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[1] We characterize the horizontal and vertical distribution of tropospheric ozone
measured by the Tropospheric Emission Spectrometer (TES) over North Africa, the
Middle East, and Asia. Studies have shown that the summertime circulation associated
with the Asian monsoon significantly influences the spatial distribution of ozone and its
precursors. However, there have been limited observations of the distribution of
tropospheric ozone over this region. Over the Middle East, TES observations reveal
abundances of ozone between 60 and 100 ppbv, with amounts over 80 ppbv typically
occurring between 300 and 450 hPa, whereas over India, enhanced ozone abundances are
near 300 hPa. Over central Asia, observed ozone amounts are 150—200 ppbv at altitudes
near 300 hPa. These enhanced ozone abundances are observed in June and July,
corresponding to the onset of the Asian monsoon, and begin to dissipate in August.
Intercomparison of the TES data with ozone climatologies derived from the Measurements
of Ozone and Water Vapor by in-Service Airbus Aircraft program show that the TES
ozone is biased high by about 15% between 300 and 750 hPa, consistent with prior
validation studies. Comparison of the assimilation of TES data into the GEOS-Chem
model with assimilation of data from the Microwave Limb Sounder (MLS) and the Ozone
Monitoring Instrument (OMI) into the Goddard Earth Observing System (GEOS-4) model
shows consistency in the distribution of ozone. For example, at 7—8 km across North
Africa, the Middle East, and Asia the bias between GEOS-Chem and the assimilated OMI
and MLS fields was reduced from 6.8 to 1.4 ppbv following assimilation of the TES data.

Citation: Worden, J., et al. (2009), Observed vertical distribution of tropospheric ozone during the Asian summertime monsoon,

J. Geophys. Res., 114, D13304, doi:10.1029/2008JD010560.

1. Introduction

[2] The summertime Asian Monsoon profoundly affects
the climate over North Africa, the Middle East and Central
Asia [Hoskins and Rodwell, 1995; Dunkerton, 1995;
Rodwell and Hoskins, 1996, 2001]. However, only recently
have observations begun to provide understanding on how
the Asian Monsoon affects the chemical composition of the
troposphere. These observations reveal a complex system
involving deep convective transport of boundary layer air to
the upper troposphere [Fu et al., 2006; Gettelman et al.,
2004], followed by entrainment into the upper tropospheric
anticyclone that forms during summer in this region [Barret
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et al., 2008; Park et al., 2008, 2007; Randel and Park,
2006; Kunhikrishnan et al., 2006]. For example, space-
based observations from the Measurements of Pollution in
the Troposphere (MOPITT) [Kar et al., 2004] instrument,
the Microwave Limb Sounder (MLS) [Jiang et al., 2007;
Park et al., 2007], the Atmospheric Composition Experi-
ment (ACE) [Park et al., 2008], and the Atmospheric
Infrared Sounder (AIRS) [Randel and Park, 2006] have
shown how deep convective transport associated with the
Asian monsoon lofts boundary layer air with low abundan-
ces of ozone and high concentrations of water and CO into
the upper troposphere [Fu et al., 2006; Gettelman et al.,
2004].

[3] On the basis of modeling simulations using the
GEOS-Chem model, it was suggested by Li et al. [2001]
that enhanced summertime ozone abundances (greater than
80 ppbv) should be observed in the middle troposphere over
Africa the Middle East. This prominent feature in the
GEOS-Chem model was shown by Li et al. [2001] to be
linked to the anticyclone which forms in response to the
Asian Monsoon. They argued that NOx production from
lightning together with ozone precursors transported from
Asia were critical for the photochemical buildup of ozone in
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Figure 1.

Monthly mean horizontal winds (arrows) and vertical velocity (in Pa/s) for July 2006

produced by the GEOS-4 data assimilation system at 8—9 km. Vertical ascent is indicated by the red

colors, while descent is shown in blue.

the region. Observations using solar occultation, as dis-
cussed by Kar et al. [2002], do suggest the existence of
peak ozone amounts at about 7 km altitude over North East
Africa and North West Saudi Arabia relative to the rest of
the globe. However, observations of total tropospheric
ozone from the Ozone Monitoring Instrument (OMI) and
the Global Ozone Monitoring Instrument (GOME) show
that tropospheric ozone columns are generally enhanced
between the latitudes of 25°—35°N, particularly over North-
west Saudi Arabia [Liu et al., 2006], and the GOME data do
not show peak ozone abundances over the eastern hemi-
sphere relative to the western hemisphere [Liu et al., 2006].

[4] Model predictions as well as satellite observations of
tropospheric ozone suggest that the vertical and horizontal
distribution of ozone varies strongly in response to the
dynamics of the Asian Monsoon. Shown in Figure 1 are
the vertical velocities and horizontal winds in the upper
troposphere associated with the Asian monsoon, as repro-
duced by the NASA Global Modeling and Analysis Office
(GMAO) assimilation system [Bloom et al., 2005]. There is
strong upward convective transport over the monsoon
region and localized descent over North Africa and central
Asia. In addition to the large-scale anticyclone in the upper
troposphere over Tibet, there is a secondary anticyclone
over the Persian Gulf, which is stronger in the middle
troposphere. Understanding how the distribution of ozone
in the middle and upper troposphere is influenced by these
dynamical processes and the local in situ photochemistry
has both climate and air quality implications. Upper tropo-
spheric ozone is an important greenhouse gas that affects
global outgoing longwave radiation [Worden et al., 2008]
and the summertime buildup of ozone in the region will
enhance background ozone abundances, which can impact
air quality if it is transported to the boundary layer [Fiore et
al., 2002].

[5] In this paper we present the Tropospheric Emission
Spectrometer (TES) vertical profile observations of tropo-
spheric ozone obtained during the summers of 2005, 2006,
and 2007. We show the temporal, horizontal, and vertical
distribution of tropospheric ozone across northeast Africa,
the Middle East, and Asia and quantify the bias and errors in
the TES data over this region. The TES data are compared

with aircraft measurements of ozone by the Measurements
of Ozone and Water Vapor by in-Service Airbus Aircraft
(MOZAIC) program for pressures between 300 and 700 hPa
over Delhi, Teheran, and Dubai [Marenco et al., 1998]
(http://mozaic.aero.obs-mip.fr/web/). We also assess the
consistency of the information on the vertical distribution
of ozone provided by the TES and MLS data when the data
are assimilated into atmospheric models. Characterizing the
spatial and temporal variability of ozone in this region is a
critical first step toward understanding how the dynamics
and chemistry controls the ozone distribution and for
quantifying the sources of ozone precursors. In a companion
study, Liu et al. [2009] conducted a detailed modeling
analysis to better understand the transport and chemical
processes responsible for observed ozone enhancements
across North Africa and the Middle East.

2. TES Instrument

[6] The TES instrument is an infrared, high resolution,
Fourier Transform spectrometer covering the spectral range
between 650 to 3050 cm™' (15.4 to 3.3 um) with an
apodized spectral resolution of 0.1 cm™" for the nadir view
[Beer et al., 2001]. Spectral radiances measured by TES are
used to infer atmospheric profiles using a nonlinear optimal
estimation algorithm that minimizes the difference between
these radiances and those calculated with the equation of
radiative transfer, subject to the constraint that the param-
eters are consistent with a statistical a priori description of
the atmosphere [Bowman et al., 2006; Rodgers, 2000]. TES
provides a global view of tropospheric trace gas profiles
including ozone, water vapor, and carbon monoxide, along
with atmospheric temperature, surface temperature and
emissivity, effective cloud top pressure, and effective cloud
optical depth [Kulawik et al., 2006; Worden et al., 2004].
For cloud free conditions, the vertical resolution of TES
ozone profile retrievals is typically 6 km in the tropics and
at midlatitudes in summers [Jourdain et al., 2007; Worden
et al., 2004]. Tropospheric ozone retrievals from TES have
been validated against ozonesonde and lidar measurements
and it is generally found that the values are biased high by
as much as 15% after accounting for the TES vertical
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Figure 2. TES monthly averaged ozone at 464 hPa. Data are gridded onto 6° x 6° bins. There are no
data for June 2005 as TES was undergoing operational difficulties during that time period. Data are not

corrected for the approximately 15% TES bias.

resolution and a priori constraint. Hereafter, we will call this
15% bias the TES bias to distinguish it from the retrieval
bias introduced by use of an a priori constraint.

[7] The analysis presented here uses TES data obtained
during the summers of 2005, 2006, and 2007, from both the
nominal operation mode (the “global survey” mode) and
from special observations obtained using the “step-and-
stare” mode. The sampling for the global survey mode is
one observation every 160 km with 16 orbits per global
survey, over a time period of 12 h. The step-and-stare
mode spatial sampling is approximately 30 km, but
covers only part of an orbit extending 60° in latitude.
We use version 3 of the TES data. Only data where the
master retrieval quality flag is set to 1 are used. In
addition, any data showing a “C” curve are thrown out
as discussed in the validation document in the Aura
Validation Data Center web site: http://eosweb.larc.nasa.
gov/PRODOCS/tes/table tes.html.

3. TES Ozone Observations

[8] The Asian Monsoon forms in late spring and dissi-
pates in the fall. We therefore focus our analysis on
observations in June, July, and August. In this section, we

first examine the horizontal distribution of TES monthly
averaged observations in the middle and upper troposphere.
We then present an analysis of the errors in the data,
followed by a comparison of the vertical distribution ozone
as observed by TES.

3.1. Horizontal Distribution of TES Ozone in the
Middle and Upper Troposphere

[v9] The ozone distribution observed by TES at 464 hPa
during the summers of 2005, 2006, and 2007 is shown in
Figure 2. There are no data for June 2005 since the TES
instrument was not operating at that time. All data for which
the TES master data quality is set to unity are used.
Furthermore, only those data for which the degrees of
freedom for signal (DOFS) for the middle troposphere
between 300—600 hPa is 0.3 or larger are selected to ensure
that the TES retrieval is sensitive to this part of the
atmosphere. The grid used for Figure 2 is 6° x 6° and the
ozone distribution is constructed by averaging all ozone
observations within each grid box. Because of the approx-
imately 6 km vertical resolution of the TES retrieval, the
estimated ozone concentration at 464 hPa is influenced by
variations in the ozone abundance throughout the free
troposphere and lower stratosphere. However, here we show
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ozone values at 464 hPa.

the distribution at a single level in the middle troposphere,
as opposed to averaging over many pressure levels, because
an averaged middle and upper tropospheric quantity would
have a latitude dependence due to tropopause variations.

[10] At the 464 hPa pressure level, mean ozone values
greater than 90 ppbv are observed over northeast Africa, the
eastern Mediterranean, the Middle East, and over Central
Asia (north of the Tibetan plateau, between 35°—50°N). We
note, however, that we have not corrected for the 10—15%
high bias that exists in the TES data (or TES bias)
[H. Worden et al., 2007; Nassar et al., 2008] in the middle
troposphere when stating this value of 90 ppbv. High ozone
abundances are also observed over East Asia but that is the
subject for other analysis. This observed spatial distribution
of ozone is persistent from year to year, with July typically
showing the most enhanced values over northeast Africa
and Saudi Arabia. During the 3 years of observations, the
ozone abundances over northeast Africa and Saudi Arabia
were highest in July 2005. However, as discussed in the
section 3.2, many of the grid points over the Middle East
shown in Figure 2 had only one or two observations in July
2006 and 2007. Consequently, the year-to-year differences
observed over the Middle East may not be robust. Typically,
the number of observations in each grid point ranged from 3
to 30.

[11] The spatial distribution of ozone shown in Figure 2 is
different from that of the total tropospheric ozone abundan-
ces measured by the GOME instrument. In particular, the
total ozone abundances from GOME show enhanced ozone
abundances across the subtropics of the northern hemi-
sphere in summer [Liu et al., 2006], whereas TES data
show more localized enhancements. However, Liu et al.
[2006] do show peak total tropospheric ozone columns over
the Eastern Mediterranean and northwestern Saudi Arabia,
which is somewhat consistent with the ozone distribution
measured by TES. Differences between the two ozone
measurements are likely due to differences in the sensitivity
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of the instruments to tropospheric ozone, sampling, and the
retrieval approach.

3.2. Sensitivity and Errors of TES Ozone Estimates

[12] The sensitivity of the TES ozone retrievals to the true
atmospheric ozone abundance depends primarily on atmo-
spheric temperature, clouds, and trace gas amounts. As
these quantities are strongly influenced by the summertime
Asian monsoon, it is necessary to determine how their
variability impacts the TES retrievals in this region. In
this section we examine the errors, sensitivity, and bias of
the TES ozone retrievals to show that the enhancements in
the observed spatial distribution of ozone is larger than the
errors. For brevity we limit the error characterization to the
ozone values of July 2006 as we do not find a significant
difference in the error characterization from month to month
and season to season.

[13] The total error for each TES ozone observation is a
function of the noise of the satellite measurement, atmo-
spheric temperature, clouds, and the effects of interfering
species such as water [e.g., Worden et al., 2004]. These
errors are either random or weakly correlated so that, for the
case of the mean values in Figure 2, we can effectively
average them for the collection of measurements in each
grid box. This error is called the observation error in the
TES data product files. Typical values for the observation
error for the altitude shown in Figure 2 are 3—7%. The error
of the average of several profiles is substantially smaller
than the observed variability of ozone within the grid box
which can range from 15 to 30%.

[14] The random uncertainty of the mean ozone values
shown in Figure 2 is therefore due primarily to ozone
variations within each grid box. This uncertainty is simply
the standard error of the mean. The standard error on the
mean values shown in Figure 2 can in principle be theoret-
ically calculated by averaging over the expected random
errors for the distribution of retrievals in each grid box.
However, this approach assumes that the statistics of the
atmosphere in the region of interest are well known, which
may not be a good assumption for the region affected by the
summertime Asian monsoon, given the scarcity of ozone
profile observations in this region. We can empirically
calculate the error on the mean by dividing the root mean
square (RMS) of the ozone values within each grid point by
the square root of the number of observations in each grid
[J. Worden et al., 2007]. As seen in Figure 3a, the error on
the mean for July 2006 is typically 5 ppbv or less for the
regions with the largest ozone values, but can be higher over
parts of Central Asia because of the larger variance over this
region. The topography in this region can also make
atmospheric retrievals more challenging, which limits the
number of available ozone profile estimates within some of
the grid boxes, thereby increasing the error of the mean. In
particular the error on the mean is large over parts of Saudi
Arabia because of limited (one to two) observations per grid
box for the July 2006 (and also July 2007, not shown).

[15] The TES estimates of tropospheric ozone, or any
other trace gas, are dependent on the sensitivity of the
retrievals to the true atmospheric abundance of ozone as
well as to the a priori constraint used for the retrieval.
Limitations in the sensitivity of the TES retrieval to the true
atmospheric ozone abundance therefore provide another
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source of error that can influence our conclusions about the
observed ozone distribution. This dependency of the re-
trieval on the a priori is represented by the following
equation:

X=X, +A(X—X,) (1)

where X, in this case, is the TES ozone profile estimate. The
a priori constraint is given by x,. The true ozone distribution
is given by x and the sensitivity of the estimate to this ozone
is given by the averaging kernel matrix, A = ZX. The
quantities x, X, and x, are expressed in terms of the natural
logarithm of the volume mixing ratio of ozone. The TES
ozone estimate, a priori constraint, averaging kernel matrix,
and the various error covariances are provided with all TES
observations. The averaging kernel is a function of the
sensitivity of the TES measured radiance to the distribution
of ozone, the noise in the radiance, and the constraint matrix
used to regularize the retrieval. For ozone, the constraints
and constraint matrices are computed using ozone fields
simulated by the MOZART global chemistry and transport
model (CTM) binned into a 60° longitude by 10° latitude
bins [Worden et al., 2004].

[16] As seen in equation (1), TES estimates are biased
toward the a priori constraint computed from the MOZART
model. This retrieval bias is separate from the 10—15%
observed TES bias that is due to either instrumental or
spectroscopic uncertainties. We examine here to what extent
variations in the a priori constraint influences our conclu-
sions about the observed ozone variations. The bias in the
TES estimates from the a priori constraint is given by the
difference between the true ozone distribution and the TES
estimate of this true distribution:

x—x=(I-A)(xa —X), (2)

A useful metric for the sensitivity of the ozone estimate to
the true atmospheric abundance of ozone is the DOFS
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which is the sum of the diagonal elements of the averaging
kernel matrix; the diagonal element of the averaging kernel
matrix describes the sensitivity of the ozone estimate for the
corresponding pressure level to the true distribution of
ozone at that pressure level. In order to determine if the
ozone estimates shown in Figure 2 are sensitive to the true
distribution, we examine the average DOFS for the altitude
region between 300—600 hPa. As shown in Figure 3b, for
the geographical and altitude region of interest there is, on
average, 0.65 DOFS. Consequently, while the estimate is
sensitive to the true distribution of ozone in this region, it is
useful to determine the extent to which the retrieval bias
might contribute to the spatial variability in the ozone
retrievals.

[17] An approach for estimating an upper bound on the
retrieval bias is to replace the “true state” ozone (x) on the
right side of equation (2), with some value that is unlikely,
although not unphysical. For this sensitivity test we selected
an a priori constraint from a retrieval over the clean Pacific
Ocean, at approximately 30°N and 180°W. Ozone values in
this a priori profile are 30—40 ppbv in the lower troposphere
and 40—50 ppbv in the upper troposphere. Note that this
linear operation is equivalent to calculating a different
estimate by swapping in a fixed a priori constraint [Rodgers
and Connor, 2003].

X, = X +(1—A)(X2 —Xé) (3)

where X; is the original TES ozone estimate and X, is the
new TES ozone estimate, x;, is the constralnt used for the
original TES ozone retrieval, and x2 is the fixed constraint
used to change the TES estimate. The expression (I — A)
(x2 — x}) is now equivalent to the right hand side of
equation (2) if we replace the true ozone distribution with
this new constraint in order to estimate an upper bound on
the bias from the constraint vector.

[18] We first recalculate the ozone estimate assuming a
fixed a priori constraint vector [Kulawik et al., 2008]. This
new estimate is shown in Figure 3c for the July 2006
monthly mean. Over the Sahara and Middle East, between
20 and 30 degrees latitudes, differences between the two
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Figure 3c. TES estimate of ozone at 464 hPa if we use a
fixed a priori constraint vector.
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estimates are approximately 10 ppbv. Over Northeast
Africa, the Eastern Mediterranean, and north of the Tibetan
plateau differences are approximately 5 ppbv between the
two ozone estimates. The larger differences of 10 ppbv
result because the tropopause in the fixed prior is near
250 hPa whereas the tropopause over the Sahara and the
Middle East is near 100 hPa.

[19] However, comparison of the two estimates (between
Figure 2 (middle) and Figure 3c) shows little change in the
relative spatial variability of ozone over this region. We can
therefore conclude that variations in the a priori constraint
does not affect our conclusions about the spatial variability
of ozone over this expansive region. Note that a bias from
the a priori constraint is removed when comparing to
ozonesondes or a model because these profiles are first
transformed using equation (1) before comparing to TES
observations [H. Worden et al., 2007]. For the same reason,
TES data assimilated into a model where the model is first
transformed using equation (1) will also remove the effects
of the a priori constraint.

3.3. Comparisons to MOZAIC Data

[20] As noted earlier, comparison of TES tropospheric
ozone profiles to ozonesondes show that the TES ozone
estimates are biased high in the middle troposphere by
between 10 and 15% [H. Worden et al., 2007; Nassar et al.,
2008]. This TES bias is possibly due to unquantified cali-
bration errors, spectroscopic errors, or some other unknown
effect. Unfortunately, there are few ozonesonde measure-
ments over North Africa, the Middle East, and Asia with
which to compare the TES data to ensure that the bias
observed in other parts of the world is appropriate for this
region. For this reason, we compare ozone climatologies
derived from MOZAIC to climatologies derived from the
TES data. We use monthly mean ozone climatologies
generated from MOZAIC data between 1996 and 2005
because there are no specific coincidences between these
measurements and the TES data. These climatologies are
generated for the cities of Dubai, Teheran, and Delhi. We
note that a significant challenge with this comparison is that
the MOZAIC climatologies are representative of a region
that is much smaller than can be consistently sampled by
TES. For this reason the TES climatologies are generated by
accumulating profiles for summer of 2005, 2006, and 2007
over 5° x 5° bins centered about the cities of Dubai,
Teheran, and Delhi.

[21] The precision of the MOZAIC ozone data is 2 ppbv
and the sensors are calibrated every 500 flights hours
[Thouret et al., 1998a]. The number of profiles used to
calculate the monthly means range from 47 to 110. The
constructed climatologies from these profiles are consistent
with those based on ozonesondes [Thouret et al., 1998b].

[22] A second major challenge in comparing the TES and
MOZAIC profiles is that we cannot accurately account for
the smoothing influence of the TES vertical resolution and
the bias introduced by the a priori constraint because of the
error introduced by truncating the TES profile at approxi-
mately 200 hPa, the upper limit of the MOZAIC profiles.
This truncation introduces a “cross-state’ error [Worden et
al., 2004] that is due to uncertainties in the TES estimated
ozone in the upper troposphere and lower stratosphere. This
cross-state error is largest at 200 hPa and becomes smaller at
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higher pressures. Taking into account the lower sensitivity
to ozone of the TES estimates for pressures above 800 hPa,
the most useful comparison between the TES and MOZAIC
data will be between 300—700 hPa. For this reason we
average the ozone values from both the TES and the
MOZAIC data between 300—700 hPa for this comparison.
These TES averages, and the standard error of the mean (for
the averages) are shown with the corresponding averages
for MOZAIC in Figure 4. The TES ozone values have been
decreased by 12% to account for the 10—15% known bias.
Despite the temporal and spatial sampling differences
between the TES and MOZAIC data, the agreement is
within the standard error of the mean for most of the TES
data. In addition, both the TES and MOZAIC data show
similar month-to-month changes in the climatology with
the exception of June over Teheran. We therefore conclude
that the TES data are likely biased high in these regions by
10—-15% as observed elsewhere in the world with ozone-
sonde data.

3.4. Vertical Distribution of TES Ozone Observations

3.4.1. Vertical Distribution of Ozone over India, the
Tibetan Plateau, and Central Asia

[23] Having established the summertime horizontal dis-
tribution of ozone across North Africa and Asia, we now
examine the vertical distribution of ozone over this region
using TES observations. Characterizing the vertical distri-
bution of ozone is necessary for understanding how surface
emissions, deep convective transport, long-range transport
of pollution, and NOx production from lightning influence
tropospheric ozone abundances during this period.

[24] Figure 5 shows the vertical distribution of ozone as
observed by TES between 70°—90°E and 20°-50°N (the
region covering India, the Tibetan Plateau, and Central
Asia). All data have been interpolated to a latitudinal grid
of 0.5 degrees. We choose a finer latitudinal spacing than
that used in Figure 2 because the coarser longitudinal
spacing allows for more data to be used in Figure 5. The
average surface pressure over this 20° longitudinal swath is
shown as a white line on the bottom. The surface pressure
changes in each plot because of the different sampling in
each month of observations. The dashed line represents the
pressure at 464 hPa for comparison of these vertical
distributions with Figure 2. Only profiles where the DOFS
in the middle troposphere (300—600 hPa) are larger than 0.3
are selected to ensure sensitivity of the TES estimates to
variations in tropospheric ozone at these altitudes.

[25] The vertical distribution of ozone shown in Figure 5
is characterized by enhanced abundances of ozone, with
values that can exceed 100 ppbv at approximately 300 hPa
between 25° and 40°N. This enhanced layer of ozone is
present in June and July and begins to dissipate by August.
The enhanced layer is not apparent in Figure 2 because it is
at higher altitudes than the 464 hPa pressure level shown in
Figure 2. The lower ozone amounts of approximately 60—
70 ppbv at 200 hPa, between 20° and 30°N, during July and
August are consistent with AIRS ozone observations shown
by Randel and Park [2006].

[26] An additional test to determine the altitude location
of the enhanced ozone in this region is to use a fixed a priori
constraint, following the approach discussed in section 3.2.
Vertical ozone distributions from TES using a fixed a priori
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a 3-year climatology derived from TES ozone observations. The error bars are the standard error on the
mean for the TES ozone measurements. The TES ozone values have been decreased by 12% to account

for the 10—15% TES bias.

constraint vector are shown in Figure 6. The vertical
distributions for June show slight changes. However, the
differences in the vertical distributions of ozone using a
fixed a priori constraint do not change our conclusion about
ozone enhancements near 300 hPa for latitudes between 20°
and 40°N for July and August.

[27] Another feature present in the TES ozone data is the
region of ozone abundances larger than 150 ppbv North of
40°N at pressures less than 300 hPa. Because the coarse 20°
longitudinal gridding used to create Figure 6 might obscure
the vertical variations of the ozone, we therefore show in
Figure 7 special observations from TES that have a 35 km
spacing between consecutive observations as opposed to the
160 km spacing between observations in the TES global
survey data used in Figure 5. These special observations are
part of a yearly set of observations used to study boreal fires
and Asian pollution. As with the vertical distributions
shown in Figure 5, ozone abundances of about 100 ppbv
at 300 hPa are observed near 30°N. However, significantly

higher ozone concentrations, between 150 ppbv to 200 ppbv,
are observed north of 35°N in the upper troposphere.
Between 35° and 45°N, the total error of these ozone
estimates range from 15% to 30%, with a mean error of
about 23%. However, north of 45°N, the total error of the
observed ozone at 300 hPa is typically 17%. The range of
uncertainties gives confidence that the observed ozone
amounts are not due to interference between the strato-
sphere and troposphere in the TES ozone retrieval.

[28] Enhanced ozone in this region is consistent with
global analyses of thermal, dynamical and chemical defi-
nitions of the tropopause by Stajner et al. [2008]. They
showed that during July 2005 the sensitivity of the tropo-
spheric ozone column to the choice of the tropopause
definition is the largest in this region. Ozone attains
100 ppbv at altitudes lower than the altitudes of a thermally
or dynamically defined tropopause.

[20] This region of high ozone abundances is also colo-
cated with TES observations of low upper tropospheric
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Figure 5. TES vertical ozone distributions during the summers of 2005, 2006, and 2007 for longitudes
between 70° and 90°E. The vertical scale is the log of pressure. The dashed line indicates the 464 hPa
level for comparison with Figure 2. The bottom white line shows the average surface pressure for the set
of observations during the specified time period and latitude/longitude range. Data are not corrected for

the approximately 15% TES bias.

water (not shown) and the westerly jet, which, as shown by
Randel and Park [2006], is associated with subsiding air.
The high ozone and low water suggest a stratospheric origin
which is consistent with of the analysis of Moore and
Semple [2005], who found that ozone at the surface in this
region can originate from the stratosphere. They are also
consistent with the analysis of Sprenger and Wernli [2003]
who examined 15 years of ERA15 meteorological data from
the European Center for Medium-Range Weather Forecast-
ing and found that stratosphere to troposphere exchange is
at a maximum over central Asia in summer. Ding and Wang
[2006] also suggested that stratospheric intrusions were
primarily responsible for enhanced surface ozone abundan-
ces observed over the Tibetan Plateau. Other TES step and
stares taken during the summer of this same region show
similar behavior but are not shown because they had
significant data gaps because of clouds and increased
retrieval failure rate over the mountain regions.
3.4.2. Vertical Distribution of Ozone Over the Middle
East

[30] The vertical distribution of ozone between 20° and
50°N, averaged between 30° and 70°E and between 20° and
50°E are shown in Figures 8 and 9, respectively. Both

Figures 8 and 9 show enhanced ozone abundances of about
100 ppbv in the middle or upper troposphere. The major
difference between the ozone distributions in Figures 8 and
9 and those in Figure 5 (over India and Tibet) are that the
peak ozone amounts for latitudes equatorward of 30°N are
at lower altitudes (particularly over northeast Africa and
Saudi Arabia in Figure 9), as indicated by the dashed line at
450 hPa. For latitudes poleward of 30°N, high ozone
abundances are located at higher altitudes, near 300 hPa.
For brevity, we do not show ozone amounts using a fixed a
priori constraint although we note that our conclusions
about the vertical distribution of ozone would not change
using a fixed prior.

3.5. Assimilation of TES, OMI, and MLS Data

[31] As discussed above, conducting a direct quantitative
comparison between the TES, MOZAIC, and MLS data is
challenging because of the lack of spatiotemporal coinci-
dence between the data sets and the fact that MLS and
MOZAIC do not provide complete vertical profiles of
ozone. In this section we therefore indirectly compare the
TES and MLS data through assimilation of the data into
the GEOS-Chem model and the GMAO Goddard Earth
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Figure 6. Same as in Figure 5 except the ozone profiles have been recalculated using a fixed a priori

constraint.

Observing System (GEOS-4) general circulation model
(GCM). This enables us to assess the consistency of the
information that the data sets provide on the distribution of
ozone when they are assimilated into the models. Recently,
Parrington et al. [2008] assimilated TES observations of
ozone into the GEOS-Chem model and Stajner et al.
[2008] assimilated data from MLS and OMI into the
assimilation system at GMAO. Details of the models and
the assimilation systems are described in the Appendix.
[32] The distribution of ozone in the upper troposphere
produced by the GEOS-Chem model with and without
assimilation of TES data is compared with that obtained
from assimilation of OMI and MLS data (henceforth
referred to as OMI+MLS) in Figure 10. The GEOS-Chem
model without assimilation overestimates ozone in the
Middle East, whereas it underestimates ozone across much
of the northern hemisphere, relative to OMI+MLS. Hudman
et al. [2007] and Parrington et al. [2008] attributed the
underestimate of ozone in the upper troposphere in GEOS-
Chem to an underestimate of lightning-produced NOx in
this version of the model. Assimilation of TES data into the
model reduces this low bias from a mean of 6.8 ppb to
1.4 ppb over North Africa, the Middle East, and Asia. As
shown in Figure 10d, the distribution of ozone differences
between the models is less skewed and more sharply peaked

following assimilation of TES data into GEOS-Chem. Note
that, as explained in the Appendix, the bias in the TES
ozone data as reported by Nassar et al. [2008] was removed
during assimilation of the data into GEOS-Chem.

[33] The vertical profiles of ozone at four selected loca-
tions across western and central Asia are shown in Figure 11.
Assimilation of TES data into GEOS-Chem results in
significantly improved agreement between the GEOS-Chem
and the OMI+MLS profiles, suggesting that the information
on the vertical structure of ozone offered by the TES data in
the upper troposphere is consistent with that provided MLS.
Note that since the MLS data do not extend down to
altitudes below 215 hPa, the OMI+MLS assimilation does
not constrain the vertical structure of ozone in the lower and
middle troposphere. This may explain some of the discrep-
ancies in the lower troposphere between the TES and
OMI+MLS assimilated profiles in Figure 11.

[34] The monthly mean vertical distribution of ozone
along 45°E and 70°E is shown in Figure 12. Without
assimilation of TES data into GEOS-Chem, the model
places the ozone tropopause too low in the subtropics
(between 20° and 30°N) and too high in the extratropics
(40°—50°N), relative to OMI+MLS. After assimilation of
TES data into GEOS-Chem, there is excellent agreement in
the structure of the ozone tropopause in the two models. In
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the middle troposphere over the Middle East (along 45°E
and between 20° and 30°N) ozone abundances in GEOS-
Chem are reduced by assimilation of TES data, whereas
over central Asia (along 75°E and 35°-45°N) they are
enhanced. The changes in ozone over central Asia are
particularly striking as the TES assimilation shifted the
broad ozone maximum in the upper troposphere in
GEOS-Chem from between 25° and 35°N to between 35°
and 45°N, producing good agreement between the assimi-
lated ozone distributions.

4. Discussion and Conclusions

[35] We present new observations from the TES instru-
ment of the horizontal and vertical distribution of ozone
over North Africa, the Middle East, and Central Asia. Over
India, between 20°N and 30°N, high ozone abundances of
approximately 100 ppbv are observed at approximately
300 hPa, whereas over the Middle East the enhanced ozone
is located near 450 hPa. Lower ozone abundances of about
50 ppbv are observed above and below this layer of
enhanced ozone. The region of enhanced ozone abundances
over the middle East, near 450 hPa, is consistent with the
model predictions from Li ef al. [2001]. Over Central Asia,
TES observes high abundances of ozone, exceeding
150 ppbv, at pressures of approximately 300 hPa. These
high ozone levels are colocated with the westerly jet and are
indicative of mixing between the stratosphere and tropo-
sphere; further analysis is needed verify the source of this
ozone.

[36] The TES observations of tropospheric ozone are
corroborated by MOZAIC summertime ozone climatologies
over Tehran, Dubai, and Delhi for pressures between
300 hPa and 700 hPa. After accounting for the TES middle
tropospheric bias of 10—15%, we find that the TES data
typically agree with the MOZAIC climatology within the
standard error on the mean of the TES measurements.
Assimilation of TES data into the GEOS-Chem model
produces a distribution of ozone over North Africa, the
Middle East, and Asia which is in good agreement with that
obtained by assimilation of MLS and OMI data into the
GMAO GEOS-4 assimilation system. Across the region, at
7-8 km, the bias between GEOS-Chem and the assimilated
OMI and MLS fields is reduced from 6.8 ppbv to 1.4 ppbv
following assimilation of TES data.

[37] Previous observations of tropospheric and strato-
spheric trace gases in the Asian Monsoon region revealed
a complex system involving deep convective transport of
boundary layer air to the upper troposphere followed by
entrainment into the strong westerly and easterly winds in
the subtropics and tropics, respectively. TES observations of
the vertical and horizontal distribution of tropospheric
ozone provide a more detailed description of the distribution
of tropospheric ozone, which will enable us to better
understand how the chemical and dynamical processes in
the Asian monsoon region impacts tropospheric ozone. Liu
et al. [2009], for example, recently used TES data to
quantify the contribution of long-range transport of pollu-
tion and local photochemistry to the summertime buildup of
ozone over the Middle East. In subsequent studies, we will
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focus on understanding the processes responsible for the
ozone distribution over South Asia. TES observations are
providing valuable new information about the distribution
of ozone in the middle troposphere in this relatively data
sparse region of the globe.

Appendix A: Description of the Data Assimilation
Systems

Al. TES Assimilation

[38] The TES data are were assimilated in the GEOS-
Chem model as described by Parrington et al. [2008]. The
assimilation approach employed a sequential suboptimal
Kalman filer in which the TES ozone profiles were ingested
into the model along the TES orbit track with an assimila-
tion cycle of 6 h for 1 July to 31 August 2006. Parrington et
al. [2008] showed that the assimilation reduced the absolute
model bias in the free troposphere from 35% to less than 5%
between 300 and 800 hPa, relative to the IONS-6 ozone-
sonde data across North America. For the results presented
here the data were assimilated between 60°S and 60°N
using version v7-02-04 of the GEOS-Chem model at a
horizontal resolution of 4 x 5. In the assimilation, horizon-
tal correlations in the observation error covariance matrix
were neglected, but the TES observations are averaged and
assumed uniform across the 4° x 5° gridboxes. The bias in
the TES data was accounted for in the assimilation by
removing a uniform 3.3 ppb bias in the upper troposphere
(for altitudes above 500 hPa) and a 6.5 ppb bias in the lower
troposphere as estimated by Nassar et al. [2008] for
northern midlatitudes in summer. The initial forecast error
was assumed to be 50% of the initial ozone distribution and
the representativeness error was estimated at 10% on the
basis of the sub-grid-scale variability of aircraft data over
North America for the INTEX-A and INTEX-B aircraft
campaigns. In the TES assimilation the modeled profiles are
adjusted only at altitudes below 100 hPa.

[39] The GEOS-Chem CTM [Bey et al., 2001] is a global
model driven by assimilated GEOS-4 meteorological fields
from GMAO [Bloom et al., 2005]. The native resolution of
the GEOS-4 fields is 1° latitude by 1.25° longitude with 55
vertical levels from the surface to 0.01 hPa. As described by
Parrington et al. [2008], anthropogenic emissions in this
version of the model are from the Global Emissions
Inventory Activity (GEIA) [Benkovitz et al., 1996], with
emissions in the United States based on the Environmental
Protection Agency (EPA) National Emission Inventory
1999 (NEI99) [Hudman et al., 2007]. Biomass burning
and biofuel emissions are from Duncan et al. [2003] and
Yevich and Logan [2003], respectively. As by Parrington et
al. [2009], NOx emissions from industrial sources and all
anthropogenic emissions of CO have been reduced by 50%
and 60%, respectively, relative to the NEI99 values, on the
basis of the recommendations of Hudman et al. [2007,
2008].

A2. OMI and MLS Assimilation

[40] Stajner et al. [2008] assimilated OMI and MLS data
into the GMAO GEOS-4 GCM [Bloom et al., 2005]. Ozone
was assimilated using a statistical analysis method based on
the Physical-Space Statistical Analysis Scheme [Cohn et al.,
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1998]. MLS ozone profiles were assimilated for pressure
levels 0.14 to 215 hPa. In order to exclude OMI data in
cloudy regions, only those OMI total ozone columns over
locations with reflectivity lower than 15% at 331 nm were
assimilated. The assimilation was conducted at the native
resolution of the GEOS-4 meteorological fields. For the
analysis presented here, the assimilated ozone fields were
averaged onto a 4° latitude x 5° longitude grid. Although
the assimilation was conducted online in the GEOS-4 GCM,
changes in the ozone fields in the assimilation did not
influence the radiative transfer calculation in the GCM.

[41] The GEOS-4 GCM does not have an explicit treat-
ment of tropospheric chemistry. Instead, tropospheric ozone
chemistry in the assimilation was specified using ozone
production (P) and loss (L) rates from version v7—04 of the
GEOS-Chem model. These P and L rates were obtained
using the same emission inventories imposed in the TES
assimilation, but the lightning flash counts in v7—-04 of
GEOS-Chem were adjusted on the basis of observations
from the Optical Transient Detector and the Lightning
Imaging Sensor. Stajner et al. [2008] showed that the
assimilated OMI and MLS fields are in agreement with
observations from MOZAIC in the upper troposphere to
within 6% in August 2005. Comparison with ozonesondes
showed that the mean differences between the assimilated
ozone fields and the ozonesonde data in midlatitudes (30°—
60°N) between January and June 2005 were less than 10%
for pressure levels between 50 and 200 hPa.
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