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[1] Clouds represent one of the most important atmospheric factors that can significantly
reduce the accuracy of satellite total ozone column (TOC) data. The influence of clouds on
the TOC retrieval from satellites is usually assessed by means of theoretical studies using
radiative transfer models. In contrast, few experimental results were found in the literature
about the effects of the cloud properties on the differences between satellite TOC data and
accurate ground‐based measurements. This paper is focused on the study of the joined
influence of the cloud properties under different satellite viewing conditions on the TOC data
derived from four satellite instruments (GOME/ERS‐2, GOME‐2/MetOp‐A,
SCIAMACHY/Envisat, and OMI/Aura) using as reference five Brewer
spectrophotometers in the Iberian Peninsula. Satellite TOC data under cloud‐free and
cloudy conditions are compared with ground‐based measurements for the time period
2006 to 2009. The TOC products derived using the Differential Optical Absorption
Spectroscopy (DOAS) technique, GOME, GOME‐2, SCIAMACHY and OMI‐DOAS,
show a notable underestimation for cloudy conditions that clearly decreases with
increasing Sun zenith angles (SZA). For those DOAS TOC products, the viewing zenith
angle (VZA) also shows a significant influence on the satellite‐Brewer differences, mainly
for the west pixels and cloud‐free conditions. The OMI‐TOMS TOC product under cloud‐
free and cloudy conditions presents a more stable pattern for both SZA and VZA values, but
this result must be interpreted carefully because OMI‐TOMS classifies an unrealistic
high number of scenes as cloud‐free (∼57% of all). The analysis of the relative TOC
differences as a function of the satellite cloud fraction indicates that SCIAMACHY and
OMI‐DOAS products have a large difference between the curves corresponding to low
and high SZA cases. The two GOME algorithms and, mainly, the OMI‐TOMS
algorithm present a remarkable stability for all cloud conditions.
Citation: Antón, M., and D. Loyola (2011), Influence of cloud properties on satellite total ozone observations, J. Geophys. Res.,
116, D03208, doi:10.1029/2010JD014780.

1. Introduction
[2] The atmospheric ozone is a crucial trace gas for life on
Earth since it protects the living organisms from the harmful
effects of ultraviolet irradiation. In addition, the ozone layer
plays an important role in global weather and climate [World
Meteorological Organization (WMO), 2006]. Depletion of
the ozone layer is a great threat to the human society. Fortunately, stratospheric ozone is expected to recover toward
pre‐1980s levels in a near future due to the successful
implementation of the Montreal Protocol and its Amendments for the reduction of ozone depleting substances. This
international treat has also helped prevent significant
regional climate change [Morgenstern et al., 2008], and it
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could phase down the production and consumption of
hydrofluorocarbons (HFCs) with high global warming
potential [Molina et al., 2009].
[3] Ground‐based networks (Dobson, Brewer, SAOZ)
have been established to measure the magnitude of the total
ozone changes and monitor their long‐ and short‐term
trends [Komhyr, 1980; Basher, 1982; Kerr et al., 1984;
WMO, 1996]. In addition, several satellite instruments have
been launched to derive ozone and other trace gases in the
atmosphere from the measurement of the backscattered
ultraviolet (UV) solar radiation [McPeters et al., 1998;
Bovensmann et al., 1999; Burrows et al., 1999; Levelt et al.,
2006; Munro et al., 2006]. These satellite observations have
global coverage, which is an important advantage over the
ground‐based ozone measurements from a sparse network
of unevenly distributed stations. The current accuracy of the
total ozone columns retrieved by UV‐type satellite instruments is, in average, very high (within a few percent)
[Fioletov et al., 2002; Bramstedt et al., 2003; Balis et al.,
2007a, 2007b; Lerot et al., 2009; Antón et al., 2010].
Nevertheless, to achieve this accuracy, several algorithm
corrections are required in the satellite retrievals. One of the
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most important ones is the cloud correction since the field‐
of‐view of these instruments is relative wide, and clouds are
present very often [Krijger et al., 2007].
[4] The physics of cloud influences on the ozone retrieval
is well understood, and it is generally divided in three different contributions [Liu et al., 2004; Kokhanovsky and
Rozanov, 2008; Stammes et al., 2008]: (1) the albedo
effect associated with the enhancement of the reflectivity for
cloudy scenes compared to cloud‐free sky scenes, (2) the
increased in‐cloud absorption effect relate to the multiple
scattering inside clouds which leads to an enhancement of
the optical path length, and (3) the so‐called shielding effect
due to fact that part of the ozone column below clouds is
hidden by them. The first two effects produce the overestimation of total ozone column (TOC) because of the
apparent increase of the depth of ozone absorption bands.
The third effect has an opposite sign since it leads to the
underestimation of the TOC data. Therefore, the presence of
clouds must be taken into account for accurate satellite TOC
retrievals.
[5] Several papers have quantified theoretically using
radiative transfer modeling the influence of errors in cloud
parameters on the retrieved ozone column, showing that this
influence is very dependent of the particular algorithm used
in the ozone retrieval [Koelemeijer and Stammes, 1999;
Newchurch et al., 2001; Liu et al., 2004; Ahmad et al., 2004;
Van Roozendael et al., 2006; Kokhanovsky et al., 2007].
These papers show that the cloud fraction (CF), cloud top
albedo (CTA), and cloud top pressure (CTP) are the most
important quantities for cloud correction on satellite ozone
retrievals. However, there are only a few papers in the literature that systematically analyze the influence of these cloud
properties on the differences between the satellite and the
ground‐based TOC measurements. The published studies
are usually focused on the analysis of the influence of the
satellite reflectivity [e.g., McPeters et al., 2008; Antón et al.,
2010] and the CF parameter [e.g., Balis et al., 2007b; Antón
et al., 2008, 2009a, 2009b] on the satellite–ground‐based
differences. The combined effects of the cloud parameters
(CF, CTA and CTP) over the satellite–ground‐based differences, to our knowledge, have not been yet evaluated
systematically and in detail.
[6] The aim of this paper is to study the influence of the
three cloud parameters (CF, CTA and CTP) on the TOC
data derived from all currently active UV/VIS nadir‐viewing
satellite instruments using as reference five well‐calibrated
and well‐maintained Brewer spectrophotometers in the
Iberian Peninsula. This work is expected to contribute to
improve the understanding of satellite TOC observations
under cloudy conditions.
[7] The instrumentation and the data used in this paper are
described in section 2. Section 3 describes the methodology
followed in the analysis. Section 4 presents and discusses
the results obtained and, finally, section 5 summarizes the
main conclusions.

2. Total Ozone Data
2.1. Satellite Observations
[8] The ESA Global Ozone Monitoring Experiment
(GOME) on board the Second European Sensing Satellite
(ERS‐2) has been recording global measurements of total
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ozone column since July 1995 [Burrows et al., 1999].
Global coverage at the Equator is achieved with GOME/
ERS‐2 within three days. The ground swath (960 km) is
divided into three ground pixels of 320 km (across orbit) ×
40 km (along orbit). The successor instrument, the GOME‐
2, was launched on board EUMETSAT Meteorological
Operational satellite program (MetOp‐A) in October 2006.
GOME‐2/MetOp‐A is an enhanced version of GOME/ERS‐
2 with 4 times higher spatial resolution (80 km × 40 km) and
2 times larger swath (1920 km) resulting in an improved
temporal coverage (daily near global coverage at the
Equator). The operational algorithm for the retrieval of total
ozone column from the GOME/ERS‐2 and the GOME‐2/
MetOp‐A is the GOME Data Processor (GDP), which has
undergone several years of progressive improvement since
its first release in 1995 [Rodriguez et al., 2007; Spurr et al.,
2005; Van Roozendael et al., 2006; Loyola et al., 2011]. The
GDP algorithm has two main steps to derive the total ozone
column: the Differential Optical Absorption Spectroscopy
(DOAS) least squares fitting for the ozone slant column,
followed by the computation of a suitable Air Mass Factor
(AMF) to make the conversion to the vertical column density. The current version 4.4 of the GDP includes two
algorithms for the treatment of clouds [Loyola et al., 2007].
The OCRA algorithm derives the cloud fraction from the
broadband polarization measurements, while the ROCINN
algorithm derives the cloud top height and cloud top albedo
from the reflectivity in and around the Oxygen A band. In
addition, this new GDP version discriminates between clouds
and Sun glint, and incorporates corrections for intracloud
ozone and scan angle dependencies [Loyola et al., 2011].
[9] The Scanning Imaging Absorption spectroMeter for
Atmospheric CartograpHY (SCIAMACHY) was launched
in March 2002 aboard the European platform ENVISAT.
SCIAMACHY has a total swath width of 960 km and it
provides global coverage in approximately six days at the
equator with a typical spatial resolution in nadir of 60 km
across track by 30 km along track [Bovensmann et al.,
1999]. The SCIAMACHY Ground Processor (SGP) Version 5.0 is the current operational algorithm for the retrieval
of total ozone column from this satellite instrument, which is
based on the version 4.0 of the GDP. More details about this
algorithm can also be found in the work of Lerot et al.
[2009]. In the present paper we don’t use the operational
SCIAMACHY products. We use instead SCIAMACHY
data processed with the same DOAS/AMF algorithms as
GDP 4.0, but for comparison purposes the treatment of
clouds is done with the FRESCO+ algorithm [Wang et al.,
2008]. In FRESCO+, the cloud top albedo is assumed to
have a fixed value of 0.8, and the so‐called “effective” cloud
top height (pressure) and “effective” cloud fraction are fitted
using reflectances in and around the Oxygen A band.
[10] The OMI satellite instrument is on board the NASA
EOS‐Aura satellite platform launched in July 2004 [Levelt
et al., 2006]. This instrument has a 2600 km wide viewing
swath such that it is capable of daily, global contiguous
mapping of total ozone column with a high spatial resolution
of 13 km × 24 km at nadir. The OMI total ozone column
data used in this work were obtained from two different
algorithms. On the one hand, the OMI‐TOMS algorithm
(Version 8.5) based on the long‐standing NASA TOMS V8
retrieval algorithm [Bhartia and Wellemeyer, 2002], which
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Table 1. Cloud Retrieval Algorithms Used by the Satellite Data Sets Analyzed in This Work
Data Set

Cloud Fraction

Cloud Top Pressure

Cloud Top Albedo

GOME‐2/MetOp‐A
GOME/ERS‐2
SCIAMACHY
OMI‐DOAS
OMI‐TOMS

OCRA algorithm
OCRA algorithm
FRESCO+ algorithm
RRS algorithm
O2–O2 algorithm

ROCINN algorithm
ROCINN algorithm
FRESCO+ algorithm
RRS algorithm
O2–O2 algorithm

ROCINN algorithm
ROCINN algorithm
Fixed value of 0.8
Fixed value of 0.8
Fixed value of 0.8

has been used to process data from a series of four TOMS
instruments flown since November 1978. This algorithm
uses measurements at four discrete 0.45 nm wide wavelength bands centered at 313, 318, 331 and 360 nm. On the
other hand, OMI‐DOAS algorithm [Veefkind et al., 2006] is
based on the DOAS technique which uses 25 OMI measurements in the wavelength range 331.1 nm to 336.6 nm.
Two different methods are used to correct the ozone retrievals
for the presence of clouds: the absorption by O2–O2 used in
OMI‐TOMS, and the rotational Raman scattering (RRS)
used in OMI‐DOAS. As explained by Stammes et al.
[2008], the two OMI cloud algorithms are based on the
determination of the mean photon path in the UV‐visible
from analysis of spectral features. However, each cloud
algorithm uses a different physical process: the first algorithm uses the 477 nm absorption line of O2–O2 (collision
induced absorption by oxygen), whereas the RRS algorithm
uses the filling‐in of Fraunhofer lines in the UV due to
rotational Raman scattering by air molecules. Finally, both
cloud algorithms are based on a simplified Lambertian cloud
model with a fixed albedo 0.8, producing two parameters:
effective (or radiative) cloud fraction and cloud pressure. In
this work, both OMI‐TOMS and OMI‐DOAS total ozone
products are obtained in the new version of the OMI level
1B (radiance and irradiance) data set named collection 3.
The works of Kroon et al. [2008], Balis et al. [2007b] and
Antón et al. [2009b] analyzed in detail the similarities and
differences between OMI‐TOMS and OMI‐DOAS total
ozone column data.
[11] Table 1 summarizes the cloud algorithms used by
each satellite data set for deriving the three cloud parameters
utilized in this work (CF, CTP and CTA).
2.2. Ground‐Based Measurements
[12] The ground‐based total ozone data used in this work
are obtained from five Brewer spectrophotometers located
from north to south at: A Coruña (43.33°N, 8.42°W), Zaragoza
(41.01°N, 1.01°W), Madrid (40.45°N, 3.72°W), Murcia
(38.03°N, 1.17°W) and El Arenosillo (37.06°N, 6.44°W).
These five instruments belong to the Spanish Brewer
Network which is managed by the Spanish Agency of
Meteorology (AEMET). The main advantage of using a
dense local ground‐based network is that all instruments
follow the same protocol of calibration. In this regard, the
Spanish Brewer Network possesses an excellent maintenance record. All instruments of this network are biannually
calibrated at El Arenosillo station by comparison with the
traveling references Brewer 017 from the International
Ozone Services (IOS) and Brewer 185 from the Regional
Brewer Calibration Centre‐Europe (RBCC‐E) [Redondas
et al., 2002, 2008]. In this way the ozone calibration
of the Spanish Brewer spectrophotometers is traceable to

the triad of international reference Brewers maintained by
the Meteorological Service of Canada (MSC) at Toronto
[Fioletov et al., 2005]. Therefore as the Brewer instruments of the Spanish Network are properly calibrated and
regularly maintained, the TOC records derived from Direct
Sun (DS) measurements may potentially maintain a relative accuracy of 1% over long time series [Basher, 1982;
WMO, 1996].
[13] The Brewer instruments rely on the method of differential absorption in the Huggins band where ozone presents a strong absorption in the ultraviolet part of the solar
spectrum. This method has been broadly described by several
reference papers [e.g., Dobson, 1957; Komhyr, 1980; Basher,
1982; Kerr, 2002].

3. Methodology
[14] The ground‐based TOC data selected for the comparisons are only based on records of DS measurements
which are the most accurate TOC data measured from
Brewer spectrophotometers. Under cloudiness conditions,
the Brewer spectrophotometers do not record direct Sun
measurement while the satellite makes the corresponding
observation on a cloudy pixel. The Brewer measurements
are recorded before or after these conditions, only during
cloud‐free cases every day. Thus, the use of daily averaged
ground‐based TOC data instead of, for example, hourly
averaged data centered on the satellite overpass allows to
significantly increase the number of satellite‐Brewer data
pairs in the analysis. The use of daily averages is justified
because on the average there is not a significant daily TOC
variability over the middle latitudes. In addition, uses of
daily average Brewer data also allow comparison of the
same ground‐based measurements with the different satellite
observations.
[15] Satellite overpass is selected such that the distance
between the center of the satellite pixel and the location of
the ground‐based stations is always less than 200 km for
GOME/ERS‐2, GOME‐2/MetOp‐A and SCIAMACHY
instruments, with a median value of 85 km, 23 km and 58 km,
respectively. The distance is selected to be smaller than 60 km
for OMI instrument (median value of 10 km). In this work,
when several satellite pixels comply with the overpass criteria for a given day, only the closest pixel to each ground‐
based station is considered.
[16] The OMI Science Team has reported that the OMI
instrument has developed several row anomalies during the
period 2007–2009 which significantly affect to the TOC
data for a limited number of satellite cross‐track positions
(http://www.knmi.nl/omi/research/operations/index.php).
All these OMI anomalies have been excluded in this work.
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Table 2. The Number of Pairs of Ground‐Based–Satellite Data Corresponding to All, Cloud‐Free, and Cloudy Conditionsa
Cloud‐Free Cases

GOME‐2/MetOp‐A
GOME/ERS‐2
SCIAMACHY
OMI ‐DOAS
OMI ‐TOMS
Combined
OMI‐DOAS,
OMI_TOMS

Cloudy Cases

All Cases

Criteria

Number

Criteria

Number

4009
2409
3025
4095
4095
4095

CF = 0%
CF < 5%
CF < 5%
CF < 5%
CF = 0%
CFDOAS < 5%
CFTOMS = 0%

1640 (40.9%)
700 (29.1%)
523 (17.3%)
669 (16.3%)
2324 (56.7%)
660 (16.1%)

CF > 50%
CF > 50%
CF > 50%
CF > 50%
CF > 50%
CFDOAS > 50%
CFTOMS > 50%

733
380
529
671
717
618

(18.3%)
(15.8%)
(17.5%)
(16.4%)
(17.5%)
(15.1%)

a

The percentages of cloud‐free and cloudy cases with respect to all cases are shown in parentheses.

[17] The relative differences between the daily Brewer
(Bre) TOC measurements and the satellite TOC observations (Sat) were calculated for each station using the following expression:
RDi ¼ 100 

SCIAMACHY, 29% for GOME/ERS‐2, and 41% for
GOME‐2/MetOp‐A. In contrast, the cloudy cases show
similar percentages, between 16% and 18% for all algorithms.

4. Results and Discussion

Sati  Brei
:
Brei

Time series of both satellite and ground‐based TOC data
extend from January 2007 to December 2009 for GOME‐2/
MetOp‐A and OMI instruments, and from January 2006
to December 2009 for GOME/ERS‐2 and SCIAMACHY
instruments. The reason of adding one year more for the last
two instruments is to increase the number of TOC data in the
analysis since they do not provide daily data as it is the case
for GOME‐2/MetOp‐A and OMI instruments. Table 2
shows the number of pairs of ground‐based–satellite data
used in this work corresponding to all, cloud‐free, and
cloudy conditions. It can be seen that the number of pairs of
data selected for each satellite instrument is different,
although there are common cases shared by all data sets (the
selected days are exactly the same only for the two OMI
data sets). Therefore the influence of daily changing factors
(e.g., stratospheric temperature variations, aerosol variability)
over the ozone retrievals is not the same for the four instruments. Nevertheless, these factors have a more limited
effect than the parameters studied in this work (cloud
properties and viewing geometry) and their impact on the
results shown in this work is negligible.
[18] Table 2 also shows the CF thresholds used to select
cloud‐free and cloudy cases. For the two OMI algorithms,
identical criteria are used in order to work with the same
data set. For cloud‐free cases, we choose those measurements that comply at the same time with CFTOMS = 0% and
CFDOAS < 5%. The threshold for OMI‐DOAS is slightly
higher than for OMI‐TOMS since the number of cases with
CFDOAS = 0% is smaller (∼4%) compared with CFTOMS =
0% (∼57%). For cloudy cases, the criterion is CFTOMS >
50% and CFDOAS > 50%. The cloud‐free and cloudy criteria for GOME‐2/MetOp‐A instrument are CFGOME‐2 =
0% and CFGOME‐2 > 50%, respectively. GOME/ERS‐2 and
SCIAMACHY instruments use the some criterion for cloudy
cases, CFGOME‐1 > 50%, and CFSCIAMACHY > 50%, but the
threshold for selecting cloud‐free conditions must be slightly
increased in order to have a sufficient number of data
(CFGOME‐1 < 5%, and CFSCIAMACHY < 5%). The percentages
of cloud‐free cases selected present very different values:
16% for combined OMI‐TOMS and OMI‐DOAS, 17% for

[19] The viewing geometry of the satellite measurements
changes strongly over the covered ground path and it is
described by the satellite solar zenith angles (SZA), viewing
zenith angles (VZA) and relative azimuth angle. It is well
known that it is necessary to analyze the dependence of the
relative differences between satellite and ground‐based
ozone data with respect to the most relevant viewing
geometry because the results obtained using all data
simultaneously could be affected by the compensation of
cases with opposite viewing conditions [Antón et al., 2008,
2009b, 2010].
[20] In the same way the cloudiness conditions of the
satellite measurements show large variations. Table 3 reports
the average values of the satellite cloud parameters (cloud
fraction, cloud top pressure and cloud top albedo) used in
this work. While lower CF averages correspond to GOME‐2
(∼21%) and OMI‐TOMS (∼19%) due to the high percentage
of cloud‐free cases selected by these two satellite data sets,
the SCIAMACHY has the larger CF averages (27%). It is
interesting to note that the average value of the CTA
parameter for both GOME instruments is very similar
(∼0.55), whereas the two OMI and the SCIAMACHY algorithms work with a fixed CTA of 0.8.
[21] Figure 1 shows the median value of the relative differences between ground‐based and five satellite TOC data
sets (hereafter called GOME‐2, GOME‐1, SCIAMACHY,
OMI‐DOAS, and OMI‐TOMS) as a function of the satellite
SZA, and using five‐degree bins. Each plot shows three
curves corresponding to all, cloud‐free, and cloudy conditions. Generally speaking, Figure 1 shows that the four
DOAS algorithms (GOME‐2, GOME‐1, SCIAMACHY,
Table 3. The Average Values of the Cloud Fraction (CF), Cloud
Top Pressure (CTP), and Cloud Top Albedo (CTA)a
CF (%)
GOME‐2/MetOp‐A
GOME/ERS‐2
SCIAMACHY
OMI‐DOAS
OMI‐TOMS
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a

21
24
27
24
19

±
±
±
±
±

31
26
25
26
29

CTP (mbar)
702
713
769
778
644

±
±
±
±
±

170
144
188
175
169

The errors correspond with 1 standard deviation.

CTA
0.56 ± 0.15
0.55 ± 0.14
0.80
0.80
0.80
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Figure 1. Evolution of the differences between total ozone
column data retrieved by satellite (from top to bottom:
GOME‐2, GOME‐1, SCIAMACHY, OMI‐DOAS, and
OMI‐TOMS) and Brewer total ozone column data as function of solar zenith angle for all, cloud‐free, and cloudy conditions.
and OMI‐DOAS) have, as expected, overall relative differences smaller for cloud‐free cases than for cloudy conditions.
The OMI‐TOMS algorithm shows a different behavior with
relative differences slightly larger for cloud‐free cases than
for cloudy days. This fact is not related to the misclassification of pixels since the relative differences shown in
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Figure 1 for both OMI algorithms correspond to common
pixels.
[22] Analyzing the plots from Figure 1 from top to bottom,
we conclude that GOME‐2 presents a dependence on SZA for
cloudy cases; the relative differences vary from almost −3.5%
for low SZA to −1% for large SZA. In contrast, the curve of
GOME‐2 for the cloud‐free cases and all conditions show
no significant dependence on SZA. A very similar behavior
is observed for GOME‐1, SCIAMACHY and OMI‐DOAS
algorithms. Nevertheless, these last two algorithms show a
larger difference between the curves corresponding to
cloud‐free and cloudy conditions suggesting a possible
systematic problem when effective cloud parameters are
used in the retrieval. It is important to note the large variation that experiences the OMI‐DOAS differences for cloudy
cases from −3% for low SZA to almost +2% for large SZA
values. In general, we can say that the TOC data derived
from the DOAS technique have a clear dependence on SZA
for cloudy conditions. This behavior may be partially
explained by the fact that the clouds influence on the
ozone retrieval decreases with increasing SZA since the
radiative transfer is dominated by absorption processes in
the stratosphere rather than scattering‐absorption processes
in the troposphere for high SZA [Koelemeijer and Stammes,
1999]. On the other hand, the three curves for OMI‐TOMS
follow a similar pattern, showing a slight increase in
underestimation as function of satellite SZA. Nevertheless,
it can be seen that this underestimation presents a higher
SZA dependence for cloud‐free conditions than for cloudy
cases.
[23] The other important viewing geometry parameter is
the VZA or satellite scan angle. While GOME/ERS‐2
instrument has only three scan positions between a VZA of
−30° and +30°, its successor GOME‐2/MetOp‐A presents
24 positions between −60° and 60°. The SCIAMACHY
instrument has 16 positions between a scan angle of −40°
and +40°. The OMI ground swath has 2600 km of width,
and it is divided into 60 ground pixels between a VZA of
−63° and +63°, where positions 29 and 30 denote the exact
“nadir” subsatellite positions with the smallest footprint
[Levelt, 2002]. In Figure 2, the relative differences between
Satellite and Brewer TOC data in the Iberian Peninsula are
plotted as a function of the satellite scan angle. It can be
seen that the positive scan angles (west pixels) for the two
GOME instruments show a clear difference between the
curves corresponding to cloud‐free and cloudy cases. A
larger difference between the cloud‐free and cloudy curves
can be observed for the SCIAMACHY instrument, mainly
in the west pixels in correspondence with the two GOME
instruments. Thus, the VZA dependence observed in GOME
and SCIAMACHY instruments are very similar.
[24] Figure 2 shows that the relative differences derived
from the OMI‐DOAS algorithm present a slight dependence
on satellite scan angle, mainly for cloud‐free cases, but a
large jump is observed around the OMI scan angle higher
than +20° with a variation in the difference from −3% to
+3%. The underestimation slightly increases as a function of
the OMI scan angle from −63° to almost +20° observing
then a clear change in the tendency for the extreme positions
with an overestimation for cloud‐free conditions. This result
agrees with the pattern obtained for the other three DOAS
retrieval algorithms; that is, they all have some issues for the
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Figure 2. Dependence of satellite‐Brewer relative differences with respect to the satellite scan angle for (top to
bottom) GOME‐2, GOME‐1, SCIAMACHY, OMI‐DOAS,
and OMI‐TOMS.
west pixels and cloud‐free conditions. On the other hand,
Figure 2 (bottom) shows that there is a very slight dependence of the differences between OMI‐TOMS and Brewer
TOC data with respect to the satellite scan angle for cloud‐
free conditions. This dependency is similar to the one found
for OMI‐DOAS, but with a more reduced amplitude. Kroon
et al. [2008] and Antón et al. [2009b] indicated that the
OMI TOC data retrieved by TOMS and DOAS algorithms are

D03208

independent of swath position when all sky conditions are
used together, i.e., without differencing cloud‐free and
cloudy cases. Figure 2 emphasize the need of separating
effects of different sky and viewing geometry conditions
over the satellite TOC data.
[25] Figures 3, 4, 5, and 6 examine the dependence of
satellite–ground‐based TOC differences on satellite cloud
parameters, selecting cases with low (from 15° to 35°) and
high (from 50° to 70°) SZA values. The cloud parameters
play an important role in the calculation of the AMF and in
the estimation of the “ghost” column hidden by the clouds to
correct the shielding effect [Van Roozendael et al., 2006;
Loyola et al., 2011]. Dependencies on TOC satellite data are
analyzed with respect to the corresponding cloud properties
used in their retrieval algorithms. Nevertheless, it is
important to notice that the values of each cloud property for
the different TOC satellite data are highly correlated, but
they do not necessarily correspond to the same cloud conditions.
[26] Figure 3 shows the relative differences as a function
of the cloud fraction (using bins of 10%) reported by the
satellite retrievals. Each plot shows three curves corresponding to all, low and high SZA values. The dashed
horizontal black line means the median value of the relative
differences between the satellite and Brewer data for cloud‐
free conditions. It can be seen that for the four DOAS algorithms, the cases with high SZA values (blue curve) almost
always present smaller underestimation of the ground‐based
data than the cases with low SZA values (red curve). This
result is in agreement with Figure 1 where can be seen that
DOAS algorithms present a significant positive dependence
on SZA for cloudy cases. Clouds have a stronger influence
on the satellite ozone retrieval for low SZA than for high
SZA. In addition, it can be observed from Figure 3 that
SCIAMACHY and OMI‐DOAS algorithms have large
amplitude between the curves corresponding to low and
high SZA cases. In contrast, both GOME instruments show
a more homogeneous pattern, especially for small and
moderate CF. The GOME data sets also present a smooth,
negative dependence with the CF values when all cases are
considered. Nevertheless, GOME‐2 shows a more stable
behavior than GOME‐1 which could be partially related to
the fact that the GOME‐2 footprint is 4 times smaller than
the GOME‐1 footprint The OMI‐TOMS algorithm has a
remarkable stability, showing no significant dependence on
satellite CF for the three curves.
[27] Table 4 shows the median bias error (MBE) for all,
cloud‐free and cloudy conditions (see section 3) for each
satellite data set. The reported errors correspond with the
interquartile range (difference between the 75th and 25th
percentile). It can be seen that MBE values for SCIAMACHY
present a strong difference between cloud‐free (−0.63%)
and cloudy cases (−2.18%). In addition, GOME‐1 and
OMI‐DOAS also shows a notable change from −0.74%
(cloud‐free cases) to −1.88 (cloudy cases), and from −0.42%
to −1.38%, respectively. This behavior can be clearly seen in
Figures 1–5 for these three algorithms. In contrast, GOME‐2
and OMI‐TOMS have large stability with slight variations
from −2.00% to −2.46%, and from −1.91 to −1.55, respectively. The larger MBE cloud‐free values for GOME‐2
(−2.00%) compared to GOME‐1 (−0.74%) may be attributed
in part to remaining Level 1b radiometric calibration and
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[28] The dependency of the relative differences with
respect to the cloud top pressure for all, low and high SZA
values is shown in Figure 4. It can be seen that GOME‐1
and OMI‐TOMS algorithms have the more stable behavior
for the three curves, showing no significant dependence on
CTP. The relative differences derived from the GOME‐2

Figure 3. Evolution of the differences between total ozone
column data retrieved by satellite (from top to bottom:
GOME‐2, GOME‐1, SCIAMACHY, OMI‐DOAS, and
OMI‐TOMS) and Brewer total ozone column data as function of satellite cloud fraction for all, low, and high solar
zenith angles.
retrieval issues in the level 2 processing [Balis et al., 2009].
From Table 4, it can be seen that the errors of the MBE
values for cloudy cases are higher than for cloud‐free cases,
indicating that the scatter of the satellite‐Brewer comparison
is larger with increasing cloud fraction.

Figure 4. Evolution of the differences between total ozone
column data retrieved by satellite (from top to bottom:
GOME‐2, GOME‐1, SCIAMACHY, OMI‐DOAS, and
OMI‐TOMS) and Brewer total ozone column data as function of satellite cloud top pressure for all, low, and high solar
zenith angles.
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Figure 5. Evolution of the differences between total ozone column data retrieved by satellite (GOME‐2,
GOME‐1, SCIAMACHY, OMI‐DOAS, and OMI‐TOMS) and Brewer total ozone column data as function of satellite cloud fraction and cloud top pressure.
algorithm present a stable pattern for all CTP values but a
strong underestimation (∼5%) for CTP values higher than
900 mbar (low clouds). The plot shows that this atypical
behavior is caused by the low SZA values. The number of
cases with CTP higher than 900 mbar are 28 (GOME‐1),
133 (GOME‐2), 805 (SCIAMACHY), 107 (OMI‐TOMS),
and 125 (OMI‐DOAS). All satellite data sets present a realistic number of cases with low clouds except SCIAMACHY.
This indicates that the FRESCO+ algorithm used to derive
the cloud top pressure presents an evident uncertainty under
low‐cloud conditions. The CF values derived from all satellite instruments except SCIAMACHY have been selected
for the days with very high SCIAMACHY CTP values
(larger than 900 mbar). This analysis shows that the most of
selected days are cloud‐free cases. Therefore, many of the
SCIAMACHY cases classified as low clouds really correspond to clear sky measurements.

[29] Figure 4 also shows that the satellite‐Brewer differences obtained with the OMI‐DOAS algorithm have a
marked negative dependence with respect to the CTP,
mainly for low SZA cases. Thus, for these cases, it can be
observed a notable overestimation (∼4%) for high clouds
(CTP smaller than 200 mbar). These low CTP values have
been only found in OMI‐DOAS algorithm. The elevated
overestimation could be related to the overestimation of the
cloud top for these cases and the consequent overestimated
“ghost” column added to the retrieved column amount for
high clouds. For moderate‐low clouds derived from the
OMI‐DOAS algorithm, the curve for high SZA values
presents a stable behavior, while the low SZA values show a
clear negative dependence with respect to the CTP. This last
characteristic also appears in the SCIAMACHY plot, suggesting that these artifacts could be related to the usage of
effective cloud parameters. In contrast, the satellite scan
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Thus, the overestimation of Brewer TOC data obtained with
the OMI‐DOAS algorithm can be related to the underestimation of both CTP and CF parameters. The relative differences derived from the OMI‐TOMS algorithm have a
very stable behavior for all pairs of CF and CTP values with
the exception of large CF values.
[31] Finally, the relationship between the relative differences and the cloud top albedo is studied in Figure 6 for
GOME‐2 (Figure 6, top) and GOME‐1 (Figure 6, bottom).
The other algorithms (SCIAMACHY, OMI‐TOMS, and
OMI‐DOAS) use a fixed CTA of 0.8 and therefore it not
possible to study the CTA influence on relative differences
for these satellite algorithms. The differences derived from
the GOME‐1 instrument show no significant dependence on
CTA for all, low and high SZA values. In contrast, the
relative differences for GOME‐2 present a notable underestimation (∼5%) for high CTA values when all cases are
considered. This underestimation is mainly caused by the
satellite data during summer and autumn in the northern
hemisphere (June to November) corresponding to scan angles (in absolute value) higher than 30° (not shown). Data
during winter and spring do not present any scan angle
dependency (not shown). The viewing scan angles for
GOME‐1 instrument are usually smaller than 30°. Figure 6
(top) shows that the cloud albedo dependence of GOME‐2
ozone data even for scan angles smaller than 30° remains
larger than for GOME‐1 data set.

5. Conclusions
Figure 6. (top) Evolution of the differences between total
ozone column data retrieved by (top) GOME‐2 and (bottom) GOME‐1 and Brewer total ozone column data as function of satellite cloud albedo for all, low, and high view
zenith angles.
angle has no significant influence on the CTP dependence of
the relative differences (not shown).
[30] It is interesting to analyze the concurrent influence of
the CF and CTP parameters over the satellite‐Brewer TOC
differences. Figure 5 shows these relationships for each
satellite data set. For GOME‐2/MetOp‐A, it can be seen that
the high CF values are the main responsible of the strong
underestimation obtained for low clouds (high CTP) shown
in Figure 4. The same type of dependency explains the
notable TOC underestimation obtained with SCIAMACHY
for high CTP. The plot corresponding to GOME‐1/ERS‐2 in
Figure 5 shows that there are not outliers with strong ozone
underestimation for GOME‐2/MetOp‐A and SCIAMACHY.
This plot confirms the stable behavior of GOME‐1/ERS‐2
data seen in Figure 4 even for high CTP values, which is not
the case for GOME‐2/MetOp‐A and SCIAMACHY. On the
other hand, the OMI‐DOAS algorithm shows that the strong
overestimation obtained for small CTP values (high clouds)
is mainly associated with very small CF values (lower
than 20%). When ozone retrieval errors induced by CTP
uncertainties are analyzed, the albedo effect and the
shielding effect have the same sign [Koelemeijer and
Stammes, 1999]. Therefore even for small CFs an underestimation (overestimation) of CTP will cause an overestimation (underestimation) of the retrieved ozone column.

[32] We can draw a number of interesting conclusions
from the detailed and systematic validation results of satellite TOC with Brewer data presented in this paper:
[33] 1. The influence of the cloud properties and viewing
geometry parameters must be checked jointly since the
interrelationship between them is very strong.
[34] 2. Generally speaking, the cloudiness that covers the
satellite pixel (CF) causes a significant underestimation of
the satellite TOC data compared with the cloud‐free cases.
The stronger underestimation is observed for SCIAMACHY
data. For this instrument, the median relative differences
with respect to Brewer data vary from −0.63% (cloud‐free)
to −2.18% (cloudy cases).
[35] 3. Regarding the dependency of the satellite‐Brewer
differences on SZA, the four DOAS algorithms show large
dependences under cloudy conditions. The SCIAMACHY
and OMI‐DOAS are the data sets with larger variations (∼3–
4%) between low and high SZA for cloudy cases. These
Table 4. The Median Bias Error (MBE) for All, Cloud‐Free, and
Cloudy Conditions Corresponding to Each Satellite Algorithma
MBE All
Cases (%)
GOME‐2/MetOp‐A
GOME/ERS‐2
SCIAMACHY
OMI‐DOAS
OMI‐TOMS

−1.95
−1.10
−2.02
−0.69
−1.97

±
±
±
±
±

2.35
2.60
3.30
2.89
1.84

MBE
Cloud‐Free
(%)
−2.00
−0.74
−0.63
−0.42
−1.91

±
±
±
±
±

2.03
2.00
2.39
2.55
1.39

MBE
Cloudy
(%)
−2.46
−1.88
−2.18
−1.38
−1.55

±
±
±
±
±

3.35
3.42
3.63
3.72
2.53

a
See section 3. The errors correspond with the interquartile range (difference between the 75th and 25th percentile).
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systematic problems could be induced by the usage of
effective cloud parameters in both retrievals. For the for
DOAS algorithms, the satellite‐Brewer differences clearly
decrease with increasing SZA ass the clouds effects over the
satellite ozone retrieval is considerable reduced for high
SZA values. The OMI‐TOMS data present a more stable
SZA behavior which is partially explained by the large
percentage of cloud‐free cases (∼57%) derived from the
cloud algorithm used for this data set.
[36] 4. The dependences of the relative differences
between the Brewer measurements and the satellite TOC
data with respect to the cloud top pressure show that while
the GOME‐2 data present a strong underestimation for low
clouds and high CF (∼5%), the OMI‐DOAS data show a
very large overestimation for high clouds and low CF
(∼4%).
[37] 5. Finally, the GOME‐2 data also present a strong
underestimation (∼5%) for cases with high cloud albedo
values and large scan angles.
[38] All these results underline the importance of the
precise treatment, modeling and estimation of cloud properties in order to obtain very accurate satellite TOC data.
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