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Abstract. In this paper, we examine how clouds over snow
and ice affect ozone absorption and how these effects may
be accounted for in satellite retrieval algorithms. Over snow
and ice, the Aura Ozone Monitoring Instrument (OMI) Ra-
man cloud pressure algorithm derives an effective scene pres-
sure. When this scene pressure differs appreciably from the
surface pressure, the difference is assumed to be caused by
a cloud that is shielding atmospheric absorption and scatter-
ing below cloud-top from satellite view. A pressure differ-
ence of 100 hPa is used as a crude threshold for the detec-
tion of clouds that significantly shield tropospheric ozone ab-
sorption. Combining the OMI effective scene pressure and
the Aqua MODerate-resolution Imaging Spectroradiometer
(MODIS) cloud top pressure, we can distinguish between
shielding and non-shielding clouds.

To evaluate this approach, we performed radiative transfer
simulations under various observing conditions. Using cloud
vertical extinction profiles from the CloudSat Cloud Profil-
ing Radar (CPR), we find that clouds over a bright surface
can produce significant shielding (i.e., a reduction in the sen-
sitivity of the top-of-the-atmosphere radiance to ozone ab-
sorption below the clouds). The amount of shielding pro-
vided by clouds depends upon the geometry (solar and satel-
lite zenith angles) and the surface albedo as well as cloud op-
tical thickness. We also use CloudSat observations to qual-
itatively evaluate our approach. The CloudSat, Aqua, and
Aura satellites fly in an afternoon polar orbit constellation
with ground overpass times within 15 min of each other.
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(alexandervassilkov@ssaihq.com)

The current Total Ozone Mapping Spectrometer (TOMS)
total column ozone algorithm (that has also been applied to
the OMI) assumes no clouds over snow and ice. This as-
sumption leads to errors in the retrieved ozone column. We
show that the use of OMI effective scene pressures over snow
and ice reduces these errors and leads to a more homoge-
neous spatial distribution of the retrieved total ozone.

1 Introduction

According to the review byCurry et al.(1996), the radiation
budget for snow-covered regions depends significantly on the
presence of clouds. This dependence is not well understood,
mostly owing to a lack of reliable cloud data over these areas.
Since then, a number of algorithms have been developed for
satellite detection of clouds over snow and ice (e.g.,Acker-
man et al., 1998; Gao et al., 1998; Key et al., 2001; Pinker et
al., 2007; Wang and Key, 2003; Li et al., 2007; Khlopenkov
and Trishchenko, 2007).

For most surface types, threshold techniques based on
cloud spectral constrasts in the visible and thermal infrared
(IR) are sufficiently reliable to detect clouds. These thresh-
olds are based on the fact that clouds are usually brighter and
colder than the surface. However, they have difficulty dis-
criminating between clouds and snow- and ice-covered sur-
faces, because these surfaces can be as bright and cold as the
overlying cloud (Gao et al., 1998). In fact, snow/ice surfaces
are sometimes colder than overlying clouds, due to tempera-
ture inversions that are common in the polar regions (Curry
et al., 1996).
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Gao et al.(1998) demonstrated that the 1.38 µm water va-
por absorption channel on the MODerate-resolution Imag-
ing Spectroradiometer (MODIS) is useful for detecting high
clouds over snow and ice during the daytime. They also
showed that lower-level water-droplet clouds can be distin-
guished from background snow and ice using a channel lo-
cated at the center of the 1.5 µm ice absorption band.

Ackerman et al.(1998) developed the operational MODIS
cloud mask algorithm that includes detection of clouds over
snow and ice. The algorithm uses a combination of several
spectral threshold tests in the visible, near IR, and thermal
IR. Again, the reflectance channel at 1.38 µm is used for de-
tection of high clouds over snow and ice. More details can
be found inAckerman et al.(2006).

Spectral threshold tests are also used for detecting clouds
over snow and ice with the Advanced Very High Resolution
Radiometer (AVHRR) (Key, 2002). Cloud detection and op-
tical depth retrievals with AVHRR utilize reflectances at 0.9
and 3.7 µm as well as differences in brightness temperatures
at 11 and 12 µm. The algorithm was applied to the 17-year
AVHRR record over the Arctic to study trends in cloud cov-
erage and short-wave cloud radiative forcing (Wang and Key,
2003). Key et al.(2001) demonstrated that satellite monitor-
ing of the temporal and spatial variability of broadband sur-
face albedo can also be accomplished with this data record.
They concluded that on average, the snow/ice albedo is ap-
proximately 0.04 to 0.06 higher under cloud cover than for
clear skies.

Li et al. (2007) suggested a new coupled cloud and snow
detection algorithm applicable to the Geostationary Opera-
tional Environmental Satellites (GOES) imager. The algo-
rithm was designed to improve satellite estimates of short-
wave radiative fluxes for snow covered areas (Pinker et al.,
2007).

Krijger et al. (2005) developed an algorithm to differ-
entiate between clouds and snow/ice covered surfaces that
makes use of the SCanning Imaging Absorption spectroM-
eter for Atmospheric CHartographY (SCIAMACHY) polar-
ization measurement device (PMD) observations in the spec-
tral range between 450 nm and 1.6 µm. The algorithm is
based on spectral threshold tests and mostly utilizes the dif-
ference in reflectance between clouds and the snow covered
surface around 1.6 µm. A similar algorithm was used byLotz
et al.(2009).

In clear-sky conditions, satellite backscatter ultraviolet
(UV) and visible (Vis) instruments have enhanced sensitiv-
ity to trace-gas absorbers in the lower troposphere over snow
and ice as compared with lower albedo surfaces. How-
ever, clouds screen absorption and reduce this sensitivity
enhancement over snow and ice. Therefore, knowledge of
cloud properties is important for accurate retrieval of tropo-
spheric trace gas amounts from UV/Vis sensors over snow
and ice. Relevant trace gases include O3, NO2, BrO, and
SO2. The importance of cloud height information for trace-

gas retrievals in general has been documented (e.g.,Koele-
meijer et al., 1999; Vasilkov et al., 2004).

There are several satellite UV/Vis backscatter spectrome-
ters that currently provide trace-gas and cloud height infor-
mation. These include SCIAMACHY (Bovensmann et al.,
1999) on the European Space Agency (ESA) Environmen-
tal Satellite (EnviSat) launched in 2002, the Ozone Monitor-
ing Instrument (OMI) (Levelt et al., 2006) flying on the Na-
tional Aeronautics and Space Administration (NASA) Aura
satellite since 2004, the Global Ozone Monitoring Experi-
ment (GOME) on the European Space Agency (ESA) Euro-
pean Remote Sensing satellite 2 (ERS-2) launched in 1995
(Burrows et al., 1999), and GOME-2 (Munro et al., 2006)
launched on the EuMetSat MetOp platform in late 2006.

Over snow and ice, the OMI rotational-Raman cloud pres-
sure algorithm derives an effective scene pressure assuming
a Lambertian surface. In clear-sky conditions, this scene
pressure should be equal to the surface pressure. The shield-
ing effect of clouds lowers the retrieved scene pressure and
also reduces the amount of tropospheric ozone seen by the
satellite. The current OMI total ozone algorithm, based on
the heritage Total Ozone Mapping Spectrometer (TOMS) al-
gorithm, does not account for the effects of clouds over snow
and ice (Bhartia and Wellemeyer, 2002).

Various Differential Optical Absorption Spectroscopy
(DOAS) ozone algorithms applied to GOME and SCIA-
MACHY (Coldewey-Egbers et al., 2005; Roozendael et al.,
2006) make use of cloud information from the oxygen A-
band (Koelemeijer et al., 2001; Kokanovsky et al., 2006). For
example, over snow and ice the oxygen A-band cloud algo-
rithm of Koelemeijer et al.(2001) assumes full cloud cover-
age and retrieve the effective scene height which comes out
as a height of a Lambertian reflecting layer that provides the
observed amount of oxygen absorption. This effective scene
height is then used for estimating the ghost vertical column
of ozone to be added to the total column ozone (Coldewey-
Egbers et al., 2005). It should be noted that OMI does not
provide measurements in the oxygen A-band.

Here, we investigate whether the use of retrieved OMI
scene pressures over snow and ice can improve total column
ozone retrievals. We use a radiative transfer model in con-
junction with profiles of cloud extinction from the Cloud-
Sat and Aqua MODIS instruments to examine how the cloud
shielding effect varies with solar and satellite geometry as
well as surface and cloud properties. We also propose a rel-
atively simple scheme for the OMI and MODIS sensors to
classify clouds as either shielding or non-shielding over snow
and ice. All three instruments are part of the so-called A-
train polar-orbiting satellite constellation; collocated mea-
surements are taken within a 15-min time span. The Cloud-
Sat radar data provide an excellent opportunity to evaluate
this OMI/MODIS classification.

The paper is structured as follows. Section2 briefly de-
scribes the OMI cloud pressure algorithm that is based on
atmospheric rotational-Raman scattering. Section3 presents
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radiative transfer simulations for a simple cloud model to
study the effects of a bright underlying surface on the de-
rived scene reflectivity, scene pressure, and column ozone.
In Sect.4, we use the OMI-retrieved scene pressure to clas-
sify clouds over snow/ice. Results are qualitatively com-
pared with CloudSat data. In Sect.5, we compare OMI total
column ozone retrievals over snow and ice derived with the
assumption of no clouds and with OMI-derived scene pres-
sures. Conclusions are given in Sect.6.

2 Optical centroid pressure (OCP) from OMI

OMI is a nadir-viewing radiometer that measures the so-
lar irradiance and Earth backscattered radiance from 270 to
500 nm (Levelt et al., 2006). It provides near-global coverage
with a nadir pixel size of 13 by 24 km in the UV-2 channel
(310–365 nm) used to retrieve total column ozone.

In this paper, we use scene pressures retrieved from OMI
with an algorithm based on atmospheric rotational-Raman
scattering (RRS) in the UV-2 channel (Joiner et al., 2004;
Joiner and Vasilkov, 2006). The RRS algorithm uses a fitting
window of 346–354 nm that has an average spectral sam-
pling distance of 0.15 nm and a full-width half-maximum
(FWHM) slit of 0.45 nm. The OMI-RRS algorithm retrieves
a cloud pressure, referred to here as the optical centroid pres-
sure (OCP), from the measured amount of filling-in and de-
pletion of solar Fraunhofer lines, also known as the Ring ef-
fect, produced by RRS. The filling-in effect generates a high-
frequency structure in the top-of-the-atmosphere (TOA) ra-
diance spectrum. The OCP is derived by a minimum-
variance technique that spectrally fits the observed high-
frequency structure of TOA reflectance. In general, screen-
ing of the lower atmosphere by clouds reduces the amount of
Fraunhofer-line filling-in seen by satellite instruments.

The OMI-RRS OCPs are qualitatively similar to those de-
rived from algorithms based on oxygen dimer (O2-O2) and
oxygen A-band absorption (Sneep et al., 2008) in the visible
and near IR, respectively. However, our OCPs differ consid-
erably from cloud-top pressures retrieved from thermal in-
frared (IR) observations (Vasilkov et al., 2008; Joiner et al.,
2010).

By computing ozone absorption Jacobians inside convec-
tive clouds,Ziemke et al.(2008) demonstrated that photons
penetrate deeply inside these clouds, reaching pressures near
the OCP value with enhanced ozone absorption due to mul-
tiple scattering in the upper portions of such clouds. This
provides strong evidence that the OCP is more appropriate
than cloud-top pressure for radiative calculations in the vis-
ible and ultraviolet. Joiner et al.(2009) subsequently used
the OCP for accurate satellite-derived estimates of the tropo-
spheric ozone impact on the global radiation budget. Sim-
ilarly, Vasilkov et al.(2009) used the OCP for estimates of
the tropospheric NO2 impact on the regional radiation bud-
get. The OCP has also been used to estimate ozone mixing

ratios inside deep convective clouds given an estimate of the
ozone column above the clouds (Ziemke et al., 2008).

For OMI, snow- and ice-covered surfaces are flagged us-
ing the Near Real-time SSM/I EASE-Grid Daily Global Ice
Concentration and Snow Extent (NISE) data set (Nolin et al.,
1998). In these conditions, the OMI RRS cloud pressure al-
gorithm retrieves an effective scene pressure,Pscene, assum-
ing a Lambertian surface.Psceneis defined for a given pixel
as the pressure at which a Lambertian surface must be placed
in order to produce the observed amount of rotational-Raman
scattering. In this Lambertial model, the surface albedo is
set equal to the LER (Lambert-Equivalent Reflectivity)R at
354 nm; RRS filling effects are small at this wavelength. The
LER is defined by

Im = I0+RIgγ /(1−RSb), (1)

whereIm is the measured TOA radiance,I0 is the TOA radi-
ance calculated for a pure Rayleigh atmosphere and surface
reflectivity R=0, Ig is the total irradiance reaching the sur-
face,γ is the the transmittance of the radiance reflected from
the surface, andSb is the fraction of the reflected surface flux
that is scattered by the atmosphere back to the surface.

Psceneis derived from the measured RRS filling-in using
a lookup table approach. The cloud screening effect will
causePsceneto differ from the surface pressure,Psurf. When
the difference1P = Psurf−Psceneis small, either no cloud is
present or a cloud is not generating significant shielding.

Figure1 shows examples of1P for three OMI scan lines
over Antarctica. The surface pressure here is computed from
a 0.5◦×0.5◦ terrain-height data set using the standard atmo-
sphere.1P is small (<25 hPa) or even slightly negative for
OMI scan lines 300 and 350. However,1P exceeds 200 hPa
for OMI scan line 400. This is presumably due to the pres-
ence of shielding clouds. Collocated Aqua MODIS cloud re-
trievals (Platnick et al., 2001) confirm the presence of clouds
with optical thickness (τ ) greater than 20 over this part of
Antarctica.

In general, the shielding effect of clouds reduces the
filling-in. However, under some circumstances, the pres-
ence of clouds with an underlying bright surface can increase
filling-in and ozone absorption as compared with clear-sky
conditions. This is due to light that penetrates through an op-
tically thin cloud and undergoes enhanced scattering between
the cloud and bright surface (Vasilkov et al., 2008). This pho-
ton trapping effect has been well established in the literature
(e.g.,Michelangeli et al., 1992; Rozanov et al., 2004a,b). The
effect can lead to higher retrieved scene pressures for opti-
cally thin clouds (τ < 1−8) over snow and ice as compared
with values ofPscenefor a dark surface. The effect is most
pronounced for low and moderate solar and view zenith an-
gles. For large zenith angles, the photon trapping effect is
diminished owing to large pathlengths through the cloud and
atmosphere (e.g., large Rayleigh optical thickness especially
at ultraviolet wavelengths).
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Fig. 1. Left: three OMI scan lines (iLine=300, 350, and 400) over Antarctica for OMI orbit 12394 on 13
November 2006. Right: difference between surface pressure, Psurf , and retrieved scene pressure,Pscene,
(pressure of a Lambertian surface that provides the observed amount of rotational-Raman scattering –
see text for details) for these scan lines as a function of OMIcross-track position.
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3 Radiative transfer simulations of cloud over snow/ice

In this section, radiative transfer (RT) simulations are car-
ried out using the generic discrete ordinate LIDORT-RRS
code that accounts for RRS in the first-order approximation
(Spurr et al., 2008). The RT code computes both the elastic
and inelastic components of the radiance field in a multiply-
scattering atmosphere. All simulations are based on the
wavelength grid of the OMI-measured solar spectrum, with
these irradiance values providing the input Fraunhofer struc-
ture. We next describe two sets of computations carried out
with this code.

3.1 Cloud pressures from simulated inelastic scattering

In the first set of simulations, we create synthetic OMI radi-
ances and then use them to retrieve cloud pressures with pre-
computed lookup tables. Synthetic radiances are computed
for scenarios along the OMI scan line 300 on 13 November
2006 (see Fig.1). The purpose of this exercise is to study
how the cloud pressure retrievals depend upon input optical
properties and viewing geometry for high solar zenith angles
and high surface albedos.

We simulate radiances using plane-parallel clouds of 1 km
geometric thickness with various values of cloud optical
thicknessτ , cloud heights of 3 and 5 km, and with three dif-
ferent cloud phase functions. The first of these is the water-
droplet C1 cloud model with a modified-gamma size distri-
bution of equivalent radius of 6 µm (Deirmendjian, 1969).
The second is a Henyey-Greenstein (H-G) phase function
with asymmetry factorg = 0.85. Third, we use a short-
wave model of ice cloud fromhttp://www.ssec.wisc.edu/
∼baum/Cirrus/IceCloudModels.htmlwith effective diameter

of 30 µm (Baum et al., 2005). In all cases, the cloud single
scattering albedo is set to unity.

The surface is assumed to be Lambertian with an albedo
of 0.7 or 0.9 and a pressure of 1013 hPa. We neglect the bidi-
rectional reflectance distribution function (BRDF) of snow
surfaces. The BRDF effect is smaller in the UV than in the
visible; strong Rayleigh scattering in the UV smooths the
BRDF effect.Li et al. (2007) investigated BRDF corrections
to the LER for MODIS albedo retrieval over snow surfaces.
At 412 nm, the correction is less than 4% for all albedos.

We retrieve cloud pressure from synthetic radiances us-
ing a simplified version of the OMI RRS cloud algorithm.
Instead of fitting multiple Fraunhofer features within the
345.5–354.5 nm fitting window normally used in the OMI
RR algorithm, we use a single wavelength (352.6 nm). De-
tails of this approach can be found inVasilkov et al.(2008).

Figure 2 shows1P , the simulated difference between
the surface and retrieved scene pressure, as a function of
τ for an OMI nadir view (solar zenith angleθ0 = 66.7◦)
and for a swath edge view (θ0 = 61.3◦, view zenith angle
θ = 69.7◦, azimuth angleφ = 66.8◦) with a surface albedo
of 0.7. Calculations are performed with the ice cloud model.
1P≥100 hPa is used here as a threshold for unambiguous
detection of shielding clouds. This threshold is indicated in
Fig.2. At the swath edge, where the geometrical airmass fac-
tor (sec(θ0)+sec(θ)) is large, shielding occurs for the higher
cloud (5 km) at relatively low optical thicknesses (τ >∼0.5).
For the nadir view, the same magnitude of shielding occurs
for τ >∼ 2.5. This viewing geometry dependence is even
larger for cloud height 3 km, with1P reaching the 100 hPa
threshold atτ ' 1 and 7 at the swath edge and nadir, respec-
tively.

Theτ at which1P is equal to 100 hPa (τ100), depends on
surface albedoA. ForA = 0.9, τ100 for nadir observations is
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Fig. 2. Cloud pressure difference,Psurf−Pscene, from simulated ice
cloud data for surface albedo 0.7 and geometry of OMI scan line
300.

higher by a factor of 2.5–3.0 compared with that atA = 0.7.
This factor is approximately the same for all three cloud
models. The choice of phase function has a substantial effect
on the absolute value ofτ100. This effect is most pronounced
for nadir observations and is generally small at swath edge.
Simulations show that the smallest and largest values ofτ100
occur for the H-G phase and C1 phase functions, respec-
tively. For instance,τ100= 0.5, 2.5, and 7 for the H-G, ice
crystal, and C1 phase functions, respectively forA = 0.7 and
cloud top height 5 km.

Figure3 shows the difference between the cloud top pres-
sure and retrieved scene pressure. The scene pressure rapidly
approaches the cloud top pressure at swath edge. As ex-
pected, nadir observations have more sensitivity deeper in-
side the cloud.

3.2 Sensitivity of TOA radiance to ozone absorption
beneath clouds

In the second series of RT simulations, we used cloud extinc-
tion profiles from CloudSat over Antarctica. The Cloud Pro-
filing Radar (CPR) on CloudSat provides information about
cloud vertical structure over snow and ice (Stephens et al.,
2002). The CPR generates 2-D radar reflectivity cross sec-
tions through clouds. The combination of information from
CPR and MODIS yields estimates of vertical optical extinc-
tion profiles and totalτ of clouds (Stephens et al., 2008).

Figure4 shows probability density functions of the total
cloud τ over Antarctica and the surrounding sea ice for 13
November 2006. Over sea ice, the distribution is bimodal
with a large narrow spike at low optical thicknesses (< 3)
and a broad secondary peak nearτ = 20. There are more
thin clouds over the continent with a broad tail at higher op-
tical thicknesses and no distinct secondary mode. Figure4
also shows average profiles of cloud extinction for three bins:
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Fig. 3. As in Fig. 2 but for cloud-top pressure difference,Pscene−

Ptop.

Table 1. Latitude (Lat.), longitude (Long.), solar zenith angle (θ0),
viewing zenith angle (θ ), relative azimuth angle (φ), and total cloud
optical thickness (τ ) of CloudSat profiles used for Jacobian compu-
tations.

Profile # Lat. Long. θ0 2 φ τ

1 −68.76 −29.41 61.05 11.22 127.36 5.6
2 −63.96 −89.45 57.18 15.49 129.95 22.8
3 −70.36 −139.83 62.46 11.22 126.65 15.6
4 −68.59 −29.41 60.83 11.22 127.36 33.7

0 < τ < 5, 5< τ < 25, andτ > 25. Over sea ice, there is
a predominant peak in optical thickness at about 1 km al-
titude for moderate to high optical thickness clouds. Over
land, the optical depth peaks at higher altitudes (∼5 km).

To study how clouds over snow and ice affect the sensi-
tivity of TOA radiances,I , to tropospheric ozone absorp-
tion, we compute Jacobians∂ lnI/∂τ(h), whereτ(h) is the
ozone optical depth in a 1 km layer as a function of alti-
tudeh. We select four typical profiles of cloud extinction
derived from CloudSat/MODIS over snow/ice: one for op-
tically thin cloud, the second for a distinct two layer cloud
scenario, thirdly for a high-altitude optically thick cloud, and
finally for a low-altitude optically thick cloud. We use the
solar and viewing conditions for OMI pixels collocated with
the CloudSat/MODIS retrievals (see Table1 for details).

Figures5 and 6 compare Jacobians computed for clear-
sky and cloudy conditions. The Jacobians were computed
with the C1 cloud model and for surface albedos of 0.7
and 0.9. The total ozone amount was set to 235 DU with
the tropospheric ozone mixing ratio approximately constant
(∼0.04 ppmv) below 10 km. The choice of phase function
had a negligible effect on the Jacobians for these cases.

www.atmos-meas-tech.net/3/619/2010/ Atmos. Meas. Tech., 3, 619–629, 2010
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Fig. 4. Top: probability density function of cloud optical thickness for cloudy data over Antarctica and
surrounding sea ice on 13 November 2006. Bottom: average profiles of cloud extinction for threeτ bins
and latitudes< −60◦. Left: land; right: sea.

24

Fig. 4. Top: probability density function of cloud optical thickness for cloudy data over Antarctica and surrounding sea ice on 13 November
2006. Bottom: average profiles of cloud extinction for threeτ bins and latitudes< −60◦. Left: land; right: sea.

As seen in Figs.5 and 6, there is enhanced ozone ab-
sorption above the clouds. This enhanced absorption above
clouds is less pronounced for higher surface albedos. For the
two layer cloud, ozone absorption is enhanced above both the
upper and lower cloud layers. The difference between clear
and cloudy sky Jacobians below clouds can be interpreted as
the cloud shielding effect. The amount of cloud shielding
depends onτ and the cloud vertical structure; optically thick
clouds lead to greater shielding sensitivity, while cloud ver-
tical structure determines the onset of shielding. The amount
of cloud shielding is reduced at higher surface albedo.

4 Cloud classification over snow/ice with OMI and
MODIS

Here we perform a simple classification of clouds over snow
and ice surfaces without the benefit of the MODIS near-
IR channel for which snow and ice surfaces appear dark.
The classification scheme makes use of the pressure differ-
ence1P = Psurf− Pscenebetween the surface and the de-
rived scene pressures. It also uses the cloud top pressure
Ptop (expressed as a fraction of the troposphere), i.e.,P̄top =

(Psurf−Ptop)/(Psurf−Ptropo), wherePtropo is the tropopause

pressure. A latitude-dependent estimate of the tropopause
pressure is provided in the MODIS data set.

The classification proceeds as follows: If̄Ptop > 0.3,
clouds are considered to be reliably detected. For detected
clouds, if1P > 100 hPa, clouds are designated as shielding,
otherwise they are classified as non-shielding. As expected,
for all reliably detected clouds, the derived scene pressure
was greater than the cloud top pressure.

Figures7 and 8 show results of the classification over
Antarctica for OMI orbits 12394 and 12395, respectively on
13 November 2006. The cloud classification looks qualita-
tively similar to a map of cloud optical thickness retrieved
from MODIS for that day (not shown); shielding clouds oc-
cur where cloud optical thickness is high and non-shielding
clouds are present at lower cloud optical thicknesses. To
evaluate this scheme in more detail, we use collocated Cloud-
Sat data.

Figure9 shows cloud optical extinction from the Cloud-
Sat/MODIS 2B-Tau product (Stephens et al., 2008) along
the orbital track shown in Fig.7 (OMI orbit 12394). Fig-
ure 9 also shows OMI scene pressures, MODIS minimum
cloud top pressure within that OMI scene, and surface pres-
sures. OMI scene and surface pressures are very similar for
latitudes south of−67◦. The absence of clouds for those
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Fig. 5. Jacobians (derivative of natural log of radiance with respect to the ozone optical depth) (left)
computed for two different (top and bottom) CloudSat/MODIS cloud extinction profiles (right) and two
values of surface albedosA.
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Fig. 5. Jacobians (derivative of natural log of radiance with respect
to the ozone optical depth) (left) computed for two different (top
and bottom) CloudSat/MODIS cloud extinction profiles (right) and
two values of surface albedosA.

latitudes is confirmed by CloudSat. Surface pressures are
provided at 0.5◦×0.5◦ resolution, which is coarser than the
near-nadir OMI spatial resolution. This discrepancy is re-
sponsible for some of the differences between surface and
OMI scene pressures. For latitudes between−67◦ and−66◦,
OMI-retrieved scene pressures are slightly less than surface
pressures, and MODIS observes high clouds. These pix-
els are classified as non-shielding clouds. In contrast, OMI
scene pressures for latitudes north−66◦ are much lower than
corresponding surface pressures, and MODIS again observes
high clouds. The shielding classification coincides with ge-
ometrically and optically thick clouds observed by Cloud-
Sat/MODIS.

Another example of validation of our cloud classification
scheme with Cloudsat/MODIS data is shown in Fig.10 for
OMI orbit 12395. Again, CloudSat confirms the absence of
clouds for latitudes south of−70◦ where OMI scene pres-
sures are close to surface pressures. There are two regions:

Fig. 6. Similar to Fig. 5 for different cloud extinction profiles.
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Fig. 6. Similar to Fig.5 for different cloud extinction profiles.

between−70◦ and−71◦ and−61◦ and−60◦, where MODIS
observes high clouds and OMI scene pressures are some-
what less than surface pressures. Those regions are classified
as non-shielding clouds and CloudSat/MODIS confirms that
clouds have moderate optical depths there. The regions with
optically thick clouds observed by CloudSat/MODIS are cor-
rectly classified as shielding clouds.

CloudSat has a narrow field-of-view (∼1.4 km) as com-
pared with the cross-track size of an OMI pixel (minimum
of 24 km). Therefore, clouds seen in the thin CloudSat slice
through an OMI pixel may not be representative of the cloud
conditions for that pixel, especially when there is signifi-
cant spatial inhomogeneity. Despite this, our comparisons
with CloudSat data show that the OMI/MODIS classification
scheme provides reasonable results in most of the examined
cases.
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Fig. 7. Map of cloud classification over Antarctica for OMI orbit 12394: not detectable or no clouds
in orange, non-shielding (optically thin) clouds in yellow, and shielding (optically thick) clouds in light
blue/gray. The red line represents the collocated CloudSat orbital track.
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Fig. 7. Map of cloud classification over Antarctica for OMI orbit
12394: not detectable or no clouds in orange, non-shielding (opti-
cally thin) clouds in yellow, and shielding (optically thick) clouds
in light blue/gray. The red line represents the collocated CloudSat
orbital track.

 

Fig. 8. As in Fig. 7 but for OMI orbit 12395.
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Fig. 8. As in Fig.7 but for OMI orbit 12395.

5 Total column ozone retrievals over snow and ice

Over snow and ice, the current TOMS algorithm (version 8.5
or V8.5, also known as OMTO3 when applied to OMI) re-
trieves ozone column amounts assuming no clouds. It was
shown in Sect.3.2 that clouds can substantially shield the
satellite measurements from ozone beneath them. It follows
that the no-cloud OMTO3 assumption over snow and ice
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Fig. 9. CloudSat cross section of cloud extinction (upper color scale in km−1) with various parameters
retrieved from collocated OMI and MODIS data for OMI orbit 12394 on 13 November 2006. Results of
the cloud classification are shown on the upperx-axis.
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Fig. 9. CloudSat cross section of cloud extinction (upper color scale
in km−1) with various parameters retrieved from collocated OMI
and MODIS data for OMI orbit 12394 on 13 November 2006. Re-
sults of the cloud classification are shown on the upper x-axis.
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Fig. 10. As in Fig. 9 but for OMI orbit 12395.
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Fig. 10. As in Fig.9 but for OMI orbit 12395.

tends to underestimate retrieved total column ozone, because
the shielded amount is not accounted for. As discussed in
Joiner et al.(2006), the assumed cloud pressure can impact
the total ozone retrieval in several other ways. These include
estimation of the multiple scattering between the cloud and
overlaying atmosphere and the effects of rotational-Raman
scattering on TOA radiances. In many cases, these effects
can be in the same direction as the cloud shielding effect and
therefore may further increase the total ozone error. Use of
OMI scene pressures in the OMTO3 algorithm should reduce
these sources of ozone retrieval error.

Figure11 shows total column ozone differences,1�, re-
sulting from the use of OMI scene pressures as compared
with the OMTO3 V8.5 algorithm that assumes no clouds
over snow and ice for orbit 12394 on 13 November 2006.
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Fig. 11. Column ozone difference between the retrievals with OMI-derived scene pressures and those
from the OMTO3 V8.5 algorithm for OMI orbit 12394.
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Fig. 11.Column ozone difference between the retrievals with OMI-
derived scene pressures and those from the OMTO3 V8.5 algorithm
for OMI orbit 12394.

Only data forθ < 80◦ and1P > 25 hPa are shown. For ref-
erence, Fig.12shows a map of OMTO3 V8.5 total ozone for
the same orbit.

As expected areas with the largest differences correspond
to those with shielding clouds.1� incorporates all of the
above-described cloud effects on the ozone retrieval.1�

is mostly <12 Dobson Units (DU), but can be as large as
∼15 DU. About half of this difference comes from the hid-
den ozone (below the cloud). The mean1� for this orbit
is 2.5 DU (or approximately 1.5%), with a standard devia-
tion of 3.4 DU. The mean1� and standard deviation some-
what vary from orbit to orbit. For instance, the mean1�

is 2.1 DU and the standard deviation is 2.1 DU for adjacent
OMI orbit 13295.

Vasilkov et al.(2004) showed that use of retrieved cloud
pressures in place of cloud climatology leads to a smoother
spatial distribution of total column ozone. Spatial irregulari-
ties are presumably caused by the differences between the re-
trieved and climatological cloud pressures. In Fig.13for one
OMI scan line, we compare spatial distributions of total col-
umn ozone retrieved with and without OMI scene pressures.
The comparison shows the expected smoother spatial distri-
bution of ozone retrieved with OMI scene pressures; small-
scale unphysical irregularities in the standard ozone spatial
distribution are reduced.

Fig. 12. OMTO3 V8.5 total column ozone retrieved for OMI orbit 12394.
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Fig. 12. OMTO3 V8.5 total column ozone retrieved for OMI or-
bit 12394.
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Fig. 13. Total column ozone retrieved with OMI scene pressures (modified) and those retrieved with
the no-cloud assumption over snow and ice (operational) along OMI scan line 400 as a function of OMI
cross-track position.

33

Fig. 13. Total column ozone retrieved with OMI scene pressures
(modified) and those retrieved with the no-cloud assumption over
snow and ice (operational) along OMI scan line 400 as a function
of OMI cross-track position.

6 Conclusions

Clouds over snow and ice surfaces can produce significant
shielding of tropospheric ozone absorption. Shielding clouds
can be detected by means of differences between OMI-
derived scene and surface pressures. A combination of the
OMI effective scene pressure and the MODIS cloud-top pres-
sure allows us to distinguish between shielding and non-
shielding clouds.
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The no-cloud over snow/ice assumption in the current
OMTO3 algorithm underestimates total ozone by an aver-
age of approximately 2–3 DU under cloudy conditions, with
a maximum error as large as 15 DU. Use of OMI-retrieved
scene pressures in OMTO3 reduces this error and leads to
a more homogeneous spatial distribution of total column
ozone.

The next version of OMTO3 will use OMI-derived scene
pressures over snow and ice. For the reprocessing of historic
TOMS data (for which concurrent scene pressures are not
available), we plan to use a new climatology of OMI-derived
scene pressures over snow and ice.

The historical TOMS wavelengths are significantly af-
fected by the Ring effect (Joiner et al., 2006). For continuity,
the same wavelengths are currently used in the OMI-TOMS
algorithm. Because OMI has higher spectral resolution, the
Ring effect is even larger in OMI channels than in the cor-
responding TOMS channels. As a result, the OMI-TOMS
total ozone retrieval has a large sensitivity to cloud vertical
structure. In order to reduce this sensitivity, slight changes to
the OMI-TOMS wavelengths are being considered for future
versions that will be used to reprocess the OMI data.

While it is possible to derive information about cloud pres-
sure from the limited number of available TOMS and SBUV
discrete wavelengths (Joiner and Bhartia, 1995), the subse-
quent errors are comparable to or greater than those resulting
from the use of a cloud climatology produced from OMI.
In future reprocessing of historical TOMS and SBUV data,
the current infrared-based cloud climatology will be replaced
with one produced from OMI data. This will reduce system-
atic errors in the estimated total ozone over all surface types.
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