranean basin for the whole month of July is about
35000 and that only about the 25% of the spectra have
been classified as clear-sky and therefore processed by the
physical inversion scheme, the computational time spent for
the retrieval amounts to a little bit more than 24 hours. The
availability of 6 physical CPUs reduced this time to few hours.
Considering the implementation of the code for the whole
globe, a number of 50 to 100 CPUs of the type described above
should be enough to guarantee operability.
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Figure 11: Map of the GAW stations.

The hardware equipment used for the evaluation of the
performance of the code is available at the moment for few
thousand Euros, which means that the computer technology
is now mature enough and contextually cheap to allow the full
exploitation of information content of hyperspectral satellite
infrared sounders such as a IASI.

4. Conclusions
The operational implementation of the 𝜑-IASI software
package over the Mediterranean basin for the retrieval of
the thermodynamic state of the atmosphere and of the free
tropospheric columnar content of CO2 , CO, CH4 , and N2 O
from the hyperspectral radiance measurements acquired by
the Infrared Atmospheric Sounding Interferometer has been
presented.
We have shown that 𝜑-IASI can operationally retrieve
skin temperature, 𝑇𝑠 atmospheric parameters (𝑇, H2 O, and
O3 ), and minor and trace gases, namely, CO, CO2 , N2 O, and
CH4 , at the scale of the Mediterranean basin.
The retrieval scheme has been exemplified through its
application to IASI spectra recorded on July 2010. The
retrieval results have been also compared to in situ observations from five GAW permanent stations. Considering that
nadir-looking IASI retrievals are sensitive to the free troposphere, whereas in situ measurements sense the boundary
layer, the comparison has shown a fair agreement of in situ
observations with IASI observations. IASI retrieval for heavy
molecules, noticeably CO2 and N2 O, shows marked northwestern to southeastern gradients with a relatively higher
concentration over the eastern part of the Mediterranean
basin. This behaviour is both consistent with biogenic activity
of the Mediterranean sea [36] and the large scale synoptic
weather circulation in July 2010 which transports air masses
from southeastern and southwestern Europe into the eastern
Mediterranean basin.
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Our findings support previous results for CO2 geospatial
distribution [7] and also exemplify how satellite retrievals
are complementary to in situ observations to study the
vertical and horizontal transports in the Earth’s atmosphere
of gases such as CO2 , N2 O, and CH4 which are of paramount
interest in view of their crucial role within the anthropogenic
greenhouse effect and hence global warming of the planet.
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The variation in tropospheric ozone over East Asia was analyzed using tropospheric column ozone data measured by the Global
Ozone Monitoring Experiment (GOME) satellite. An empirical orthogonal function (EOF) analysis was carried out to derive the
dominant modes of the variation in the tropospheric ozone volume-mixing ratio (TOVMR). The EOF1 mode, which explained
61.5% of the total variance, showed a same-sign distribution over all of East Asia, with a belt of enhanced ozone concentrations
around 40∘ N. The principal component of EOF1 (PC1) suggested that photochemical ozone production together with BrewerDobson circulation and subtropical westerly jet plays important roles in modulating the seasonal variation of the TOVMR; ozonerich air produced by photochemical processes was transported from the stratosphere to the troposphere by BD circulation and this
ozone-rich air was then blocked by the subtropical westerly jet and accumulated north of the jet. The EOF2 mode explained 29.2%
of the total variance with an opposite-sign pattern on the north and south side of 35∘ N. When anticyclonic circulation transported
ozone-poor air from the upwelling area over the Bay of Bengal towards the Tibetan Plateau during the onset of the Asian summer
monsoon, tropospheric ozone in this region decreased dramatically.

1. Introduction
Tropospheric ozone has been considered a greenhouse gas
for some time [1]. It has strong effects on radiative forcing
[2] and is an important component of the photochemical
reactions that occur in the boundary layer [3]. Increasing
ozone concentrations in this layer threaten human health and
surface ecosystems [4]. Therefore, studies into the spatiotemporal characteristics of tropospheric ozone and its drivers are
important theoretically and practically.
With the rapid development of the Asian economies
in recent decades, air pollution has increased dramatically
[5] and influenced atmospheric chemistry, radiation, and
dynamics at regional and global scales. Some air pollutants
can directly or indirectly affect ozone concentrations, by
influencing the photochemical reactions that generate ozone

in the troposphere. Dramatic changes in the concentrations of
ozone and its precursors have caused international concern;
this has inspired research, including into the effects of
increasing air pollution in Asia on ozone concentrations
and climate [6], extreme tropospheric ozone events [7],
the production, distribution, and evolution of tropospheric
ozone [8], cross-tropopause ozone fluxes over east Asia [9,
10], long-range transport of ozone in the East Asian Pacific
Rim region [11], tropospheric ozone during the Asian summertime monsoon [12], and tropospheric ozone modeling
over Asia [13].
Recently, Randel et al. [14] suggested that tropospheric
pollution could be transported into the stratosphere by the
Asian summer monsoon and further influence the global
atmosphere and climate. However, there are few ozonesonde
stations in East Asia and long-term continuous ozone profile

2
measurements are especially limited. Because of the lack of
sufficient ozonesonde measurements, most researchers who
study ozone concentrations over Asia have had to rely on
satellite datasets, or limited ground-based measurements.
In this study, the dominant modes of tropospheric ozone
variation over Asia were investigated, using empirical orthogonal function (EOF) analysis. Tropospheric column ozone
derived from satellite measurements was used to examine
the mechanism (photochemistry and transport) behind this
variation of the tropospheric ozone over Asia. Section 2
describes the data and methods used. Section 3 describes
the seasonality of tropospheric ozone. Section 4 analyzes the
dominant modes of the tropospheric ozone variation and
their mechanisms. Conclusions are summarized in Section 5.

2. Data and Methods
2.1. Satellite Ozone Measurements. The Global Ozone Monitoring Experiment (GOME), on board the European Space
Agency (ESA) Remote Sensing-2 (ERS-2) satellite, measured
radiance backscattered from the Earth’s atmosphere over
a wavelength range of 240–790 nm. GOME had a moderate spectral resolution of 0.2–0.4 nm and high signal-tonoise ratios in ozone absorption bands, making it possible to retrieve the vertical distribution of ozone from
the troposphere to the stratosphere [15]. The ozone profile and tropospheric column ozone (TCO) were retrieved
from GOME measurements by performing extensive calibration and improvements in the Liu forward model [16–
18]. Tropopause pressure reanalysis data from the National
Centers for Environmental Prediction (NCEP) were used to
separate the stratosphere and troposphere.
The retrieved ozone profiles agreed well with measurements from ozonesonde, Total Ozone Mapping Spectrometer
(TOMS), and Stratospheric Aerosol and Gas Experiment
II (SAGE-II) [16, 19]. Validation with ozonesonde from 33
stations between 75∘ N and 71∘ S during 1996–1999 showed
that the retrieved TCO profiles captured most of the temporal
variability in ozonesonde TCO; the mean biases were mostly
within 3 DU (15%) and the 1𝜎 standard deviations were within
3–8 DU (13–27%). We compared GOME ozone profiles to
ozonesonde measurements over three stations in China,
including Beijing (39.8∘ N, 116.47∘ E) from September 2002 to
June 2003, Lhasa (29.7∘ N, 91.1∘ E) from June to October in
1998 and 1999, and Xining (36.63∘ N, 101.75∘ E) from April
to August 1996 [20]. In the middle and lower troposphere,
the bias was within ±10% over Beijing and ±5% over Lhasa
and Xining; in the upper troposphere and lower stratosphere
(UTLS), the GOME data had biases of ±10% over Beijing and
positive biases of 10% over Lhasa and 5% over Xining; in the
middle stratosphere, the GOME retrievals compared well to
ozonesonde values over Lhasa but had a negative bias of 10%
over Xining and a positive bias of up to 20% over Beijing. The
mean biases of the TCO were less than 10% over these three
stations.
The spatial resolution of GOME retrievals is normally
960 × 80 km2 . We mapped the swath data from orbits onto a
2∘ latitude × 2.5∘ longitude grid and derived monthly averaged
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data for March 1996 to June 2003. The TCO was converted
from Dobson units to the mean tropospheric ozone volume
mixing ratio (TOVMR, in ppbv unit), using the method
described by Ziemke et al. [21].
2.2. Definition of Westerly Jet Occurrence. The definition
of westerly jet occurrence was based on the methods of
Schiemann et al. [22], with the difference being that the wind
data used here was in potential temperature (𝜃) coordinates
rather than pressure coordinates. A four-dimensional index
field of jet occurrence, 𝐽(𝑡, 𝑥, 𝑦, 𝜃), was set to either zero or
one, where 𝑡, 𝑥, and 𝑦 refer to time, latitude, and longitude,
respectively. It was set to one when the horizontal velocity
𝑉(𝑡, 𝑥, 𝑦, 𝜃) = [𝑢(𝑡, 𝑥, 𝑦, 𝜃), V(𝑡, 𝑥, 𝑦, 𝜃)] satisfied
|𝑉|𝑡,𝑥 (𝑦, 𝜃) is a local maximum,

(1a)

|𝑉| ≥ 30 ms−1 ,

(1b)

𝑢 ≥ 0 ms−1

(1c)

and to zero otherwise. Subscripts denote fixed dimensions;
that is, 𝐽 identifies the maxima of the horizontal wind speed
in latitude-theta cross sections. The jet identification was
carried out between 280 and 400 K, using the European
Centre for Medium-Range Weather Forecasts (ECMWF)
meteorological ERA-interim reanalysis [23], at time intervals
of 6 hours during 1996–2003.
2.3. Definition of Monsoon Index. The Monsoon-Hadley
index (MHI), which is based on the anomalous meridional
wind shear, was used as a suitable monthly mean monsoon
index to describe the intensity of the South Asian (Indian)
summer monsoon circulation [24]:
∗
∗
MHI = 𝑉850
− 𝑉200
,

(2)

∗
∗
and 𝑉200
are the regional and temporal mean
where 𝑉850
meridional wind anomalies, at 850 hPa and 200 hPa, respectively, over the monsoon region (10∘ N–30∘ N, 70∘ E–110∘ E)
during April–August.

2.4. Empirical Orthogonal Function (EOF) Analysis. EOF
analysis decomposes the space-time field into a set of orthogonal spatial patterns along with a set of associated, uncorrelated, time indices or principal components (PCs) in a
linear fashion. The EOF technique aims to find a new set of
variables that capture most of the observed variance from the
data, through linear combinations of the original variables,
or reduce the large number of variables of the original data
to a few variables. It has proven to be a powerful tool for
identifying dominant modes of climate variability and tracer
analysis [25]. In this study, EOF analysis was applied to the
monthly mean TOVMR dataset over East Asia (80∘ E–140∘ E,
10∘ N–50∘ N) from March 1996 to June 2003 to retrieve the
dominant spatiotemporal modes of tropospheric ozone over
East Asia.
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Figure 1: Monthly mean tropospheric column ozone (TCO) (unit: Dobson unit (DU)) from GOME (Global Ozone Monitoring Experiment)
measurements between March 1996 and June 2003. GOME data are unavailable over the white area due to the lack of downlinking of GOME
data to ground stations. The dark thick contours are coastline and the edge of Tibetan Plateau.

3. The Seasonality of Tropospheric Ozone
In winter (Figure 1(a)), high values of TCO (>32 DU) were
present along a zonal belt around 30∘ N and there were
low values of TCO (<26 DU) over the Tibetan Plateau
and northern China. In spring (Figure 1(b)), TCO was
enhanced (>47 DU) along a zonal belt around 30–35∘ N,
due to stratosphere–troposphere exchange (STE), which
predominantly occurs at this time of the year within this
zonal belt [26]. In summer (Figure 1(c)), the belt of enhanced
TCO (greater than 50 DU) moved northward to around
40∘ N. Here, TCO shows the highest values throughout the
year. Some studies have attributed this large increase in
ozone in summer to its photochemical production, which
is enhanced by the presence of anthropogenic pollution,
biogenic volatile organic compounds, and NO𝑥 [26, 27]. In
autumn (Figure 1(d)), the TCO rapidly decreased and the
belt of high TCO moved back towards the lower latitudes.
GOME data were not available over Northern India and west
of the Himalayas due to a lack of downlinking of GOME data
to ground stations; thus these areas are shown in white in
Figure 1.
Note that TCO was lower over the Tibetan Plateau than
over other regions in the same latitudes in East Asia during
the year. This tropospheric ozone anomaly is sufficiently
shown to be clearly noticeable even in total ozone column
measurements [28]. The anomaly low TCO over the Tibetan
Plateau mainly occurs because of both the unique topography
of the area and the tropopause height, which together determine the vertical extent of the tropospheric air column. With

elevations up to almost the middle troposphere, the Tibetan
Plateau (which extends over 27∘ N–45∘ N, 70∘ E–105∘ E at an
average elevation of ∼4 km) has a much shorter tropospheric
air column over it than that in other regions at the same
latitude. Further, the tropopause pressure over the Tibetan
Plateau is lower, which means the tropopause is higher
(Figure 2) over this region than at similar latitudes elsewhere
in East Asia; this is especially true in summer (Figure 2(c)) as
a result of the onset of Asian summer monsoon. Therefore, in
order to reduce the influence of topography and tropopause
height on tropospheric ozone, as detailed in the methods, the
TCO was converted to TOVMR by using the tropopause and
surface pressure data from NCEP.
The seasonality of TOVMR (Figure 3) is similar to that
of TCO (Figure 1), except over the Tibetan Plateau, where
TOVMR is higher than in other regions of the same latitude
in East Asia. By excluding the effects of topography and
tropopause height, TOVMR has certain advantages over
TCO in studying the tropospheric ozone over East Asia. So,
the spatiotemporal variations of tropospheric ozone over East
Asia were investigated using TOVMR and are described in
the following.

4. EOF Analysis of TOVMR
The two dominant spatial modes of monthly mean TOVMR
from March 1996 to June 2003 over East Asia (80∘ E–140∘ E,
10∘ N–50∘ N) retrieved by EOF analysis (EOF1 and EOF2;
Figures 4(a) and 4(b), resp.), along with their associated time
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Figure 2: The same as Figure 1, but for zonal deviations of tropopause pressure (unit: hPa).
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Figure 3: The same as Figure 1, but for tropospheric ozone volume mixing ratio (TOVMR, unit: ppbv).

series (PC1 and PC2; Figures 4(c) and 4(d), resp.), together
explained ∼90% of the spatiotemporal ozone variability in
East Asia. This means that the major characteristics of
tropospheric ozone were captured by these two modes. Both
modes satisfied North’s criteria [29] and have actual physical
meaning.

4.1. The First EOF Mode (EOF1). The EOF1 (Figure 4(a))
explained 61.5% of the variance in ozone variability, with
same-sign values over the entire East Asia, suggesting that
the main variability in TOVMR over the entire region is
very likely dominated by the same mechanism. The PC1 time
series suggested that the maxima occur in May-June and the
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minima in November-December (Figure 4(c)). This indicates
that the contribution of photochemical ozone production
plays a significant role in modulating the seasonal variation
of the averaged ozone concentration in the troposphere.
However, the maxima did not occur in July-August when
photochemical production was even stronger. We suspect
that some dynamical processes must also be responsible for
the formation of EOF1. It is noted that there was a belt of high
values of EOF1 around 40∘ N (Figure 4(a)). The latitudinal
location of the high-value belt is very close to that of the
downward branch of the Brewer-Dobson circulation (BDC)
in the midlatitudes, which is regarded to be a dominant
avenue for stratosphere-to-troposphere ozone transport [30,
31]. Additionally, as a horizontal barrier which weakens the
north-south exchange, the subtropical westerly jet further
maintains the ozone-rich air, brought by the downward
transport of the BDC, around 40∘ N. In the following sections,
the correlations between the PC1 time series and the seasonal
variation of BDC and westerly jet are analyzed.
4.1.1. The Correlation between EOF1 and BDC Intensity. The
BDC is the meridional transport circulation system, which
implies upward motion of air in the tropics and downward
motion in the subtropics. Dobson [32] successfully explained
the meridional distribution of ozone and water vapor by using

the BDC, which is mainly driven by stratospheric planetary
waves. As a representation of the planetary wave forcing, the
vertical component of the Eliassen-Palm- (EP-) flux (EP-Fz)
drives the BDC and further affects the meridional transport
of ozone [33]. In the following text, we describe how we used
the EP-Fz to study the relationship between the BDC and
ozone variability in the region that had high levels of TOVMR
in the EOF1 mode.
The three-dimensional EP-flux [34] was calculated based
on the monthly mean ERA-interim zonal wind and temperature data. The mean EP-Fz within the region of high TOVMR
values in EOF1 mode (100 hPa, 80–140∘ E, 35–45∘ N) was used
to characterize the ozone transport from the stratosphere to
the troposphere by the BDC. The EP-Fz was high in winter
and low in summer (Figure 5(a)), suggesting that the BDC
transports more ozone-rich air from lower latitudes to the
higher latitudes in stratosphere in winter. However, the maximal tropospheric ozone occurred 5−7 months after the EP-Fz
maximum, indicating that once stratospheric ozone has been
transported from tropics to midlatitudes by the BDC, it takes
several months to be transported through the tropopause
and into the troposphere in the subtropics [30]. The lagged
correlations between the EP-Fz and GOME tropospheric
ozone (Figure 5(b)) indicate that the maximal tropospheric
ozone seen in PC1 occurred five months after the EP-Fz
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Figure 5: (a) Time series of the regional mean (80∘ E–140∘ E; 35∘ N–45∘ N) vertical EP-flux at 100 hPa between January 1996 and December
2010, PC1 decomposed from GOME TOVMR (PC1-O3 ) and GOME TOVMR (GOME-O3 ) between March 1996 and June 2003 over northern
China, and ozonesonde observed tropospheric ozone mixing ratio (Sonde-O3 ) over Beijing from September 2002 to December 2010. (b) Lag
correlation coefficients between EP-flux and the time series of ozone (red: PC1-O3 over northern China; green: GOME ozone over northern
China; blue: ozonesonde over Beijing).

4.1.2. The Correlation between EOF1 and the Subtropical
Westerly Jet. According to previous studies [35–37], the
subtropical westerly jet can block the horizontal ozone
exchange between high and low latitudes. Separated by high
topography, the two maxima of the subtropical westerly jet
occurrence (green lines in Figure 4(a)) exist on the northern
and southern edges of the Tibetan Plateau. However, the high
values of TOVMR in the EOF1 pattern only existed on the
northern edge of the Tibetan Plateau; here, the ozone-rich
air brought by the downward transport of the BDC from the
stratosphere is blocked by the subtropical westerly jet and
accumulates north of the jet.
As a result of BDC transportation and blocking effort
of subtropical westerly jet, the high ozone produced by
photochemical peaked in May-June. Although photochemical production was even stronger in the later July-August,
the weakening of BDC transportation and the strength of
subtropical westerly jet led to the decrease in ozone during
this period.
4.2. The Second EOF Mode (EOF2). The EOF2 mode
explained 29.2% of the variance, with an opposite-sign
pattern on either side of 35∘ N (Figure 4(b)). The high values
of TOVMR seen in EOF2 were mainly located to the south
of the Tibetan Plateau and in the Bay of Bengal. The positive
maxima of PC2 (Figure 4(d)) occurred in spring (April-May),

100
O3 mixing ratio (ppbv)

maximum (𝑟 = 0.9), and the maximal GOME ozone (without
EOF analysis) occurred six months after the EP-Fz maximum
(𝑟 = 0.88). Based on the ozonesonde measurements over
Beijing, which is located in the region of high TOVMR values
in EOF1 mode, the maximal tropospheric ozone over Beijing
occurred six months after the EP-Fz maximum (𝑟 = 0.74).
The lagged correlations between the EP-Fz and tropospheric
ozone (both satellite and ozonesonde) were significant at the
95% confidence level, suggesting that the BDC does play an
important role in the formation of the tropospheric ozone
pattern seen in EOF1.
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Figure 6: Seasonality of surface ozone at Pyramid station (PyramidO3 ) from March 2006 to December 2010 and the regional mean
(within ±1∘ , centered at Pyramid station) PC2 decomposed from
GOME TOVMR (PC2-O3 ) between March 1996 and June 2003.
Error bars are standard deviations (±𝜎).

and the negative minima occurred in summer (July-August).
So, it can be concluded that tropospheric ozone, over the areas
to the south of the Tibetan Plateau and in the Bay of Bengal,
is higher in spring and lower in summer.
The PC2 changed rapidly from positive to negative in
May-June, indicating that the tropospheric ozone over the
area to the south of the Tibetan Plateau and in the Bay of
Bengal decreased dramatically during this period. Since this
region is located within the area of the summer monsoon
anticyclone, which begins during May-June, the Asian summer monsoon could be the main reason for the observed
EOF2 mode.
There were similar trends (𝑟 = 0.97) between the
PC2 pattern and surface observations from Pyramid, Nepal
(5079 m a.s.l.; located on the southern edge of the Tibetan
Plateau) (Figure 6). Because PC2 describes tropospheric
ozone and the Pyramid observations only recorded surface
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between March 1996 and June 2003, and (c) the correlation between the Indian Monsoon index and surface observations of ozone from
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ozone concentrations, PC2 was generally higher than the
ozone observations from Pyramid, except in June, when they
were almost equal. This equality can be attributed to the
onset of the Asian summer monsoon, which transports air
containing less ozone into the region in June; as a result,
the tropospheric ozone is reduced and becomes almost
equivalent to the surface ozone.

A minimum ozone concentration has been shown to
occur in the middle troposphere over the Tibetan Plateau
in June, simultaneous with the onset of the Asian summer
monsoon [38]. It was suggested that the monsoon anticyclone
causes air containing less ozone to be transported from
the lower to middle and higher troposphere, by strong
upward movements over the Bay of Bengal, driving the air
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to the Tibetan Plateau. The tropospheric ozone over Pyramid
rapidly decreased to be almost equal to surface observations
during this process (Figure 6). Blocked by the westerly jet
on the northern side of the Tibetan Plateau, the ozone
accumulates over the southeast of the Plateau. The existence
of this ozone minimum in the middle troposphere over the
Tibetan Plateau is consistent with the ozone minimum over
Pyramid, resulting from the onset of the Asian summer
monsoon.
The PC2 over the Tibetan Plateau and to the south of
the Tibetan Plateau and the surface ozone observations from
Pyramid appear closely related to the South Asian summer
monsoon (Figures 7(a)–7(c), resp.). However, the relationships between the monsoon and ozone at each location
were not simply linear. During March–May, the enhanced
photochemistry and ozone exchange between the stratosphere and troposphere over the Tibetan Plateau increased
the tropospheric ozone. With the onset of the Asian summer
monsoon, during the months May-June, the tropospheric
ozone levels over the Tibetan Plateau and to the south of
the Tibetan Plateau dramatically decreased, as explained
above. Further, the increase in precipitation, due to enhanced
convection during the summer monsoon, also played a role
in the decrease in ozone.

5. Conclusions
The spatiotemporal characteristics of tropospheric ozone
over East Asia were analyzed using tropospheric ozone data
from the GOME satellite and meteorological datasets from
the ERA-interim reanalysis dataset. Generally, the TCO was
the lowest in winter and the highest in summer, with a TCO
minimum present over the Tibetan Plateau. There was a belt
of high TCO, which occurred at 30∘ N in winter and moved
northward to 40∘ N in summer. To reduce the influence of
topography and the tropopause height on TCO, we calculated the average ozone concentration in the troposphere
(TOVMR). The seasonality of TOVMR was similar to that of
TCO, except that the TOVMR over the Tibetan Plateau was
the highest in East Asia throughout the year.
EOF analysis was applied to characterize the spatiotemporal variations in TOVMR. The two dominant spatial
patterns (EOF1 and EOF2) explained ∼90% of the total
variance in TOVMR. The EOF1 mode, which explained 61.5%
of the total variance, showed a same-sign distribution over all
of East Asia, with a belt of enhanced ozone concentrations
around 40∘ N. The PC1 time series showed that the averaged ozone concentration in the troposphere was higher in
summer and lower in winter, indicating the contribution of
photochemical ozone production. Further analysis suggested
that the high-value belt of ozone concentrations around 40∘ N
was highly related to the vertical transport of ozone-rich air
from the stratosphere to the troposphere by the downward
branch of the BDC. This ozone-rich air is then blocked by the
subtropical westerly jet and accumulates to the north of the
jet.
The EOF2 mode explained 29.2% of the total variance,
with an opposite-sign pattern on the northern and southern
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sides of 35∘ N. The high values of TOVMR in EOF2 were
located to the south of the Tibetan Plateau and in the Bay
of Bengal. Tropospheric ozone over this region decreased
dramatically in May-June, when the anticyclonic circulation
transports ozone-poor air from the upwelling area over the
Bay of Bengal towards the Tibetan Plateau during the onset of
the Asian summer monsoon. The high correlations between
the Monsoon-Hadley index (MHI) and ozone over three
locations in this region confirmed the dominant contribution
of the Asian summer monsoon to the EOF2 mode.
To quantify the relative contributions of photochemistry
and transport to the tropospheric ozone budget and its
seasonal variation shown in EOF1, a numerical study based
on the chemistry transport models should be performed in
the future.
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