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[1] We perform a study for characterizing the vertical
resolution of tropospheric ozone profile retrievals from the
combination of simulated ultraviolet (UV) and thermal
infrared (TIR) observations that are representative of the
EOS Aura Ozone Monitoring Instrument (OMI) and the
Tropospheric Emission Spectrometer (TES). Under the low
thermal contrast conditions used for this simulation, we find
that estimating ozone profiles by combining UV and TIR
radiances results in a factor of two or more improvement in
the ability to resolve boundary layer ozone, as compared
with either instrument alone. In addition, there is a
substantial improvement in the vertical resolution of
ozone in the free troposphere (between 20% and 60%) as
compared to the TES vertical resolution. This study points
towards the importance of combining multiple spectral
regions for dramatically improving the sounding of
tropospheric trace gases. Citation: Worden, J., X. Liu,

K. Bowman, K. Chance, R. Beer, A. Eldering, M. Gunson,

and H. Worden (2007), Improved tropospheric ozone profile

retrievals using OMI and TES radiances, Geophys. Res. Lett., 34,

L01809, doi:10.1029/2006GL027806.

1. Introduction

[2] Vertically resolved estimates of tropospheric ozone
are critical towards understanding the distinct roles that
ozone plays in different parts of the atmosphere. For
example, ozone is a greenhouse gas in the upper tropo-
sphere, an atmospheric cleanser in the middle troposphere
and is a major component of photochemical smog in the
boundary layer [e.g., Jacob, 1999, and references therein].
In particular, direct measurements of boundary layer ozone
formation are necessary for understanding ozone formation
in polluting regions and its subsequent venting into the free
troposphere [Agustı́-Panareda et al., 2005; Auvray and Bey,
2005]. Ozone vented from the boundary layer or chemically
formed in the free troposphere can then be globally trans-
ported because the lifetime of ozone in the middle and upper
troposphere is on the order of weeks to months. This free-
tropospheric ozone can then subside into the boundary layer
where it can add significantly to the local pollution burden
[e.g., Guttikunda et al., 2005]. Vertically resolved estimates
of boundary layer and the free tropospheric ozone are

therefore critical towards understanding these ozone sources
and processes.
[3] The Ozone Monitoring Instrument (OMI) and the

Tropospheric Emission Spectrometer (TES) instruments,
launched in July 2004 on the EOS Aura satellite, both
estimate tropospheric ozone from nadir (downward looking)
measurements of ultraviolet (UV) and thermal infrared
(TIR) radiances respectively. The OMI instrument can
obtain measurements of tropospheric ozone with �12 km
vertical resolution with global sampling and a footprint of
13 km by 48 km at nadir. The TES measurements yield
much less horizontal coverage (about 1 profile every 2.2�
latitude along each of the 16 orbits in one day); however the
TES measurements provide vertically resolved estimates of
tropospheric ozone with a vertical resolution of about 6 km.
A weakness of both of these instruments is the general
inability to resolve the boundary layer ozone for typical
atmospheric conditions, except in the summer when TES
ozone estimates are sensitive to boundary layer ozone where
the surface temperature is over 300 K and there is signif-
icant (larger than 10 K) thermal contrast between the ground
and air.
[4] Here we show the predicted characterization of ozone

profile estimates if OMI and TES radiances are simulta-
neously used for estimating ozone. The advantages of
combining these measurements through an optimal estima-
tion algorithm are a dramatic (factor of 2 or more) improve-
ment in the sensitivity to boundary layer and free
tropospheric ozone as compared to just using the thermal
infrared. This study involving simulated ozone estimates is
a necessary pre-requisite for beginning the task of combin-
ing these observations and the corresponding forward
models, and staging them on a computer cluster capable
of producing a significant number of ozone estimates.

2. Description of OMI and TES

[5] Observations with moderate spectral resolution and
high signal to noise ratio in the Hartley and Huggins UV
ozone absorption bands provide vertical information of
ozone, including the troposphere, due to the wavelength
dependent photon penetration resulting from the wave-
length-dependent ozone absorption and Rayleigh scattering
and due to the temperature-dependent ozone absorption
Huggins bands [Chance et al., 1997]. This has been
demonstrated from GOME observations [Munro et al.,
1998; Liu et al., 2005, 2006]. OMI is a nadir-viewing
imaging spectrograph that takes measurements of the back-
scattered solar radiation from the Earth’s atmosphere and
surface in the ultraviolet and visible region (270–500 nm)
with a spectral resolution of 0.42 – 0.63 nm. It measures
total column ozone, ozone profile, and other trace gases
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(e.g., NO2, HCHO, SO2, BrO, OClO, CHOCHO) as well as
UV-absorbing aerosols and clouds. The spatial resolution is
normally 13 km along-track � 48 km across-track at nadir
for UV-1 channel (270–310 nm) and 13 � 24 km2 for UV-2
(310–365 nm) and visible (365–500 nm) channels. It
provides daily global coverage with a full swath width of
�2600 km [Levelt et al., 2002].
[6] TES [Beer et al., 2001] provides a global view of

tropospheric trace gas profiles including ozone, water vapor,
and carbon monoxide along with atmospheric temperature,
surface temperature and emissivity, and an estimate of
effective cloud top pressure and an effective optical depth.
These observations are important for understanding global
air quality and climate.
[7] TES is an infrared, high resolution, Fourier Transform

spectrometer covering the spectral range between 650 to
3050 cm�1 (3.3 to 15.4 mm) at an apodized spectral resolu-
tion of 0.1 cm�1 for the nadir viewing and 0.025 cm�1 for the
limb viewing mode. Spectral radiances measured by TES are
used to infer the atmospheric profiles through a non-linear
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 parameters are consistent with a statistical a priori
description of the atmosphere [Rodgers, 2000; Bowman et
al., 2006].

3. Description of Case Study

[8] The sensitivity of a thermal IR instrument to bound-
ary layer ozone is critically dependent on the thermal
contrast between the surface and the boundary layer. An
objective for our study is to examine the sensitivity of a
combined OMI and TES retrieval to the free troposphere
and boundary layer ozone when the thermal contrast is low
because low thermal contrasts are typical throughout most
of the year over both land and ocean. For convenience,
simulated radiances and Jacobians are calculated using
atmospheric temperature, water, surface temperature and
emissivity from TES observations during November 2005
that crosses the Caribbean and North America where the
thermal contrast is observed to be low in the boundary layer.
These calculations also use simulated ozone fields that are
taken from the GEOS-CHEM model [e.g., Bey et al., 2001,
and references therein]. We chose this particular set of
ozone profiles, which vary between 30 PPB and 70 PPB
in the boundary layer, in order to test how well the
combined UV and IR ozone retrieval captures the spatial
variability of ozone.

4. Description of Forward Model and
Atmospheric Profile Retrieval

4.1. Forward Model for UV

[9] Radiances and weighting functions in the UV spectral
region measured by OMI are simulated using the Linearized
Discrete Ordinate Transfer model (LIDORT) [Spurr et al.,
2001]. This spectral region includes the ozone Hartley and
Huggins bands, i.e., 270–310 nm in UV1 channel and
310–340 nm in UV2 channel sampled at a total of
317 wavelengths. In the version of LIDORT used here,
the pseudo-spherical approximation [Spurr, 2002] is applied

and the effect of polarization on radiances is not considered.
We include ozone, aerosols, surface reflection, and Rayleigh
scattering in the simulation, which is adequate for this
theoretical study. The surface is assumed to be Lambertian,
with a surface albedo of 0.03 and 0.065 for land and water
surfaces, respectively [Herman and Celarier, 1997]. Aero-
sol loading and aerosol optical properties are taken from
LOWTRAN [Kneizys et al., 1988], with maritime (rural)
type aerosols (visibility: 23 km) in the boundary layer over
ocean (land), and background aerosols in the free tropo-
sphere and stratosphere. The aerosol optical thickness is
�0.27 at 550 nm. The viewing geometry is based on OMI
observations at nadir that coincide spatiotemporally with
TES observations.

4.2. Forward Model for IR

[10] Radiances and weighting functions in the thermal IR
spectral region measured by TES are simulated using a code
that is based on LBLRTM [Clough et al., 2006]. Clouds are
accounted for in TES profile estimates by simultaneously
estimating an effective optical depth and cloud top pressure
[Kulawik et al., 2006]. However, we do not consider clouds
in this paper because we are interested in the conditions that
will allow Aura measurements to better infer boundary layer
ozone. Surface emissivity and temperature are estimated
along with all profiles for land scenes, but emissivity is
fixed for ocean scenes. The IR spectral regions used for the
TES and the TES/OMI ozone estimates are essentially the
same as those described by Worden et al. [2004]. However,
we now combine the IR Jacobians from the 15 mm CO2

band, the 9.6 mm Ozone band, and several water lines near
1200 cm�1 in order to simultaneously estimate temperature,
water, ozone, and surface properties for this simulation. This
updated strategy is consistent with the approach used by
current TES atmospheric profile retrievals.

4.3. Linear Retrieval

[11] For this study we simultaneously estimate ozone,
temperature, water, and surface properties by assuming the
combination of OMI and TES radiance measurements. Our
analysis is then to compare the ozone estimate from
combining OMI and TES measurements to those from
OMI and TES alone. Synthetic ozone estimates are calcu-
lated using the linear retrieval [Rodgers, 2000; Worden et
al., 2004; Bowman et al., 2006]. If the final estimate is close
to the true state, then the estimated ozone can be related to
the a priori constraint used in the retrieval and the true
ozone profile using the linear relationship:

x̂ ¼ xc þ A x� xcð Þ ð1Þ

The vector x̂ refers in this study to the synthetic ozone
estimate. The vector x refers to the true state of ozone,
which is given by the GEOS-CHEM model fields, and the
vector xc is the a priori constraint vector which we hold
fixed for all synthetic estimates in order to better observe
how the different measurement approaches captures the
ozone variability. The averaging kernel A, or resolution
matrix, is a function of the Jacobian matrix, measurement
error covariance, and the constraint matrix. The Jacobian
matrix is the sensitivity of the measurement with respect to
the estimated parameters which are ozone, temperature,
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water and surface properties. In order to linearly estimate an
ozone profile for a synthetic OMI and TES retrieval, the
Jacobians corresponding to each instrument are combined.
The constraint matrix is a block-diagonal matrix containing
the inverse of the climatological variances for ozone,
temperature, water, and the surface terms as described by
Worden et al. [2004]. The measurement error covariance
here is a diagonal value containing the square of the Noise
Equivalent Spectral Radiance (NESR) for each measure-
ment. For the synthetic ozone estimates, the averaging
kernel matrix in Equation (1) is the block-diagonal
component that is associated with ozone. Note that for this
study we do not include noise in the profile retrievals,
although the measurement covariance is included when
calculating the averaging kernel, as we are primarily
focused on examining the improved vertical resolution of
the free troposphere and boundary layer from combining
UV and IR measurements.
[12] The averaging kernel matrix is also used to define

the ‘‘resolution’’ of the retrieval. The vertical resolution of
an atmospheric retrieval, defined on a pressure (or altitude)
grid, can be derived from the rows of the averaging kernel
matrix, @x̂i/@x, which define the relative contribution of
each element of the true state to the estimate at a particular
pressure (or altitude). The resolution can be defined as the
full-width-half-maximum of the rows of the averaging
kernel. The averaging kernel matrix is also used to compute
the number of degrees of freedom for signal (DOFS) of the
retrieval [Rodgers, 2000], defined as

DOFS ¼ tr Axx½ 	: ð2Þ

DOFS may be interpreted as the number of statistically
independent elements of the estimate. A value of zero for
any diagonal element of the averaging kernel implies that
the corresponding parameter is insensitive to the true state.
A value of 1 implies the estimated parameter will completely
capture any variability of this parameter. We therefore use

the DOFS value as a measure of the sensitivity of the
estimated ozone at one or more levels of the atmosphere
such as the boundary layer.

5. Results

[13] In order to show how combining TES and OMI
radiances results in improved tropospheric ozone estimates,
Figure 1 shows an image of the vertical ozone distributions
from the GEOS-CHEM, as well as the estimates assuming
TES-only and OMI-only observations along with ozone
estimate if TES and OMI observations are combined.
[14] The a priori constraint used for all of the estimated

ozone profiles in Figure 1 is equivalent to the GEOS-
CHEM ozone field at 27 degrees latitude. The level at
825 hPa is indicated by a dotted line and is used as a proxy
for the top of the boundary layer. The ocean scenes are all
south of 30 degrees latitude. Although there is improved
sensitivity to boundary layer ozone over the ocean, the
greatest improvement is over land. For example, the GEOS-
CHEM ozone at 900 hPa at 35 degrees latitude is 60 PPB.
The a priori ozone at this pressure is 43 PPB. The estimate
from a simulated OMI/TES profile retrieval also gives about
60 PPB whereas the estimates from and OMI alone and TES
alone retrieval is about 50 PPB. While this agreement is
poorer at other latitudes, the combined OMI/TES profile
retrieval substantially improves the accuracy of the estimate
over a much wider latitudinal range than OMI or TES alone.
The combined OMI/TES retrieval also better captures the
horizontal and vertical variability of ozone in the free
troposphere up to about 300 hPa as indicated in Figure 1.
However, there is only marginal improvement in the esti-
mated upper tropospheric ozone using the combined
retrieval. The larger ozone values in the upper troposphere,
as compared to the GEOS-CHEM values result from the
coarse vertical resolution of the estimate in the upper
troposphere and lower stratosphere. As shown in Equation
(1), coarse vertical resolution will propagate differences
between the ‘‘true’’ and a priori ozone in the lower strato-
sphere to the upper troposphere.
[15] The improved vertical resolution to tropospheric

ozone is interpreted in Figure 2 in which we show an
example of the averaging kernels for the OMI-only, TES-
only, and OMI + TES results for the ozone estimate at
30.5 degrees latitude. Both OMI and TES estimates are
sensitive to tropospheric ozone. For this case, TES shows
little sensitivity to the boundary layer ozone but can better
resolve the lower troposphere and upper troposphere from
the stratosphere. All of the OMI averaging kernels peak at
around 700 hPa but it is challenging to distinguish this
tropospheric amount from the stratospheric ozone because
the tropospheric averaging kernels have cross-terms in the
stratosphere that are of similar magnitude. However a
significant feature of the OMI averaging kernels is that they
are all slightly sensitive to the boundary layer. Consequently,
when TES observations, which can vertically resolve the free
troposphere, and OMI observations, which are sensitive to
the boundary layer, are combined, the resulting estimate
shows a increased sensitivity to boundary layer ozone.
[16] Figure 3 shows the improvement in sensitivity to

ozone across the oceanic and land scenes that compose this
transect. We calculate the DOFS between the surface and

Figure 1. (first panel) A Curtain Plot of the GEOS-CHEM
ozone fields used for the study. (second panel) The synthetic
estimated ozone using simultaneous measurements from
OMI and TES. (third panel) The synthetic estimated ozone
using TES infrared radiances. (fourth panel) The synthetic
estimated ozone using OMI UV radiances. All ozone profile
retrievals use a common a priori constraint that is consistent
with the GEOS-CHEM profile shown at 27 degrees latitude.
The ocean scenes are south of 30 degrees latitude.
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825 hPa as a metric for the sensitivity of the ozone estimate
to boundary layer ozone. The top panel of Figure 3 shows
the DOFS for the boundary layer. The sensitivity improve-
ment ranges from 30% over the ocean scenes to almost a
factor of 4 over the land where there is more ozone, as well
as increased thermal contrast, and enhanced reflectivity of
the UV. The increased vertical resolution is particularly
striking near 34 degrees latitude. At this latitude, the TES
averaging kernel is strongly peaked in the middle and upper
troposphere and is negligible in the lower troposphere and
boundary layer, whereas the OMI averaging kernels have
peak sensitivity below the altitude where the TES ozone
estimate is most sensitive. Consequently, the combination of
TES and OMI better distinguishes the boundary layer
ozone. This situation where the TES and OMI averaging
kernels are more separated changes just north of 34 degrees
in which the OMI and TES averaging kernels more strongly
overlap because of changing atmospheric thermal condi-
tions and solar zenith angle and consequently the sensitivity
to boundary layer ozone reduces. The middle panel of
Figure 3 shows the DOFS for the region between the
surface and 100 hPa; the improvement in vertical resolution
for this set of land and ocean scenes ranges between 20%
and 60%. As discussed earlier, most of this improvement is
in the free troposphere below 300 hPa; this is the region
where TES and OMI averaging kernels show the greatest
sensitivity to tropospheric ozone. The bottom panel shows
the fractional difference between the ‘‘true’’ (GEOS-
CHEM) ozone fields and the estimates from the different
measurement approaches. As expected, the fractional dif-
ference is smallest where the sensitivity is largest.

6. Discussion and Conclusions

[17] We show in this study that combining OMI (UV) and
TES (IR) radiance measurements allows for a dramatic
improvement (between 30% to 400%) in the vertical reso-
lution of ozone estimates in the boundary layer as well as a
substantial improvement (30% to 60%) in the free tropo-
sphere. This increased sensitivity results from the vertical

resolution in the troposphere provided by high-resolution
(0.1 cm�1) IR measurements combined with sensitivity to
the boundary layer provided by UV radiance measurements.
[18] Future missions which use combined UV and IR

measurements to determine boundary layer O3 will likely
also employ measurements in the visible. Measurements in
the visible Chappuis bands have averaging kernels that are
almost constant in height, down to ground or cloud-top
level, as opposed to the UVand IR averaging kernels, which
peak above the boundary layer. The use of visible measure-
ments will thus enhance the ability to measure O3 in the
boundary layer and surface and distinguish it from O3

higher in the troposphere [Chance et al., 1991, 1997].
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Figure 2. Examples of averaging kernels. (left) Averaging
kernels for an OMI and TES synthetic ozone profile
retrieval for the ozone estimate at 30.5 degrees latitude
shown in Figure 1. (middle, right) Averaging kernels for this
same scene but assuming a TES and OMI sounding of this
scene, respectively.

Figure 3. (top) The boundary layer DOFS for the set of
ozone profiles in Figure 1 as would be measured by OMI
(purple line), TES (orange line) and OMI plus TES (black
line). (middle) The total DOFS for the region between the
surface and 100 hPa. (bottom) The fractional difference at
900 hPa between the simulated ‘‘true’’ GEOS-CHEM ozone
profiles and the simulated estimates from the different
measurement approaches.
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