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Abstract The Tropospheric Emissions Spectrometer
(TES) aboard the National Aeronautics and Space
Administration's (NASA's) Aura satellite launched in
July 2004 is the ﬁrst satellite instrument to provide
simultaneous retrievals of ozone (O3) and carbon monoxide (CO) throughout the Earth’s lower atmosphere. This
paper brieﬂy reviews the TES instrument, the retrieval of
O3 and CO proﬁles, and the validation of the retrievals.
The applications of TES O3 and CO products include
mapping the vertical and horizontal distribution of tropospheric O3 and CO and their correlations, examining the
regional and continental outﬂow, and analyzing the
variability of the two species associated with certain
weather and climatic conditions, such as El Niño and the
Asian monsoon. TES retrievals of O3 and CO offer an
important new source of satellite data over China with
good spatial and temporal coverage that can provide
evaluation and constraints on the performance of chemical
transport models in simulating the general features of
ozone pollution over China. Special observations have
been conducted and requests may be submitted to the TES
team to make geographically focused observations of O3
and CO over China.
Keywords Tropospheric Emissions Spectrometer (TES),
ozone, carbon monoxide, China

45

1

Introduction

50

Ozone is one of key species in the atmosphere. About 90%
of the total ozone resides in the stratosphere, where it
shields the Earth’s surface from harmful UV radiation. The
troposphere contains about 10% of the total ozone.
Tropospheric ozone is produced by the photochemical
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oxidation of volatile organic carbons (VOCs) and CO in
the presence of NOX (NOX ≡ NO2 + NO). Downward
transport of ozone from the stratosphere is a relatively
smaller source of ozone in the troposphere. Photolysis of
ozone in presence of water vapor is the primary source of
hydroxyl radical (OH), which is the key oxidant in the
troposphere. Reactions with OH are the principal sink for a
large number of important species with implications for
both the regional and global environment, including air
pollutants and greenhouse gases [1]. In that sense, ozone is
not only a greenhouse gas by itself; it also has an indirect
effect on the concentrations of other greenhouse gases by
affecting their lifetime with respect to oxidation by OH.
Ground-level ozone is the principal harmful component
of photochemical smog. In contrast to stratospheric ozone
depletion, tropospheric ozone has increased since the
Industrial Revolution—especially in the Northern
Hemisphere—as a consequence of human activity [2]. The
implication of this increase on the chemical and radiative
budget of the global atmosphere depends largely on its
altitude. It is very important, therefore, to map the global
three-dimensional distribution of tropospheric ozone and
its precursors in order to improve our understanding of the
factors controlling ozone in different regions of the
troposphere.
Ozone has a lifetime of several days in the continental
boundary layer, but weeks in the free troposphere [3–5],
and thus can be regarded as a global pollutant. Strict
control measures on ozone and its precursors have been
adopted in North America and some European countries.
Emissions of ozone precursors were projected to continue
the current path of rapid increases in Asia, especially in
China, the world’s fastest growing economy [6,7]. Ozone
proﬁles recorded over Beijing by the MOZAIC aircraft
data from 1995 to 2005 suggested that ozone in the lower
troposphere over Beijing had a strong trend of increase, at
approximately 2% per year [8]. Observations of surface
ozone at a coastal site in Hong Kong from 1994 to 2007
suggested that the rate of increase was 0.58 ppbv/y at the
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1 site. In comparison, the means between years 2001–2007
yielded a higher rate of increase at 0.87 ppbv/y for a 7-year
period [9].
Increasing ozone concentration in the lower troposphere
5 in China is a matter of great concern; however, scientiﬁc
measurements of surface ozone and tropospheric ozone
proﬁles have been sparse in China. The literature reported
only a few surface ozone measurements in China, such as
Shangdianzi [10] and Miyun [11] in North China Plain and
10 Lin An in Yangtze River Delta [12]. Satellite remote
sensing of air quality has evolved dramatically over the last
decade and can provide simultaneous observations of
many atmospheric gaseous and particulate species on a
large scale, complementing the ground air quality
15 monitoring network. Tropospheric Emissions Spectrometer (TES) is one of four science instruments aboard
the National Aeronautics and Space Administration's
(NASA's) EOS Aura satellite, which was launched on
July 15, 2004. The satellite ﬂies at an altitude of 705 km
20 (438 miles) in a near-Polar, Sun-synchronous orbit. The
spacecraft advances 22° westward in each orbit, and the
orbital pattern repeats every 233 orbits (16 d). The satellite
daytime overpass over Beijing is approximately at 15:00
local time. TES standard retrieval products include
25 vertically resolved proﬁles for ozone, carbon monoxide,
water vapor, deuterated water vapor, and methane. TES is
the ﬁrst satellite instrument to provide simultaneous
retrieval of carbon monoxide (CO) and ozone (O3).
In this review, we ﬁrst brieﬂy introduce the TES
30 instrument and the retrieval and the validation of the
TES CO and O3 products. The current applications of TES
data in air quality monitoring will be discussed in Section
3, followed by the perspective of the feasibility and
restrictions for the applications of TES products in China.
35

nadir-viewing geometry is limited vertical resolution. TES
uses the nadir-viewing geometry to measure temperature
and the primary species (H2O, HDO, O3, CH4, and CO).
Advantages to the limb-viewing geometry are better
vertical resolution and enhanced sensitivity to trace
constituents. Disadvantages are the higher probability of
cloud interference in the troposphere and the poorer lineof-sight spatial resolution. For TES, the horizontal
resolution is 5 km  8 km at nadir and 26  41.8 km at
limb. As of May 25, 2005, TES uses its limb-viewing
geometry only during special observations [13].
2.2
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TES instrument and retrieval

2.1

Instrument and viewing geometry

2.3
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5

Observation modes

TES has two basic operating modes: Global Survey (GS)
and Special Observations (SO). Global Surveys are the
routine observations of TES that are conducted every two
days, producing the “standard product.” Special Observations include all other measurements.
Global Surveys are made on roughly a “one day on, one
day off” cycle for the main purpose of extending the
instrument’s lifetime. Figure 1 shows retrieved CO
columns at observation geolocations in a global survey
period in September 22–24, 2004 as an example. Special
Observations are conducted only during the ‘off’ periods,
including Stare, Transect, and Step & Stare mode,
depending on the scientiﬁc requirements. Stare mode is
used to point at a speciﬁc location for a longer time of up to
240 s, as long as the location is within45° of the nadir
direction. Stare mode is used mainly for localized
validation, volcano monitoring, and observations of
biomass burning plumes. Transect mode is used to point
at a set of contiguous areas to cover about 850 km in nadir
mode. When in Step & Stare mode, TES points at a nadir
location for 4 s and moves about 35 km forward to a new
nadir location. Figure 2 illustrates column O3 retrieved by
TES for a speciﬁc Step & Stare and Transect orbit.

TES is a Fourier Transfer Infrared Spectrometer (FTIR)
with spectral coverage of 650 to 3050 cm–1 (3.3–15.4 μm)
at a spectral resolution of 0.1 cm–1 (low resolution at nadir)
or 0.025 cm–1 (high resolution at limb). Along the viewing
45 path of the TES instrument, the spectral dependent
attenuations of the radiance either due to the absorption
or emission of the atmospheric species are captured by
TES. The high spectral resolution allows the radiance
signals to capture the vertical information in temperature,
50 pressure, and the species distribution. In most atmospheric
conditions, TES ozone and CO nadir retrievals therefore
provide more than one piece of information vertically in
the troposphere. TES has both the nadir- and limb-viewing
geometry. Advantages to the nadir-viewing geometry are
55 the lower probability of cloud interference and a good
horizontal spatial resolution. The main disadvantage to the

1

40
The TES retrieval uses the optimal estimation method
[15,16]. The retrieval is the linear combination of the
weighted a priori constraint and the true proﬁle. The
retrieved mixing ratio proﬁle of a gas can be expressed as
xret ¼ Ax þ ðI – AÞxa þ Gε,

(1)

where x is the true vertical proﬁle, and xa is the a priori
proﬁle representing the knowledge about the species
proﬁle before the measurement is made. The xa for TES
is derived from monthly mean outputs of chemical
transport model simulations [17]. A is the averaging kernel
matrix, G is the retrieval gain (contribution function), ε is
spectral measurement error, and I is the unit matrix. The
averaging kernel matrix (A) represents the vertical
sensitivity of a retrieved proﬁle to the true proﬁle. In the
ideal case of a unity averaging kernel matrix, i.e., A = I, the
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Fig. 1 TES total CO columns (colored coding; in unit of 1018 molecules∙cm–2) at observation geolocations with enlarged symbols in a
global survey period in September 20–21, 2004
(data version 002; adapted from Luo et al. [14])
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Fig. 2 TES different observation mode: Transect mode (a) and the Step & Stare (b)
Notes: the color lines represent the projection of the orbit on the surface; the color represents TES O3 column in Dobson Unit in the observation period;
a Dobson Unit is 2.69  1016 molecules∙cm–2.(http://tes.jpl.nasa.gov/visualization/l2plots/, read on October 9, 2009)
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45
retrieval proﬁle xret would equal the true proﬁle x plus the
noise. However, in reality, the averaging kernels of current
satellite instruments, such as TES, are far from unity. The
averaging kernels are determined by the instrument
characteristics, including the sensitivities of the measurements to the gas’s concentration at different altitudes, the
instrument’s signal-to-noise ratio, and the a priori
constraint. Another important parameter for the retrieval
is the degree of freedom for signal (DOF). DOF presents
the number of independent pieces of information on the

FSE-10012-WYX.3d 30/11/09 14:38:10

vertical in the retrieved proﬁle [16]. TES standard products
(global surveys), consisting of 16 orbits of nadir vertical
proﬁles obtained every other day, provide 2–3 pieces of
information for ozone and 1–2 pieces of information for
50
CO in the troposphere [14,18].
TES data processing includes four parts: level 1A (L1A),
level 1B (L1B), level 2 (L2), and level 3 (L3). At L1A, the
raw data from the spacecraft are collected, and the
instrument outputs (called interferograms) are reconstructed. At L1B, the interferograms are phase-corrected, 55
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1 Fourier transformed to spectra, radiometrically calibrated,
and resampled onto a common frequency grid. Certain data
quality ﬂags are added at this juncture, and the results are
passed to L2. At L2, vertical concentration proﬁles of the
5 selected species are extracted from the data through the
retrieval process discussed above. L3 uses the retrieved
proﬁles from L2 and interpolates or averages them onto the
global maps of daily and monthly time steps. The L3 data
are useful browse products. TES data are available from
10 the NASA website (http://eosweb.larc.nasa.gov/PRODOCS/tes/table_tes.html).
2.4

Validation of TES retrieval

15 The products of O3 and CO retrievals from TES have been
validated using measurements from other satellites, aircrafts, ozonesonde, and surface observations [14,18–21].
Nassar et al. [18] compared TES version 2 (V002) nadir
ozone proﬁles with ozonesonde proﬁles from the Inter20 continental Chemical Transport Experiment Ozonesonde
Network Study (IONS), the World Ozone and Ultraviolet
Data Center (WOUDC), the Global Monitoring Division
of the Earth System Research Laboratory (GMD), and the
Southern Hemisphere Additional Ozonesondes archives
25 (SHADOZ). They found that TES O3 retrieval has a
positive bias ranging from 3.7 ppbv to 9.2 ppbv in the
lower troposphere and from 2.9 ppbv to 10.6 ppbv in the
upper troposphere, excluding the Arctic and Antarctic,
where TES sensitivity is low.
Richards et al. [20] validated TES tropospheric ozone
30
proﬁles using airborne differential absorption lidar (DIAL)
proﬁles obtained during the Intercontinental Chemical
Transport Experiment–B (INTEX-B) campaign from
March–May 2006. The aircrafts conducted several ﬂights
35 designed to obtain DIAL ozone proﬁle measurements over
the United States, East Asia, and the Paciﬁc that were
spatially coincident with 243 Step & Stare special
observations made by TES. The comparisons of TES and
DIAL ozone proﬁles showed that, on the average, TES
40 exhibits a small positive bias in the troposphere of 5%–
15%, or about 7 ppbv. This is consistent with the bias
reported by Nassar et al. [18].
Luo et al. [14] compared CO proﬁles retrieved from TES
with that from the Measurements of Pollution in the
45 Troposphere (MOPITT) instrument aboard the NASA
Terra satellite. They suggested that the CO retrieval
products of the two satellite instruments, in terms of
vertical proﬁles and total columns, could not be compared
directly because of different a priori proﬁles and averaging
50 kernels used in the retrievals. Averaging kernels represent
the instrument characteristics, while the a priori proﬁles
are user deﬁned inputs to the retrieval. After accounting for
the inﬂuence of the two parameters on CO retrievals, Luo
et al. [14] found good agreement with no systematic
55 differences between the CO proﬁles and the columns from
the two instruments.
FSE-10012-WYX.3d 30/11/09 14:38:16

3

Applications

Since the launch of TES in 2004, TES retrieval products of
O3 and CO have been used extensively to analyze the
vertical and horizontal distributions of the two gases on
regional and global scales. TES retrievals can be adopted
to map the vertical proﬁles of tropospheric O3 and CO,
examine the regional and continental outﬂow of O3 and
CO, and analyze the variability of the two species resulting
from certain weather and climatic conditions, such as El
Niño and the Asian monsoon.
3.1

1

5

10

O3-CO correlations from TES

TES is the ﬁrst satellite to provide vertical information on
tropospheric ozone with simultaneous measurements of
CO on a global basis. CO is a relatively long-lived tracer of
a variety of combustion sources (especially transportation
and biomass burning). The O3-CO correlation derived
from the TES retrievals can be analyzed to understand the
global anthropogenic inﬂuence on O3. Zhang et al. [21]
examined the global distribution of O3-CO correlations
derived from TES in the middle troposphere (618 hpa)
for July 2005. In their study, TES data were gridded
into 10  10 grids, each grid cell containing 20–60 pairs
of TES O3-CO data from which the correlation analysis
were evaluated. Figure 3 summarizes the global distribution of O3-CO correlation coefﬁcients and dO3/dCO
enhancement ratio derived from TES for July 2005 by
Zhang et al. [21]. Signiﬁcant positive correlations
(correlation coefﬁcient R > 0.4) were observed downwind
of the eastern United States and East Asia, and over Central
Africa, regions that are already known to have strong
production and export of O3 in the northern hemispheric
summer [22–24]. The dO3/dCO enhancement ratio of 0.4–
1.0 mol$mol–1 was derived over the polluted continents.
The O3-CO correlations from TES were also compared to
correlations simulated by the GEOS-Chem global chemical transport model, for the purpose of cross-validations of
both TES and the model. The GEOS-Chem model
reproduced positive O3-CO correlations over the same
region as TES but with much stronger correlation
coefﬁcients and extending much further downwind of the
continents than TES. Zhang et al. [21] suggested that the
discrepancy was mainly caused by retrieval errors in the
TES V001 data version adopted in their study. These errors
have been corrected in the later TES data version (V002
and V003).
The correlations and enhancement ratio between O3 and
CO retrieved from TES can be used to analyze the
continental outﬂow of ozone and the impact on air quality
of downwind countries. Zhang et al. [25] integrated the
TES retrieval and aircraft measurements during the
INTEX-B campaign to qualify the transpaciﬁc transport
of Asian pollution and its effect on surface ozone over
North America. They found that TES O3 and CO did not
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Fig. 3 O3-CO correlations for July 2005 at 618 hPa from (a) TES, (b) GEOS-Chem with TES averaging kernels applied
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Notes: the correlation coefﬁcients R (left panels) and the linear regression slopes dO3/dCO (right panels) are shown; white regions correspond
to︱R︱ < 0.2. (Adapted from Zhang et al. [21])

exhibit strong correlations over the North Paciﬁc due to the
stratospheric inﬂuence over the region. Removing this
stratospheric inﬂuence reveals strong positive correlations
between TES O3 and CO, with the correlation coefﬁcient
exceeding 0.5 and becoming statistically signiﬁcant at a
95% conﬁdence interval. The correlations, likely driven by
the contrast between Asian pollution outﬂow and clean
tropical marine air masses, indicate collocated export of O3
and CO pollution from Asia.
3.2 Variation of tropospheric ozone inﬂuenced by climatic
phenomenon
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TES provides a continuous record of annual data since it
was launched in 2004 and offers an important opportunity
to investigate the interannual variability in tropospheric
ozone and CO over speciﬁc regions affected by certain
climatic phenomena, such as El Niño and the Asian
monsoon. Logan et al. [26] examined global TES data
from October to December in 2005 and 2006 and found
large differences in CO, O3, and H2O over Indonesia and
the eastern Indian Ocean in the middle troposphere
between the two years. In 2006, it was a moderate El
Niño year, and it had the lowest rainfall over Indonesia
since 1997. O3 over the regions at the 511 hPa retrieval
level from TES was higher by 15–30 ppb (30%–75%),
while CO was higher by more than 80 ppb in October and
November in 2006 relative to 2005. The enhancement in
CO became smaller in December. TES data suggested less
H2O over Indonesia and the eastern Indian Ocean in 2006
relative to 2005. These differences were caused by large
ﬁre emissions from Indonesia in 2006. The anomalously
high levels of CO and O3 over Indonesia in 2006 observed
by TES were veriﬁed by independent studies of ﬁre

FSE-10012-WYX.3d 30/11/09 14:38:16

emissions. Van der Werf et al. [27] estimated CO emissions
of 82 Tg between August and November 2006 (due to
large ﬁres in Indonesia), much higher than the amount
recorded during the same months in 2004 and 2005, which
are 24 Tg and 14 Tg, respectively. Reduction in convection
and in photochemical loss of ozone because of lower water
vapor also contributed to the ozone enhancement in 2006.
It is expected that summertime circulations associated
with the Asian monsoon signiﬁcantly inﬂuence the spatial
distribution of ozone and its precursors. However, there
have been limited in situ measurements to characterize the
distribution of tropospheric ozone and its precursors over
the Asian monsoon region. As TES has a great sensitivity
to tropospheric ozone in the middle and upper troposphere,
it can be used to characterize the horizontal and vertical
distribution of tropospheric ozone over this region.
Worden et al. [28] focused on TES observations in June,
July, and August of 2005 to 2007 and found that there was
obvious ozone enhancement over the Middle East and Asia
in June and July persistent through the three years,
corresponding with the onset period of the Asian summer
monsoon. Over the Middle East, ozone levels exceeding
80 ppbv typically occurred between 300 hPa and 450 hPa.
Ozone mixing ratios of 150–200 ppbv were observed near
300 hPa over central Asia. The ozone enhancements were
found to dissipate in August following the weakening of
the summer monsoon. The dynamical and chemical
processes responsible for the TES-observed distribution
of ozone over Asia are subjects of continuing research. The
dynamical process likely involves deep convective transport of ozone and its precursors to the middle and upper
troposphere, where the westerly winds in the subtropics
and the easterly winds in the tropics will lead to different
geographic impacts.
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1 3.3 Future prospective of applications in China
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As discussed above, TES data can be used to investigate
the horizontal and vertical variations of tropospheric ozone
in China. Studies have shown that surface ozone in China
exhibits different patterns depending on latitudes and
locations. Year-long observations at a rural site (Lin An)
near the Yangtze River Delta region in central east China
[12], a coastal site (Tai O) near Hong Kong in south China
[29] and a rural site (Miyun) near Beijing in North China
Plain [11], showed that surface ozone peaked in autumn
over southern China, in spring over the Yangtze Delta
region, and in early summer over the North China Plain.
Current understanding of the factors controlling the
temporal and spatial distribution of tropospheric ozone in
China is far from complete. Using TES retrievals of
tropospheric ozone and CO, one can obtain seasonal
variations of the two species over China, which is not
limited to the sparsely located surface sites. With the aid of
chemical transport models, TES data can provide new
insights on the large-scale transport of ozone and CO.
Compared with studies over North America and Europe, a
disadvantage here is that aircraft and sonde observations
carefully designed to validate TES retrievals are not
available over China.
It is noticed that tropospheric ozone over China is not
only inﬂuenced by the Asian monsoon but also by the El
Niño phenomenon. Figure 4 presents the monthly mean
ozone distributions in July from 2005 to 2007 at 464 hPa,
adapted from Worden et al. [28], considering that 2006 was
an El Niño year. TES data suggests that the ozone
concentrations in 2005 and 2007 were obviously higher
than in 2006 over the central Chinese region denoted by
the blue rectangular in the ﬁgure. It is not clear if and how
El Niño will inﬂuence tropospheric ozone over China,
while it is worthwhile to investigate this feature via TES.
Special observations have been scheduled and may be
requested from TES to make geographically focused
observations of O3 and CO over China. From 2008 to

2009, TES made special observations over Beijing and its
surrounding regions for the scientiﬁc purpose of examining
the air quality changes during the 2008 Beijing Olympics
relative to the following year. Figure 5 presents the
retrieved CO proﬁles from two Step & Stare special
observations over Beijing. One was conducted on August
13, 2008 during the Olympics period and the other on
August 16, 2009 after the Olympics. TES revealed
reducing CO pollution levels over Beijing during the
Olympics as compared to the same period in 2009. The
reduction in CO is pronounced at the lower and middle
troposphere. TES observations suggested that emission
reduction measures implemented during the Olympics
were successful in improving air quality over Beijing.
Quantitative assessment of the air quality improvement as
seen by TES will require chemical transport model
simulations in conjunction with the sensitivity analysis of
TES retrievals to the a priori and averaging kernels.
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Discussion and summary

This paper brieﬂy reviews the characteristics of the TES
instrument, the retrieval of TES products, and the
validation of the TES retrievals of O3 and CO. As
compared to previous satellite instruments, the accurate
high spectral resolution measurements made by TES on
Aura allow it to survey the middle and lower tropospheric
ozone concentrations. It is also the ﬁrst satellite instrument
to provide simultaneous concentrations of carbon monoxide, ozone, water vapor, and methane throughout Earth’s
lower atmosphere. The applications of TES O3 and CO
products include mapping the vertical and horizontal
distribution of tropospheric O3 and CO and their correlations, examining the regional and continental outﬂow of
O3 and CO, and analyzing the monthly and annual
variation of the two species resulting from certain weather
and climatic conditions, such as El Niño and the Asian
monsoon. For China, where high quality and routine
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Fig. 4 Monthly averaged ozone mixing ratios retrieved from TES at 464 hPa for Julys of 2005–2007
Notes: Data are gridded onto 6  6 bins; ﬁgure is adapted from Worden et al. [28]; the blue rectangle denotes the central China region where the
ozone variations are discussed in the text.
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Fig. 5 TES retrieved CO proﬁles for two transect special observations over Beijing: (a) 13 August 2008; (b) 16 August 2009 (http://tes.
jpl.nasa.gov/visualization/l2plots/)

surface measurements of ozone and its precursors are
largely absent, TES observations of O3 and CO provide an
important new source of data offering good spatial and
temporal coverage. Special observations requests may be
submitted to the TES team to make geographically focused
observations of O3 and CO. When used in combination
with routine surface measurements of ozone and CO, TES
retrievals of tropospheric ozone and CO can provide
powerful constraints on the performance of chemical
transport models in simulating the general features of
ozone over China. Another instrument aboard the Aura
satellite, the Ozone Monitoring Instrument (OMI) provides
retrievals of NO2 column densities and aerosol indices that
are also useful in air quality studies in conjunction with
TES.
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