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Abstract. Ozone profiles from the surface to about 60 km aresatellites. These instruments measure at 12 discrete 1 nm
retrieved from Ozone Monitoring Instrument (OMI) ultravi- wide wavelength bands in the 250-340 nm range, providing
olet radiances using the optimal estimation technique. OMlIvertical information from the ozone density peak (20-25 km)
provides daily ozone profiles for the entire sunlit portion of to ~50 km plus the ozone column down to the surface/cloud
the earth at a horizontal resolution of 13k#8 km for the  altitude (Bhartia et al., 1996). Chance et al. (1991, 1997)
nadir position. The retrieved profiles have sufficient accuracyshowed that it may be possible to extend the ozone pro-
in the troposphere to see ozone perturbations caused by cofite information to lower altitudes, including the troposphere,
vection, biomass burning and anthropogenic pollution, andoy using high spectral resolution<Q.5nm) hyperspectral

to track their spatiotemporal transport. However, to achieve(contiguous in wavelength) data from instruments like the
such accuracy it has been necessary to calibrate OMI radiGlobal Ozone Monitoring Experiment (GOME). Over the
ances carefully (using two days of Aura/Microwave Limb years, several groups, have developed physically based re-
Sounder data taken in the tropics). The retrieved profiledrieval algorithms to retrieve ozone profiles from GOME ra-
contain ~6—7 degrees of freedom for signal, with 5-7 in diances (Munro et al., 1998; Hoogen et al., 1999; Hasekamp
the stratosphere and 0-1.5 in the troposphere. Vertical resand Landgraf, 2001; van der A et al., 2002; Liu et al., 2005).
olution varies from 7—11 km in the stratosphere to 10—-14 kmMeijer et al. (2006) evaluated ozone profiles retrieved from
in the troposphere. Retrieval precisions range from 1% inthese algorithms and concluded that, though ozone profiles
the middle stratosphere to 10% in the lower stratosphere andan be retrieved from GOME with better information con-
troposphere. Solution errors (i.e., root sum square of precitent in the lower stratosphere than that from Solar Backscat-
sions and smoothing errors) vary from 1-6% in the middleter Ultraviolet (SBUV) instruments, they were not able to
stratosphere to 6-35% in the troposphere, and are dominatedemonstrate robust determination of tropospheric ozone.

by smoothing errors. Total, stratospheric, and tropospheric We have found that in order to derive tropospheric ozone
ozone columns can be retrieved with solution errors typicallyprofile it is necessary to perform accurate wavelength and ra-
in the few Dobson unit range at solar zenith angles less thamliometric calibrations and to use an accurate forward model.
80. By making these improvements we demonstrated that valu-
able tropospheric ozone information can be retrieved from
GOME (Liu et al., 2005, 2006a, b). In addition, by us-
ing the daily National Center for Environmental Prediction
(NCEP) reanalysis tropopause fields we were able to estimate

Total ozone column and ozone profiles have been retrieved® Stratospheric Ozone Column (SOC) and Tropospheric
since 1970 from about a dozen Backscattered UltraviolefZzon€ Column (TOC), in addition to the total Ozone Col-

(BUV) instruments that have flown on NASA and NOAA Umn (OC). _
The NASA Earth Observing System (EOS) Aura satel-

_ lite was launched on 15 July 2004 into a 705-km sun-
Correspondence toX. Liu synchronous polar orbit with a 98.2inclination and
m (xliu@cfa.harvard.edu) an equator-crossing time (ascending node) ~e13:45
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(Schoeberl et al., 2006). It carries four instruments, includ-2 OMI ozone profile retrieval algorithm

ing the Ozone Monitoring Instrument (OMI), to make com-

prehensive measurements of stratospheric and tropospher&l  Inversion technique

composition. OMI is a Dutch-Finnish built nadir-viewing

pushbroom UV/visible instrument that measures backscatOur retrieval algorithm, initially developed for GOME (Liu
tered radiances in three channels covering the 270-500 nit al-, 2005), is based on the optimal estimation technique
wavelength range (UV-1: 270-310 nm, UV-2: 310-365 nm, (Rodgers, 2000). It simultaneously and iteratively mini-
visible: 350-500 nm) at spectral resolution of 0.42-0.63 nmmizes the differences between observed and simulated ra-
(Levelt et al., 2006). OMI has a very wide field-of-view diance spectra and between retrievaq @nd a priori )
(114) with a cross-track swath width of 2600km. Mea- State vectors, constrained by measurement error covariance
surements across the track are binned into 60 positions fofatrix (Sy) and a priori covariance matrixS(). The cost

the UV-2 and visible channels and into 30 positions for thefunction x* to be minimized can be written:

UV-1 channel (larger bins due to weaker signals). This re- 2

sults in daily global coverage with a spatial resolution of .2 _ Hsy (KiXis1— X)) —[Y—R(X)]}

13kmx 24 km (alongx across track) at nadir position for

UV-2 and visible channels and 13 lgd8 km for the UV-1
channel.

Since OMI measurements are similar to GOME, except
for the large swath width and much improved spatial resolu-
tion, we apply a modified GOME algorithm to OMI data. It
should be noted that there is an operational OMI 0zone pro-
file algorithm (van Oss et al., 2001) developed at the Royal
Netherlands Meteorological Institute (KNMI). The KNMI
algorithm is similar to our algorithm overall; it also uses the
optimal estimation technique to retrieve ozone profile from
radiances in the spectral region 270-330 nm. But it differs
significantly from our algorithm in the implementation (e.qg.,
using different radiometric calibration, a priori covariance
matrix, radiative transfer model, retrieved variables, vertical
grid). , , - -S, 7 - X0, @

We will present the retrieval algorithm and validation of
the retrievals in several papers. The present paper describghe main keys to successful retrievals are accurate calibra-
the retrieval algorithm and its key characteristics (€.9., Verton and simulation of the measurements. This is especially
tical resolution, random-noise and smoothing errors). Incritical for tropospheric ozone retrievals since separation of
the second paper (Liu et al., 2010), we have validated th&tratospheric and tropospherig @quires better than 0.2—
retrievals against the Microwave Limb Sounder (MLS) on g 39 accuracy in measuring and modeling the radiances in

Aura to demonstrate that stratospheric ozone profiles can bghe Huggins band (310-340 nm) (Munro et al., 1998).
retrieved accurately from OMI, and SOC can be retrieved

from OMI with solution errors comparable to or smaller 2.2 Adaptation of the GOME algorithm to OMI
than those from MLS. MLS is the first limb-viewing instru-
ment to provide accurate estimates of SOC, for it is lessFor GOME, we performed several radiometric and wave-
affected by ice clouds than the visible and IR instruments.length calibrations to deal with calibration issues in the spec-
In separate papers, we will validate our retrievals againstral region of our interest (Liu et al., 2005). We derived
ozonesonde observations and OMI/MLS tropospheric ozonavavelength-dependent slit widths for convolution of high-
columns (Schoeberl et al., 2007) as well as operational totatesolution spectroscopic data and corrected wavelength-
ozone products. dependent wavelength shifts. Because GOME spectra are
The present paper is organized as follows: the retrievahot Nyquist-sampled, errors occur when interpolating solar
algorithm is described in Sect. 2. Section 3 discusses théradiance to the radiance wavelength grid. We performed an
retrieval characterization of OMI retrievals. Since the capa-undersampling correction to the spectral sampling in GOME
bility to measure boundary layer ozone from satellites is im-(Chance et al., 2005; Liu et al., 2005). Due to the relative in-
portant for future air quality missions, in Sect. 4 we discusstensity offset between GOME band 4312 nm) and GOME
future strategies for improving these retrievals. Section 5band 2 ¢312 nm) and different degrees of degradation, we
compares OMI retrieval characteristics with those of SBUV fitted a wavelength-dependent correction in band 1 con-
and GOME retrievals. Section 6 shows examples of OMIstrained by the measurements from band 2. Finally, we opti-
retrievals with a focus on tropospheric ozone. mized the fitting windows (290-307 nm, 326—-339 nm) and

2

st -xo M

X;11 and X; are the current and previous state vectors, re-
spectively. They consist of o0zone column density in a num-
ber of atmospheric layers and other auxiliary parameters
(which will be described in Sect. 2.5)Y is the measure-
ment vector, in our case the logarithm of the sun-normalized
radiancesR is the forward model and thR(X ;) are the log-
arithm of sun-normalized radiances simulated with K; is

the Féchet derivative or weighting function matrix, defined
asdR/9X;. The a posteriori solution is given as:

Xiya=X;+ (KIS +87) KT S 1Y — ROX)]
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avoided spectral regions with significant calibration prob- and seasonally varying errors, we use the mean solar irradi-
lems; the spectral region 307—-325 nm is significantly affectedances derived from three years of OMI data (2005-2007) to
by inadequate polarization correction to GOME radiancesnormalize the earthshine radiances (adjusted for Sun-Earth
and variable slit widths, while wavelengths below 290 nm distances). To account properly for OMI instrumental slit
contain large measurement errors. To accurately simulatéunctions, we derive the slit widths from the solar irradiance
the measurements, we used the Linearized Discrete Ordispectrum separately for each channel and each cross-track
nate Radiative Transfer model (LIDORT) (Spurr, 2002) with position by cross-correlating the OMI irradiance spectrum to
a look-up table to correct for large radiance errors due toa high-resolution solar irradiance reference spectrum (Caspar
the neglect of polarization in the radiance calculation, andand Chance, 1997; Chance, 1998), assuming a Gaussian slit
we modeled the Ring effect directly using a single scatteringfunction in the convolution. OMI level 1b radiances include
model (Sioris and Evans, 2000). We also improved the for-in-flight wavelength calibration, so we do not need to cor-
ward model inputs of temperature, surface pressure, surfaceect wavelength registration before the retrievals; we only fit
albedo, clouds, and aerosols. With these improvements imwo radiance/irradiance shift parameters (one for each chan-
GOME calibrations and forward model calculations, the fit- nel) in the retrievals to account for residual wavelength reg-
ting residuals in the Huggins bands were reduced®2%  istration errors. Compared to GOME, OMI spectral sam-
(Liu et al., 2005), and later t6-0.1% with a further set of pling is significantly improved, especially UV-2 (Chance et
improvements (Liu et al., 2007). al., 2005). The undersampling correction implemented in
We have adapted our GOME algorithm to process OMIGOME has only negligible effects on both fitting residuals
version 3 level 1b data. The OMI instrument differs from and retrievals, so this correction is not used in the OMI al-
GOME in many important ways: GOME optics is polariza- gorithm. The OMI instrument has been very stable through
tion sensitive, OMI uses a depolarizer; GOME mechanically2008, with degradation 6£2% in UV-1 and~1% UV-2. We
scans and measures radiances from cross-track pixels usirip not fit a wavelength-dependent correction the UV-1 chan-
the same detector elements, OMI images the cross-track pixael to account for varying intensity offsets between the two
els onto different detector elements; OMI has much widerchannels. In fact, doing so reduces the ozone information.
swath than GOME (Dobber et al., 2006; Levelt et al., 2006). OMI uses a 2-D CCD detector array, where each cross-
These factors present somewhat different calibration and fortrack position uses a different row of detectors. All the oper-
ward model challenges. The version of LIDORT used in theational level-2 products have shown across-track-dependent
GOME algorithm includes a pseudo-spherical correction forbiases due to limited pre-launch calibration as a function of
the solar beam, but not for the line of sight direction. Failure detector position. Our preliminary retrievals indicate both
to account for the Earth’s curvature can lead to radiance erwavelength and cross-track position dependent errors in our
rors of 5-10% for viewing zenith angles in the range 55-70 fitting window. To investigate the quality of OMI radiomet-
(Spurr, 2004). In addition, the previously used look-up tableric calibration and perform necessary corrections to OMI ra-
for polarization correction is not accurate for large viewing diances, we simulate OMI radiances and compare them with
zenith angles. Therefore, we now use the most recent verthe observed radiances. The MLS instrument on the Aura
sion of Vector LIDORT (VLIDORT) (Spurr, 2006) and use a Satellite measures ozone profiles down to 215 hPa with ver-
different approach to perform polarization correction, as de-tical resolution of~3km. Its ozone products have been

scribed in Sect. 2.4. extensively validated (Jiang et al., 2007; Froidevaux et al.,
2008; Livesey et al., 2008). Thus, MLS provides an excellent
2.3 OMI measurements and calibrations source of ozone to check the OMI calibration. The radiance

simulation is the same as that done in the first iteration of
Because OMI uses a polarization scrambler to depolarize theetrievals before fitting (to be described in Sect. 2.4) except
measurement signal, and the instrumental slit function onlythat we use zonal mean v2.2 MLS ozone profiles for pressure
exhibits small spectral variation, OMI radiances over 307—<215 hPa, and climatological ozone profiles from McPeters
325nm are much easier to model than GOME radianceset al. (2007) for pressure215 hPa. We examine the average
Therefore, we choose a different fitting window for OMI, differences between simulated and observed radiances over
270-310nm from UV-1 and 310-330 nm from UV-2. Due the tropics, where there is less spatiotemporal variability in
to difference in spatial resolutions between UV-1 and UV2, ozone.
two UV-2 spectra are co-added to match the UV-1 spatial res- Figure 1 shows the mean radiance differences in the spec-
olution, and therefore retrievals are done at the UV-1 spatiatral range 270-350 nm for different UV-1 cross-track posi-
resolution. To speed up the retrievals (because radiance igons, derived from clear-sky conditions on 11 July 2006.
simulated at each OMI wavelength with effective cross sec-The differences typically vary from-6% to 7% and are up
tions), we co-add 5 adjacent spectral pixels in UV-1 (2 for to ~10% in 300—310 nm for the first and last cross-track po-
UV-2). Since there is no significant natural variation in the sitions. There are significant wavelength and cross-track de-
solar irradiance at the OMI wavelengths, and individual irra- pendencies, and there are discontinuities of 3—-9% at 310 nm
diance spectra measured by OMI have both short-term noisbetween UV-1 and UV-2. Some of the spikes around 280
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time and latitude, so our retrievals are still affected by resid-
ual straylight errors that very likely vary seasonally and lati-
tudinally. These errors are still under investigation.

2.4 Radiative transfer calculation

We use the VLIDORT model to calculate radiances and
weighting functions (Spurr, 2006, 2008). The model imple-
ments the complete vector discrete ordinate solution with full
linearization facility (analytic weighting functions), deals
with attenuation of solar and line-of-sight paths in a curved
e00 3§Svelength (,,212)0 a0 atmosphere, and includes an exact treatment of the single
scatter computation. VLIDORT can be run in scalar-mode
Fig. 1. Mean percentage difference (residuals) between OMI mea-only (without polarization), which is faster by almost an or-
sured () radiances and those simulateg)(using MLS G; pro- der of magnitude than a vector calculation. For OMI re-
files are plotted as a function of wavelength. The 30 UV-1 across-trievals, we adopt the following procedure to optimize ra-
track positions are shown in different colors. These residuals argjjative transfer calculations.
derived .from nee_lrly clear-sky conditions (effective clou_d fraction We perform both scalar-only and full-polarization calcu-
<20%) in the latitude range 0-26 on 11 July 2006. Pixels af- |4ionq at-.10 selected wavelengths and derive polarization
fected by aerosols (OMTO3 aerosol index greater than 1 or less .
than—1) and sun glint are not used. corrections a_t these wavelengths. Next, we perform s'calar—
only calculations at all other wavelengths, and then inter-
polate the polarization corrections. The radiance calcula-
and 285nm are partly due to emission from Mgnd Mg  tion time for the retrieval spectral window is then faster by
in the ionosphere (Joiner and Aikin, 1996), which is not in- a factor of~6 than that achieved using VLIDORT in full-
cluded in our forward model simulation. There are somepolarization mode at all wavelengths; accuracy is maintained
high frequency structures between 300-310 nm that canndp better than 0.1%.
be explained either by errors in wavelength calibration or The radiance calculation is made for a Rayleigh atmo-
possible errors in MLS ozone profiles used in our simula-sphere (no aerosols) with Lambertian reflectance assumed
tion. The smaller differences at longer wavelengths are refor the surface and for clouds (treated as reflecting bound-
lated to small errors in our cloud correction algorithm. The aries). For GOME, we used climatological aerosols in the re-
mean differences can vary by up to a few percent from daytrievals (Liu et al., 2005). For OMI, we decided to switch this
to day, especially in the wavelength range 300—315 nm, bubption off because the fitting of wavelength-dependent sur-
the overall features (i.e., wavelength and cross-track deperface albedo in UV2 with a first-order polynomial can partly
dencies) do not change much. The standard deviations adiccount for the presence of aerosols just like the use of cli-
the mean differences, not shown here, vary from 1-2% aimatological aerosols. In contrast to the situation with the
wavelengths shorter than 295 nm (except around strong sola&BOME retrieval algorithm, trace gases other than ozone are
Fraunhofer lines) and longer than 320 nm to 6—10% betweemot modeled and retrieved. This only slightly affects re-
300-315nm. They are mainly determined by the zonal vari-trievals except for volcanic eruption conditions. Retrievals
ability of ozone due to the use of zonal mean MLS and cli- of SO, and BrO will be added later, since there is ade-
matological ozone profiles. quate spectral information in our fitting window for these
Although forward model parameter errors in the simula- trace gases. High-resolution ozone cross sections (Brion
tion (e.g., errors in MLS and climatological ozone) can con-et al., 1993), convolved with fitted OMI slit functions and
tribute to some of the differences shown in Fig. 1, the pres-weighted with a high-resolution solar reference spectrum,
ence of consistent overall features for a number of time peare used in the simulation to reduce the computation time.
riods indicates the existence of calibration problems in OMI For radiative transfer above a reflecting cloud boundary, we
level 1b data. The radiances at shorter wavelengths shoulthke the cloud-top pressure from the OM3-O- algorithm
not depend on cloudiness. However, we find that these dif{Acarreta et al., 2004). The monthly mean cloud climatol-
ferences increase with increasing cloudiness, suggesting thegy derived from OMI Raman cloud products (Joiner and
existence of straylight errors in UV-1 and at the shorter UV- Vasilkov, 2006) is used to fill in where cloud-top pressure is
2 wavelengths. Since we cannot derive good tropospherimot available from the @0, algorithm due to quality flag
ozone in presence of these errors, we apply a first-ordecontrol. An initialized cloud fraction is determined from a
correction to OMI radiances using the average percent difsingle wavelength around 347 nm (degraded to 1.1 nm spec-
ference between measured and simulated radiances derivédl resolution), based on surface albedo taken from an im-
from 2 days of MLS data in the tropics. This so-called “soft” proved TOMS-derived database (O. Torres, personal com-
(also called vicarious) calibration is applied independent ofmunication, 2008). The cloud fraction is then retrieved as an

(I, - 1) / I, x 100 (%)
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auxiliary parameter. To account for the temperature depeneff-diagonal terms of the a priori covariance matrix. All the
dence of ozone absorption, we use daily temperature profilesther parameters are assumed to be uncorrelated with each
from NCEP reanalysis data (Kalnay et al., 1996). Due to theother and with ozone variables. We use OMI random-noise
much higher spatial resolution of OMI compared with NCEP errors from the level 1b data as measurement errors. How-
data (2.5x 2.5°), we do not use the NCEP surface pressure;ever, fitting residuals<0.45% in UV-1 and~0.07% in UV-2
instead, surface pressure is derived from the topographicabn average even without fitting the mean fitting residuals) for
altitude of the OMI pixel by assuming a standard sea levelsuccessful retrievals are typically half the size of the mea-
pressure of 1 atm. surement random-noise errors. This is due to a bug in the

In our retrievals, aerosols, clouds, and surface pressure ar@ndom-noise calculation algorithm, which overestimates the
either not accurately known or are not modeled in the re-errors by the square root of co-additions (2, 4, and 5 for arc-
trievals. In addition, OMI radiances are inadequately cal-tic, mid-latitude, and tropical measurements, respectively)
ibrated. We fit wavelength-dependent surface albedo (i.e.(Braak, 2010).

zero order for UV-1, first-order polynomial for UV-2) as tun-  In our retrievals, the selection of these parameters is based

ing parameters to partly account for these effects. on their impact on fitting residuals, their cross-correlation
with ozone variables, and comparisons with ozonesonde ob-

2.5 Retrieval scheme servations. We want to include variables that can reduce fit-

ting residuals and improve comparison with ozonesonde ob-

Our state vector contains partial ozone column density (inservations, and at the same time to avoid variables strongly
DU, 1DU=2.69< 10" molecules cr) in 24 layers. The 25-  correlated with 0zone variables. Of all the non-ozone param-
level vertical pressure grid is set initially @&=2""/2 atm  eters, the first-order wavelength dependent surface albedo
for i=0, 23 and with the top of the atmosphere set®).  term in UV2 has the most noticeable correlation (0.2-0.5)
This pressure grid is then modified: daily NCEP thermal with ozone variables, especially in the troposphere. Despite
tropopause pressure is used to replace the level closest ig correlation with ozone, this parameter is used to account
it, and layers between the surface and tropopause are digartly for aerosol, clouds, and calibration signatures, and it is
tributed equally with logarithmic pressure. Each layer is very useful to reduce fitting residuals and improve retrievals.
thus approximately 2.5-km thick, except for the top layer. Although higher-order polynomials can further reduce fitting
There are 4 to 7 layers in the troposphere, depending on theesiduals, they can adversely impact retrieval accuracy due to
tropopause height. There are several different definitions obverly strong correlation with ozone. In addition, the param-
tropopause, and which tropopause to use for defining TOC igters for radiance/ozone cross-section wavelength shifts can
controversial (Liu et al., 2006b; Stajner et al., 2008). For have correlations of 0.2—0.3 with ozone variables. The zero-
the retrieval of ozone profiles, it is unnecessary to use arder shift term for UV-1 has significant values-96.03 nm.
tropopause. The primary purpose of adjusting the model lay\we found that these shifts are not due to actual wavelength
ering to tropopause height is to derive TOC and SOC; theregistration errors in either OMI radiances or ozone cross
actual value of the tropopause pressure has negligible effeaections, but instead to some wavelength registration artifacts
on the retrieved total ozone column and ozone values at layintroduced in our spectral coadding (values are much smaller
ers not affected by the layer adjustment. TOC and SOC canvithout spectral coadding). These variables also help to im-
be re-calculated from our retrievals through interpolation if prove retrievals. In general, all the other non-ozone parame-
different knowledge of the tropopause is available. ters have weak correlations 0.2) with ozone variables. For

Table 1 lists the fitting variables used in the retrievals, non-ozone parameters themselves, there are strong correla-
their a priori values and a priori errors. In addition to the tions (~0.5) between surface albedo terms and cloud frac-
24 ozone values, our state vector also contains wavelengthtion, and between zero-order and first-order radiance/ozone
dependent surface albedo (constant surface albedo for UV-¢ross-section wavelength shifts in both UV-1 and UV-2.
and first-order polynomial for UV-2), cloud fraction, scal-
ing parameters for the Ring effect (1 parameter for each
channel), radiance/irradiance wavelength shifts (1 paramete® Retrieval characterization
for each channel), wavelength shifts between radiance and
ozone cross sections (first-order polynomial for each chan3.1 Concepts for retrieval characterization
nel), and scaling parameters for mean fitting residuals de-
rived from one orbit of retrievals using all the other param- The Averaging Kernels (AK) matriA, whosei’ row Ajj
eters (1 parameter for each channel). To constrain the retj=1, n, wheren is the number of layers) describes about
trievals, we use climatological mean ozone profiles and theithow the retrieved profile in a particular layeiis affected
standard deviations derived from 15 years of ozonesonde andy changes in the true profil& in all layers, character-
Stratospheric Aerosol and Gas Experiment (SAGE) as a priizes the retrieval sensitivity and vertical resolution of the
ori, which varies with latitude and month (McPeters et al., retrieved profile. Though it can be calculated by perturba-
2007). A correlation length of 6 km is used to construct thetion analysis for any type of retrieval algorithm, the optimal
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Table 1. List of fitting variables, a priori values and a priori errors. A correlation length of 6 km is used to construct the a priori covariance
matrix for ozone variables. All the other variables are assumed to be uncorrelated with each other and with ozone varaibles.

Fitting variables # Variables A prior A prior error
Ozone at each layer 24 climatology climatology
Surface albedo in UV-1 1 climatology 0.05
Surface albedo in UV-2 1 climatology 0.05
First-order wavelength-dependent term for surl 0.0 0.01

face albedo in UV-2
Cloud fraction 1 Derived from 347 nm  0.05

Ring scaling parameters 2 1.9 1.0
(1 for each channel)

Radiance/irradiance wavelength shifts (1 fo2 0.0 0.02 nm
each channel)

Radiance/@Q cross section wavelength shifts2 0.0 0.02 nm
(zero order, 1 for each channel)

Radiance/@ cross section wavelength shifts2 0.0 0.004
(first order, 1 for each channel)

Scaling parameters for mean fitting residuals (2 1.0 0.6
for each channel)

estimation retrieval technique provides a closed-form solu-captured in the retrieved OC. It should be noted that though

tion for A (Rodgers, 2000): the AK and these derived quantities are mainly determined
9X A by the inherent physics (i.€X), they do depend on the mea-
A== (KTS 'K +5,1H 7K s IK =SKTs 1K surement errors, atmospheric variability, and the correlation
r length.
=GK, ®3) .

Retrieval error is another important quantity characteriz-

where S is the solution error covariance matrix. afdis ing the quality of the retrievals. It consists of random and sys-
the matrix of contribution functions. The diagonal elements t€matic errors from measurements and forward model simu-

of A, known as Degrees of Freedom for Signal (DFS), de-lations, an_d smoothing errors, wh_ich_ occur because the v_erti-
scribe the number of useful independent pieces of informa.cal resolution of the ret_rleved profl_le is coarser than the thick-
tion available at each layer from the measurements. The tracB€SS Of the layer in which the profile is reported (It should be
of A is the total DFS for the retrieval. Similarly, the sum noted that though the use_of coarser!a_yers in the state vector
of the diagonal elements in the troposphere (stratosphere) i&ould reduce the smoothing errors, it increases the forward
the tropospheric (stratospheric) DFS. The AKs for OC, SOC,medel errors. Our choice of2.5 km thick layer is a compro-
and TOC can be derived from by summing up the rows of MiS€ between the twq). The random-nmse error covariance
A in all, stratospheric, and tropospheric layers, respectivelyMarix S, and smoothing error covariance mat8ix can be

To avoid confusion, we will call those AKs as Column Av- directly estimated from the retrievals (Rodgers, 2000):
eraging Kernels (CAK) oA.. The OC CAK represents the S, = GSyGT 4)
fraction of actual ozone columns deviating from the clima- T

tology at individual layers that can be retrieved in the entiress: A=DS,(A=D . ®)
profile. Therefore, it is essentially the same quantity as theThe sum ofS, andS; is Sas seen in Eq. (3). The square root
Retrieval Efficiency (RE) (Hudson et al., 1995), an important of diagonal elements of th§,, S, and Sare the random-
concept for OC retrievals because it indicates what fractionnoise errors (i.e., precisions), smoothing errors, and solu-
of ozone in the lower troposphere or boundary layer can bdion errors, respectively. The solution errors are the root
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sum square of the random-noise and the smoothing errors.
Strictly speaking, the full covariance matrix of a real ensem-
ble of states should be used to estim@tgRodgers, 2000).
Due to the unavailability of the full covariance matrix, we use
S, only the diagonal components of which are derived from
an ensemble of states. Comparisons with ozonesonde an
MLS data show that the derived smoothing errors by assum-
ing ozonesonde/MLS as truth are generally consistent with ¢ °°
our approximate estimates of smoothing errors using Eq. (5).
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calculated from the matrices by adding up errors atindividual & 4 )
layers and removing correlated errors among different layers, & | Heoo =
so those integrated errors are usually smaller than the sum2 °*f o’
. .. . © L n
of errors at individual layers. Errors contributed from each &£ oz} | 800
layer to the overall OC, SOC, and TOC smoothing errors, 3 o F i B Mo ioder” T | 11000
i.e., the Column Error Contribution Function (CECE), can © 60 40 -200 0 20 40 60 80 Lat.
. .. - - = - - = - on.
be derived similar to Eq. (5) as: 88 69 50 33 20 23 39 59 SZA
E.=(A.—1,)X4 (6) Fig. 2. An orbit of retrievals at across-track position 16 (in the UV-1

channel) on 11 July 2006 as a function of latitude, longitude, and
where X, is the a priori error,I,. refers to the idealized solar zenith angle(a) Ozone profiles in number density, ai)
CAK. For OC, the values of, are 1 at each layer; for the effective cloud fraction (blac!<), fitted surface albedo (purple)
SOC/TOC, the values are 1 in the stratosphere/tropospherd® the UV-2 channel, and effective cloud-top pressure (red) used
but 0 in the troposphere/stratosphere. in the retrievals. The white line in (a) indicates the NCEP thermal

. ) tropopause.
Generally, the solution errors are dominated by the

smoothing errors. With regard to errors due to forward model
and forward model parameter assumptions, we have found . )
that these errors are generally similar to values in our GOMg&round 10N and 50 N. Surface albedo in the UV is nor-
retrievals and are generally much smaller compared to théhally 5-8% over the ocean and 2-4% over land (Herman
smoothing errors (Liu et al., 2005). The main sources of for-and Celarier, 1997); the fitted albedo shows elevated val-
ward model forward parameter errors are systematic error§€S at 10N-40"N due to sun glint, at 70N-85" N due to
in temperature and cloud-top pressure; a systematic 3 K tem$€@ ice in the Arctic sea, and sometimes over cloudy areas,
perature error at all layers leads to about 10% errors for inProbably due to inadequate cloud modeling. Ozone number
dividual tropospheric layers, and an 100-hPa error in cloud-densities are highest in the pressure range 20-75hPa (20~
top pressure causes 6-7% errors in the troposphere (Liu et/ km) depending on the latitude, and closely follow the
al., 2005). The errors due to our improved on-line polariza-roPopause (white line). Low ozone in the tropical tropo-
tion correction (compared to vector calculations) are generSPhere is transported to the middie and upper troposphere
ally within 1% at each layer. The errors due to exclusion@t Northern middle-latitudes (e.g., 38-45N) with the
of the undersampling correction are less than 0.5% at eacfidge of subtropical upper tropospheric fronts (Hudson et al.,
layer. Systematic measurement errors are the most difficul£003)- High tropospheric ozone at28 and 50 N is likely
to evaluate; this is largely due to lack of full understanding c@used by the transport of stratospheric ozone in a folding
of the OMI instrument calibration. We will determine sys- €vent (mainly located at SN but with one of its tongues
tematic measurement errors remaining after soft calibrationxtending to 28N; this can be seen clearly in the OC map,
by means of intercomparison with other correlative measure0t shown here).

ments. Figures 3 and 4 show the retrieval characterization corre-
sponding to the retrievals in Fig. 2, including DFS, random-
3.2 Retrievals to show retrieval characterization noise errors, smoothing, and solution errors at each layer

(the top layer from 0.35hPa to the top of the atmosphere is
Figure 2a shows one orbit of retrieved ozone profiles on 11not shown due to its broad extent) as well as in OC, SOC,
July 2006. This orbit overpasses the Eastern Pacific Oceargnd TOC. Profile AKs, CAKs and CECFs of OC, SOC, and
goes through Alaska and extends to the Arctic sea. FigurdOC, for the three clear-sky retrievals indicated as 1, 2, 3 in
2b shows the fitted effective cloud fraction and zero-orderFigs. 2a and 3a are shown in Figs. 5-7. Note that Figs. 46
surface albedo in UV-2, and the used effective cloud-topalso show results without retrieval dependencies (to be dis-
pressure corresponding to the retrievals. Some low/middleussed in Sect. 4). Table 2 summarizes the average verti-
level clouds (with effective cloud fraction0.5) are located cal resolution in terms of full width at half maximum and
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Table 2. Average vertical resolution in terms of Full Width at Half Maximum (FWHM) and relative solution/a priori errors at different
altitudes for three solar zenith angles bins (all-sky conditions) for the orbit of retrievals in Fig. 2. The solution errors are defined relative to
the a priori profiles.

Altitude (km)/ FWHM (km) Solution/A Priori Errors (%)
~Pressure (hPa) <30° 30°-60° 60°-8C° <30° 30°-60°  60°-8C°
52.5/0.6 11.8 12.8 12.1 4.6/7.6 5.8/9.6 9.5/16.7
47.5/1.2 17.5 145 11.3 3.4/7.2 3.8/8.7 5.0/14.5
42.5/2.3 9.6 9.5 8.9 1.9/6.6 2.0/7.0 2.7/10.4
37.5/4.5 7.7 7.6 7.5 1.2/5.2 1.4/5.5 1.7/6.8
32.5/9.0 7.2 7.1 7.3 1.1/4.6 1.6/7.1 2.1/9.7
27.5/19.0 7.6 7.8 7.6 1.3/3.7 2.0/7.4 2.6/10.0
22.5/40.2 10.7 14.3 8.3 2.5/5.6 3.4/10.0 3.4/9.8
17.5/88.0 11.6 10.7 10.9 9.6/23.1  8.3/18.7 8.1/20.4
12.5/192.3 14.3 14.1 13.9 24.7/41.7 15.6/30.2 13.8/33.0
7.5/397.0 125 11.4 13.7 15.2/31.0 14.5/30.9 23.3/38.8
2.5/758.0 10.0 9.6 12.2 19.7/33.7 17.2/26.1 16.7/18.8
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-122 -131 -137 -141 -146 -151 -160 160 Lon. Fig. 4. (a)Total, stratospheric, and tropospheric degrees of freedom
88 69 50 33 20 23 39 59 SZA

for signal, (b) 10 random-noise errors in total, stratospheric, and
tropospheric ozone column&) same as (b) but ford smoothing
errors, andd) same as (b) but ford solution errors (i.e., root sum
square of (b) and (c)), for the same orbit of retrievals as in Fig. 2.
The dotted lines in (a) are for retrievals under ideal conditions (i.e.,
without retrieval dependencies on other parameters).

Fig. 3. (a) Degrees of freedom for signal at each lay@m) 1o
random-noise errorge) 1o smoothing errors, an) 1o solution
errors (i.e., root sum square of (b) and (c)) for the same orbit of
retrievals as in Fig. 2.
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tioned in Sect. 2.5, has been corrected in all these figuresy B >
and tables; this correction increases mean total DFS by 0.75; |/}
(0-1.2) and tropospheric DFS by 0.15 (0-0.3) and slightly
reduces retrieval errors. /
Averaging kernels for some layers show large oscillations '
(values can be outside the rangel|1]) at high altitudes,
suggesting that retrieved ozone values in these layers are very | |
sensitive to ozone changes at high altitude. However, actual |
retrievals are barely affected by these large values, because
overall changes in ozone from a priori values at high altitudes
are very small £0.05 DU). To better represent the actual re-
trieval sensitivity visually and dampen these large oscilla- [
tions, the AKs in Fig. 5 have been normalized by the a priori i} }
errors. Since averaging kernels operate on the differences
between true and a priori profiles, which are statistically rep- | | | : «
resented by a priori errors, this normalization is equivalentto oo oz or o0 oz i oo 0r  or
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Fig. 5. (a—c)are three examples of nearly clear-sky retrieval aver-
. . aging kernels for pixels (1-3) indicated on Figs. 2a and (8ae)
3.3 Retrieval sensitivity are the same as (a—c) but under ideal conditions (i.e., without re-
trieval dependencies on other parameters). These AKs have been
Figure 3a shows the DFS at each layer. In the stratospherormalized by the actual ozone variability (i.e., a priori error). The
the DFS is generally highest over the pressure range lsymbols indicate the altitude of the averaging kernels. The dotted
30 hPa (25-45km). There is a second maximum aroundlack horizontal lines indicate the tropopause. The caption on top of
the tropopause for about 58-80° N. There is little tropo-  each of panel shows solar zenith angle, cloud fraction, and surface
spheric information for 60S-3% S due to limited photon  albedo.
penetration into the troposphere as a result of high SZA and
low surface albedo conditions. Under other clear-sky con-
ditions, the DFS generally peaks in the 500—700 hPa layerin the stratosphere. The average vertical resolution is about
Sometimes, DFS can peak in the first layer when there ard—11km over the pressure range 1.5-100 hPa or 15-45km
low-level clouds or snow/ice surfaces. The relatively weak (Table 2). In the troposphere, some AKs are not well defined
vertical information in the tropical upper troposphere is be-due to inadequate sensitivity (Fig. 5a) and most AK peak al-
cause SZA is low, ozone column in the stratosphere is Sma”?itudes are not coincident with their nominal altitude values.
and multiple scattering generally peaks at lower altitudes.Where the AKs are defined (peak altitudes are within 6 km
However, the RE for this altitude range is almost 1, sinceOf nominal altitudes), the average vertical resolution is 10—
ozone in this altitude range can be well captured in the ozond4 km (Table 2).
profile, but will be smoothed to a broad altitude range. The REs or OC AKs (blue lines in Fig. 6) are generaly
The total DFS value is-6—7.3, with values of 5-6.7 in the above the first layer except for60° S-40' S due to little in-
stratosphere and 0-1.5 in the troposphere (Fig. 4a, Table 3jormation (e.g., Fig. 6a) or regions with high-level clouds;
Stratospheric DFS usually increases at high SZA due to théhe oscillations around 1 arise from the assumed a priori
longer photon path length that increases the vertical discrimcovariance matrix. The RE in the first layer (centered at
ination of ozone at higher altitudes. Tropospheric DFS de-~850 hPa) is generally0.4-0.7 for most of the tropical and
creases quickly at SZA larger than%for the same reason mid-latitude summer clear-sky conditions (e.g., Figs. 6b—c),
(reduced photon penetration to lower altitudes). At 35 and the corresponding effective photon penetration depth is
45 N, tropospheric DFS is not adversely affected by the ex-800-900 hPa for these conditions. When there are low-level
istence of low-level clouds and is sometimes enhanced, beclouds or snow/ice surfaces (e.g.,°T6-80° N), the RE in
cause clouds enhance ozone sensitivity above them, as wdlhe first layer can be greater than 0.9.
as shielding information below them. When there is little tropospheric information, the TOC
From the examples shown in Figs. 5a—c, we can see thaCAK centers around zero and SOC CAK is almost the same
AKs are well defined and ozone profiles are well resolvedas the OC CAK (Fig. 6a). Under other conditions, the SOC
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Table 3. Average total, stratospheric, and tropospheric Degree of Freedom for Signal (DFS) and solution/a priori errors in total, stratospheric,

and tropospheric ozone columns for three solar zenith angles bins (all-sky conditions) for the orbit of retrievals in Fig. 2.

DFS Solution/A Priori Errors (DU)
<30° 30°-60° 60°-80C° <30° 30°-60° 60°-8C°
Total 6.4 6.6 6.6 1.3/16.6 1.2/21.7 2.0/30.0
Stratospheric 5.1 5.6 6.2 2.3/11.6 2.2/18.3 2.9/26.9
Tropospheric 1.3 1.0 0.4 1.9/9.8 2.5/8.1 4.4/7.1
SZA=79°f,=0.02,2,=0.05 SZA=58°7,=0.03,0,=0.08 SZA=22°f,=0.04,0,=0.13 SZA=79°,f.=0.02,0,=0.05 SZA=58°7,=0.03,0,=0.08 SZA=22°f.=0.04,0,=0.13
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Fig. 6. Column averaging kernels in total, stratospheric and tropo-Fig. 7. Column error contribution function 1) for total, strato-
spheric ozone columns (OC, SOC, and TOC) corresponding to thepheric and tropospheric ozone columns (OC, SOC, and TOC) cor-
three examples in Fig. 5. The solid lines are for current retrievalsresponding to the three examples in Fig. 5. Also plotted is the a
and the dotted lines are for retrieval without retrieval dependenciespriori error (black) at each layer.

(greenlines) and TOC (red lines) CAKs in Figs. 6b—c peakin3 4 Retrieval errors
the stratosphere and troposphere, respectively, as expected.

But both show significant sensitivity from the other part of Figures 3b—d show the random-noise, smoothing, and solu-
the atmosphere, especially in the lower stratosphere and Ugfon errors at each layer. The random-noise errors are typ-
per troposphere, and both show larger stratospheric oscillaita"y 0.5-2% in the major part of the stratosphere (0.4—
tions than the OC CAK. This seems to indicate large smooth-7¢g hPa). They increase to as much as 10% in the lower strato-
ing errors in the retrieved SOC and TOC and the difficulty sphere and troposphere (and occasionally16%, e.g., in

in separating TOC from SOC. However, it should be notedine upper troposphere and lower stratosphere 8680 S

that the smoothing process operates on the difference in layg{ e to weak ozone information). The smoothing errors are
ozone column amount (in DU) between actual and a priorigenerally much larger than random-noise errors, dominat-
ozone profiles (as indicated by the a priori error in Fig. 7) ing the solution errors, especially over altitude regions with
instead of the actual profile itself. Figure 7 shows that theyeak ozone information. The solution errors (also shown in
errors contributed from each layer arising from imperfect Tgp|e 2) are typically within 1-6% in the middle and upper
CAKs are very small in the middle and upper stratospheresiratosphere (1-50 hPa), increasing to 10% (occasionally to
(<0.5DU) and are generally within 2 DU in the lower strato- 1794) for pressure-1 hPa. In the lower stratosphere and tro-
sphere and troposphere. If we assume that errors at indiVidposphere, they are generally within 6-35% but sometimes as
ual layers are random and uncorrelated, then the errors ilﬁigh as 50% for 60S-50 S due to low ozone information
OC, SOC, and TOC are the root sum squares of the errorgng relatively large climatological variability; the average er-
at individual layers. Those integrated errors are very smallyors are 8-25% as shown in Table 2.

1.4DU, 2.3DU, 2.3DUin OC, SOC, and TOC, respectively - rjq res 4b—d show corresponding random-noise, smooth-

for Fig. 7b, close to the estimates of smoothing errors (1'6’ing and solution errors in OC, SOC, and TOC. Although

2.1, and 1.8 DU, respectively). these errors vary with many factors including SZA, OC,
the vertical distribution of ozone, cloud, and surface albedo,
the overall errors are quite small except for high SZ3¢°,
where the errors increase quickly with the increase of high
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solar zenith angles. At SZAB(°, the random-noise errors at a higher spectral resolution before convolution with in-
are within 2 DU for OC and SOC and within 3DU for TOC; strumental slit functions, the modeling of the bi-directional
the solution errors are within 3.5 DU for OC and SOC and reflectance distribution functions for the surface (including
within 5 DU for TOC. As shown in Table 3, the average so- sun-glint), and the treatment of clouds as scattering layers as
lution errors are 1-2 DU in OC, 2-3 DU in SOC, and 2-5 DU opposed to Lambertian reflecting boundaries.
in TOC for different SZA ranges. Note that those very small Even if we can significantly reduce the retrieval depen-
errors <0.5DU) in OC at 70N-80 N are due to highly re-  dencies and improve the sensitivity to boundary layer ozone,
flecting snowl/ice surfaces. the lack of adequate vertical information cannot sufficiently
separate boundary layer ozone from free tropospheric ozone
using UV radiance measurements alone. Combining UV ra-
4 Retrieval dependencies and further algorithm diance measurements with polarization measurements in the
improvements UV (Hasekamp and Landgraf, 2002), and radiance measure-
ments in the Chappuis bands (Chance et al., 1997) and ther-
The prEViOUS section shows that current OMI retrievals ef'ma| IR (Worden et al., 2007), are potentia| avenues for im-
feCtiver exhibit full SenSitiVity to ozone down to the 800— proving ozone retrievals in the boundary |ayer or at the sur-
900 hPa range or the upper part of the boundary layer. lface. The keys to these combined retrievals are to calibrate
should be noted that sensitivity to boundary layer ozone hagjifferent measurements in a consistent manner and to es-

not been fully exploited from OMI measurements due to taplish spectroscopic databases that are relatively consistent
retrieval dependencies with other ancillary parameters, esamong different spectral regions.

pecially the wavelength-dependent surface albedo parame-
ters. Because the limited ozone information for the bound-
ary layer partly originates from the broad variation of ozones Comparison of retrieval characteristics between
absorption with wavelength, it correlates with signatures  OMI, GOME, and SBUV
from aerosols and surface albedo. Thus, fitted wavelength-
dependent surface albedo parameters are cross-correlat@&cause ozone profiles have been previously measured from
with ozone parameters, reducing the sensitivity to ozone.  SBUV-like (i.e. from BUV) and GOME measurements since
The dotted lines in Fig. 4a show the DFS values without re-1970 and 1995, respectively (Bhartia et al., 1996; Liu et al.,
trieval dependencies on other non-ozone parameters. The@805), it is important to understand the differences in re-
values would increase by 0.4-0.7 at43-80 N and the tro-  trieval characteristics (e.g., vertical resolution and retrieval
pospheric DFS would increase by 0.2-0.6, mainly from theerrors) among these measurements. To minimize the effects
first layer (0.1-0.35 from the first layer). For most retrievals of factors such as a priori covariance matrix, viewing geom-
at 30 S-80 N, DFS values in the first layer would be com- etry, ozone fields, and retrieval parameters on the compari-
parable or larger than those in the second layer. AKs in theson, we modify the OMI level 1b data to SBUV and GOME-
troposphere would be better defined and the vertical resolulike measurements and perform retrievals from the same or-
tion would be improved. bit in Fig. 2. To represent SBUV retrievals, we convolve
Figures 5d—f show the same AKs as those in Fig. 5a—c exOMI measurements to the SBUV spectral resolution (1.13-
cept without retrieval dependencies. We can see significanbm FWHM) and interpolate convolved data to SBUV wave-
improvement in the first layer and in the troposphere over-lengths (except for 255.5 nm, not measured in OMI). A mea-
all for the second and third examples. The vertical resolu-surement error of 1% is assumed at each wavelength follow-
tion in the troposphere would be improved from 10-14 km ing the SBUV operational algorithm (Bhartia et al., 1996);
to 5-12km; the RE (dotted lines in Fig. 6) would increase the use of 1% error is to account for the scene change during
to 0.7-0.8 for the first layer, and the effective photon pene-the course of a sequential scan of all the wavelengths. A ma-
tration depth would be 920-950 hPa, almost down to the surjor difference between our OMI and GOME algorithms is the
face. In addition, the oscillations in OC, SOC and TOC AKs use of a different spectral range (290-307 nm, 325-340 nm)
would be slightly reduced, and retrieval errors would also bein the latter (Liu et al., 2005). To investigate how this affects
reduced. retrievals, we use OMI data (same spectral resolution and
The effects of retrieval dependencies suggest that in ordegignal to noise ratio) with this modified spectral range. We
to further improve retrievals, especially those in the bound-use the same a priori covariance matrix and retrieval parame-
ary layer, we need (1) to obtain better instrument calibra-ters for all these three retrievals. Tables 4 and 5 show similar
tion, (2) to use other auxiliary information (e.g., temperature comparisons as Tables 2 and 3 but for these three retrievals
profiles, aerosols, cloud, surface pressure) as accurately @ SZA between 30-60°.
possible, and (3) improve the accuracy of the forward model For retrievals with the modified spectral range, the total
parameters. Further improvements of the retrieval algorithmDFS is smaller by 1.7 mainly in the stratosphere because of
for OMI could include the addition of longer wavelengths not using measurements below 290 nm. Corresponding, ver-
to derive aerosol information, the simulation of radiancestical resolution is significantly coarser than OMI’s resolution
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Table 4. Similar to Table 2, but for comparison of OMI, GOME, and SBUV retrievals at solar zenith angle§@0

Altitude (km)/ FWHM (km) Solution Errors (%)
~Pressure (hPa) OMI GOME SBUV OMI GOME SBUV
52.5/0.6 12.8 21.5 14.1 5.8 7.7 6.6
47.5/1.2 14.5 20.1 15.7 3.8 5.2 4.9
42.5/2.3 9.5 16.2 13.8 2.0 34 3.6
37.5/4.5 7.6 135 10.7 1.4 23 2.9
32.5/9.0 7.1 9.4 9.9 1.6 2.2 3.8
27.5/19.0 7.8 8.9 11.4 2.0 24 4.1
22.5/40.2 14.3 13.3 22.6 3.4 4.0 6.0
17.5/88.0 10.7 12.6 20.4 8.3 9.7 13.2
12.5/192.3 14.1 16.7 25.0 15.6 16.9 21.5
7.5/397.0 11.4 13.4 24.6 145 16.4 24.8
2.5/758.0 9.6 10.8 19.2 17.2 19.1 24.9

Table 5. Similar to Table 3, but for comparison of OMI, GOME, and SBUV retrievals at solar zenith angle§@0

DFS Solution Errors (DU)
OMI GOME SBUV OMI GOME SBUV
Total 6.6 4.8 3.7 1.2 15 4.1
Stratospheric 5.6 3.9 35 2.2 2.7 4.6
Tropospheric 1.0 0.9 0.3 25 3.3 6.3

in the upper stratosphere. The tropospheric DFS is only6 Examples of retrievals
slightly smaller. The solution errors are larger by 0.5-2%
(from 1-6% to 2-8%) at each layer and are slightly larger for Figure 8 shows global maps of OC, SOC, TOC, and effective
OC, SOC, and SOC. cloud fraction on 26 August 2006. Figure 9 shows longitu-
For SBUV retrievals, most of the tropospheric DR(5)  dinal cross sections of ozone below 100 hPa at°18.&nd
is lost and the stratospheric DFS is reduced by 2 due to th&5.5 N, interpolated to fine vertical grids and converted to
use of only 11 discrete wavelengths and a large measuremen@lume mixing ratio. Large values of OC and SOC at mid-
error. The vertical resolution is 10-14 km over the pressuredle latitudes generally correspond to regions of tropopause
range 1.5-26 hPa (25-45km). The vertical resolution in thefolding, i.e., with large tropopause pressure (black contours
lower stratosphere and troposphere is 20-25 km, confirming@n OC and SOC maps). TOC in the tropics shows typical
the fact that ozone column below 25 km can still be well de-wave-1 pattern, with low TOC over regions of strong convec-
rived from the SBUV measurements (Bhartia et al., 1996).tion (e.g., the Pacific Ocean) and high ozone over the South
The solution errors increase by 1-3% (from 1-6% to 3—7%)Atlantic due to complex coupling between biomass burning,
in the stratosphere and by 5-10% in the troposphere; errorightning NG, and dynamic transport processes (Thomp-
in OC, SOC, and OC are more than doubled compared tgon et al., 2000; Martin et al., 2002; Edwards et al., 2003;
OMI retrievals. Note that the vertical resolution of 10-14 km Sauvage et al., 2006, 2007). The longitudinal cross section
above ozone density peak is significantly poorer than that esof 0zone profiles at 10°55 in Fig. 9a shows enhanced ozone
timated from the operational algorithm (6—8 km). This is pri- of 60-90 ppbv in the middle troposphere of South Atlantic,
marily due to the use of a different a priori covariance matrix. also moderately high ozone of 60 ppbv around Indonesia due
A priori error of 50% is used at each layer to better captureto the early stage of the 2006 Elii event (Logan et al.,
ozone trend from the operational SBUV retrievals, which in- 2008), as well as low ozone of 20-40 ppbv throughout the
creases the stratospheric DFS by 1.5. troposphere of the Pacific Ocean.
Zonal bands of high TOC are found at middle latitudes
(25° N-55’N, 20° S—40 S) in both hemispheres. Particu-
larly in the northern middle latitudes, enhanced TOC re-
gions are located over central and eastern US and its outflow
area, the west coast of Europe, the Mediterranean, the middle
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(a) Total Ozone Column
<7 e

(a) 10.55 ppbv

Pressure (hPa)

Pressure (hPa)

0
Longitude

Fig. 8. Maps of total ozone colum(a), stratospheric ozone column  Fig. 9. Longitudinal cross sections of ozone volume mixing ratio
(b), tropospheric ozone colum(e), and cloud fractior(d) on 26 from the surface to 100 hPa at 18Sand 35.5N, corresponding to
August 2006. The data are mapped Snidngitude x 1° latitude  the dashed white lines in Fig. 8. The retrieved partial ozone columns
grid cells. Some systematic cross-track position dependent biasegre interpolated to a finer vertical grid and are converted to volume

have been removed before gridding by assuming these data do n@hixing ratio. The white lines indicate the NCEP tropopause.
vary with cross-track position within a month. The black contours

on (a) and (b) indicate the NCEP tropopause pressure used (The

contour levels are 100, 150, 200, 250, 300, 350hPa) and the twe,re gp shows low ozone values of 30-40 ppbv in the upper
white dashed.llnes |nd|cat(? the latitudes vyhere zonal cross Secuont?oposphere at 125V, which is likely due to the transport of
of tropospheric ozone profiles are shown in Fig. 9. . . ] . . .
tropical marine air based on the animation of daily maps.
TOC at high latitudes is generally low partly due to lower
tropopause except over Antarctica, where high TOC is be-

East, East Asia and its outflow regionS. These hlgh 0ZzoONgause the NCEP tropopause is too h|gh]_50 hPa) The
features are not caused by retrieval artifacts associated witfow TOC over the Himalayas, Greenland, Andes, and Rocky
clouds since they do not always correspond to high cloudi-mountains is due to high terrain; when converted to mean
ness (Fig. 8d). Some of these ozone enhancements will remixing ratio, the values are similar to or slightly higher than
flect the transport of industrial pollution from the continents; those in surrounding areas.
this have been shown from many modeling studies (Parrish et The high spatial resolution and daily global coverage of
al., 1993; Lelieveld et al., 2002; Liu et al., 2003; Duncan andom| observations make our retrievals especially suitable
Bey, 2004; Auvray and Bey, 2005; Li et al., 2005; Cooper for tracking the spatiotemporal evolution of ozone features
et al., 2007). Some of these features could also be causeghsed by chemical and dynamic processes, such as the long-
by stratospheric intrusions (Cooper et al., 2004a, 2005). Fofange transport of pollution, stratospheric folding events, and
example, Fig. 9b shows the transport of high ozone fromyansport of low-ozone tropical marine air to higher latitudes.
the stratosphere to the middle troposphere af ¥80asso-  Figure 10 shows mean tropospheric 0zone mixing ratio as
ciated with a tropopause folding as seen from the NCERyg|| as |ongitudinal cross sections of ozone profiles below
tropopause. Due to limited vertical resolution and the fact{gghpa at 315N and 41.8 N over the North Pacific dur-
that pollution plumes from continental outflows often mix ing an event of transpacific transport of pollution on 5-9
with stratospheric air masses (Cooper et al., 2004a, 2005)\/|ay 2006. This event has been well studied by Zhang et
it is difficult to identify the origins of these high ozone fea- g (2008); the Asia pollution plume is lifted by a south-
tures from OMI retrievals alone. It is necessary to use othelpgstward moving front and is rapidly transported in westerly
in-situ observations, model simulations, and meteorologicalyinds across the Pacific.
fields to assist with the interpretation of OMI retrievals. It e progression of this transport event can be seen clearly
is likely that high ozone in the southern middle latitudes is fom Atmospheric Infrared Sounder (AIRS) observations
due to stratospheric intrusion as well as the lifting of 0zone ;4 GEOS-Chem simulations of CO (Fig. 7 of Zhang et al.,
precursors from biomass burning to the upper troposphere. 200g). OMI retrievals (Fig. 10a) show features very similar

There is large spatial variability at middle latitudes, with a to the spatiotemporal distribution of CO except for some high
mixture of high ozone features with low ozone features dueozone likely due to stratospheric intrusions. For example,
in part to frequent transport of tropical marine air to middle the high-ozone stream over the west coast of the US where
and high latitudes as can be seen from Fig. 8c and Fig. 9tthere is low CO is not caused by the transport of Asian pollu-
(e.g., 180W, 140 W, 500 W, 40 E, 140 E, 160 E). Fig- tion, but by a stratospheric folding event, the spatiotemporal
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Fig. 10. An event of transpacific transport of pollution from East

Asia across the North Pacific Ocean to the United States on 5-9 May

2006. (a) Mean tropospheric ozone volume mixing rat{b) lon-
gitudinal cross sections of ozone profiles below 100 hPa af31.5
and(c) same as (b) but at 4.5l. The dashed lines on (a) indicate
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7 Summary

We have applied our ozone profile retrieval algorithm, orig-
inally developed for the Global Ozone Monitoring Experi-
ment (GOME), to the Ozone Monitoring Instrument (OMI)
data. Because OMI instrument characteristics are dissimi-
lar, we use a different strategy to deal with radiometric cal-
ibration. The OMI retrievals also use an improved radia-
tive transfer model. To check the radiometric calibration of
OMI, we compare radiances simulated with zonal mean Mi-
crowave Limb Sounder (MLS) ozone profiles in the tropics
with OMI observations. OMI UV radiances show significant
across-track and wavelength dependent biases (typicéHy
7%) as well as discontinuities of 3-9% at 310 nm between
UV-1 and UV-2 channels. A first-order correction is derived
by averaging two days’ radiance differences, and applied in-
dependent of space and time to OMI radiances prior to the
retrievals. From corrected OMI radiances (270-330 nm), we
retrieve partial ozone columns at 24 approximately 2.5-km
layers between the surface and0km using the optimal
estimation technique. Total, stratospheric, and tropospheric
ozone column (OC, SOC, TOC) are directly integrated from
the retrieved profiles.

the latitudes of cross sections. The white lines indicate the NCEP There are 6-7.3 degrees of freedom for signal in the re-

tropopause. The data are mapped diohgitudex 1° latitude grid
cells.

evolution of which can also be clearly seen from Figs. 10a

trievals with 5-6.7 in the stratosphere and up to 1.5 in the tro-
posphere. In the stratosphere, ozone information generally
peaks between 1-30 hPa with vertical resolution of 7-11 km.
In the tropics and mid-latitude summer, tropospheric infor-

mation generally peaks between 500-700 hPa with vertical

and b. The cross sections also clearly indicate significantqq ) ion of 10-14 km, and the retrievals are effectively sen-

stratospheric influences, even in regions of pollution trans
port, as many high ozone features are well connected t
high ozone above. The coexistence of stratospheric intru
sion with transport of pollution is consistent with the findings
of Cooper et al. (20044, b) that stratospheric air masses o
ten mix with pollution plumes in regions of continental out-
flow. In the above example, on 9 May, part of the pollution

plume reached the west coast of the US. Aircraft observas;

tions near 138W, 42° N show ozone of 25-45 ppbv in the

sitive to ozone down te~800-900 hPa. The random-noise

@rrors (i.e., precisions) are typically 0.5-2% in the middle

stratosphere, 3-5% in the upper stratosphere and increase to

fas much as 10% in the lower stratosphere and troposphere.
T

he solution errors, i.e., root sum square of both random-
noise and smoothing errors, are dominated by smoothing er-
rors; they are generally 1-6% in the middle stratosphere, up
to 10% in the upper stratosphere, and 6—35% in the tropo-
sphere. OC, SOC, and TOC can be accurately retrieved. Un-

lower troposphere (0-2.5km) and 60-80 ppbv (3.5-10km)yq ojar enith angles less thar? 8the precisions are gen-

in the middle troposphere, and illustrate the decompositio
of peroxyacetylinitrate (PAN) and the production of ozone
(Fig. 9 of Zhang et al., 2008). OMI ozone profiles over this
region show ozone values of 70 ppbv over 2.5-10 km, consis
tent with aircraft observations, but show much higher value
of 55 ppbv over 0-2.5 km (Fig. 10c). Another distinct feature
from this event is the transport of low-ozone tropical air with

n

erally within 2—-3 DU, and the solution errors are generally
less than 4-5DU.

We present several examples of retrievals with an empha-
sis on tropospheric ozone, although there is much more in-
ormation in the stratosphere than in the troposphere. OMI
retrievals are capable of capturing tropospheric ozone sig-
nals due to convection, biomass burning, anthropogenic pol-

tr;e S outheastwa_rd nlmwlng flront. 2ehsp|.te coa}rse vgrulcal rgs‘fution, transport of pollution, transport of low ozone tropical
olution, ?MI retnevafshc earfy trac osr|zont<_';1 ' velrtlca, and air to the middle and upper troposphere of middle and high
temporal transport of these features. Sometimes OW 0ZON€ IRyt des, and stratospheric intrusions. Despite coarse verti-
transported to the upper troposphere, above relatively hlgheJial resolution, OMI’s high spatial resolution and daily global

0zone. coverage make our retrievals suitable for tracking the spa-
tiotemporal evolutions of tropospheric ozone features caused
by chemical and dynamic processes.
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