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[1] This article focuses on the global‐scale validation of the empirically corrected Version
8 total ozone column data set acquired by the NASA Total Ozone Mapping Spectrometer
(TOMS) during the period 1996–2004 when this instrument was flying aboard the Earth
Probe (EP) satellite platform. This analysis is based on the use of spatially co‐located,
ground‐based measurements from Dobson and Brewer spectrophotometers. The original
EP‐TOMS V8 total ozone column data set was also validated with these ground‐based
measurements to quantify the improvements made by the empirical correction that was
necessary as a result of instrumental degradation issues occurring from the year 2000
onward that were uncorrectable by normal calibration techniques. EP‐TOMS V8‐corrected
total ozone data present a remarkable improvement concerning the significant negative
bias of around ∼3% detected in the original EP‐TOMS V8 observations after the year
2000. Neither the original nor the corrected EP‐TOMS satellite total ozone data sets show
a significant dependence on latitude. In addition, both EP‐TOMS satellite data sets
overestimate the Brewer measurements for small solar zenith angles (SZA) and
underestimate for large SZA, explaining a significant seasonality (∼1.5%) for cloud‐free
and cloudy conditions. Conversely, relative differences between EP‐TOMS and Dobson
present almost no dependence on SZA for cloud‐free conditions and a strong dependence
for cloudy conditions (from +2% for small SZA to −1% for high SZA). The dependence of
the satellite ground‐based relative differences on total ozone shows good agreement for
column values above 250 Dobson units. Our main conclusion is that the upgrade to TOMS
V8‐corrected total ozone data presents a remarkable improvement. Nevertheless, despite
its quality, the EP‐TOMS data for the period 2000–2004 should not be used as a source for
trend analysis since EP‐TOMS ozone trends are empirically corrected using NOAA‐16
and NOAA‐17 solar backscatter ultraviolet/2 data as external references, and therefore,
they are no longer considered as independent observations.
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1. Introduction

[2] The role of atmospheric ozone in protecting all living
organisms from the detrimental effects of ultraviolet solar
irradiation is quite well known. In addition, ozone layer

changes could be associated with global climate change and
vice versa. Ozone is a greenhouse gas, so change in its
column abundance may contribute to global climate
change. While an increase in tropospheric ozone leads to
warming of the troposphere, a decrease in stratospheric
ozone leads to cooling in the stratosphere [Steinbrecht et
al., 2003]. At the same time, the ozone distribution itself
is driven by atmospheric circulation and the atmospheric
temperature distribution and is influenced by their variability,
and hence potentially affected by climate change [World
Meteorological Organization (WMO), 2006]. The work of
Newman et al. [2009] simulated a future world (“world
avoided”) where the ozone depleting substances were never
regulated, and its production grew at an annual rate of 3%.
They found by means of this “world avoided” simulation that
17% of the globally averaged column ozone would be
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destroyed by 2020 and 67% by 2065 in comparison to
1980. Therefore, close monitoring of the changes in the
ozone layer has become a subject of major concern both
by the scientific community and the general public from a
wider perspective than only the imperative recovery from
chemical ozone loss alone.
[3] Several studies using ground‐based and satellite

measurements have demonstrated that since the end of the
1970s until the beginning of the 1990s, there have been
significant negative trends in total ozone in the middle and
high‐latitude regions of the two hemispheres (for e.g.,
Stolarski et al. [1992], Callis et al. [1997], Harris et al.
[1997], Staehelin et al. [2001]). The successful implemen-
tation of the Montreal Protocol on Substances that Deplete
the Ozone Layer and its later amendments has created high
expectations about the recovery of the total ozone toward
pre‐1980s levels as a result of the declining halogen loading
in the stratosphere. The work of Newchurch et al. [2003]
reported signs of an ozone turnaround after 1996 from a
statistical analysis of observations in the upper stratosphere,
where ozone is mainly controlled by gas phase catalytic
cycles.
[4] Satellite instruments provide daily images of the

global ozone distribution with good spatial resolution that is
an important advantage over the local measurements of
ground‐based ozone from a sparse network. Such global
ozone coverage from the satellite vantage point has been
available since the late 1970s with observations provided
by the Total Ozone Mapping Spectrometer (TOMS) installed
on three successive satellites: Nimbus‐7 (1978–1993),
Meteor‐3 (1993–1994), and Earth Probe (EP) (1996–2005)
[McPeters et al., 1996a, 1998]. These TOMS global
observations have proven to be crucial to the understanding of
the geographical and temporal distribution and variability of
the total ozone column (TOC) [e.g., Herman et al., 1993;
Herman and Larko, 1994; McPeters et al., 1996b; Malanca
et al., 2005; Hudson et al., 2006; Antón et al., 2008a]. These
observations are being continued by the Ozone Monitoring
Instrument aboard the NASA EOS‐Aura platform [Levelt
et al., 2006] since October 2004 onward.
[5] Extensive validation exercises on the Nimbus7‐TOMS

and Meteor3‐TOMS total ozone data have been performed
in the past decades [e.g., Bojkov et al., 1988; Fleig et al.,
1986; Kyro, 1993; Bojkov and Fioletov, 1995;McPeters and
Labow, 1996c; Fioletov et al., 1999]. In addition, recent
studies have focused on the comparison of the EP‐TOMS
TOC data with ground‐based measurements recorded by
well‐calibrated spectrophotometers [e.g., Masserot et al.,
2002; Fioletov et al., 2002; Bramstedt et al., 2003;
Labow et al., 2004; Vanicek, 2006]. All these validation
exercises have shown the continuing improvement in the
successive versions of the TOMS retrieval algorithm, with a
very high quality of the last available version (V8) [Bhartia
and Wellemeyer, 2002], which was released in 2004. In the
most recent global‐scale validation work of Balis et al.
[2007a], the average agreement of EP‐TOMS V8 ozone
data with ground‐based and other satellite TOC measure-
ments is at the 1% level. Nevertheless, these satellite
observations began to display significant deviations from the
ground truth by the middle of the year 2000. This problem is
not related to the TOMS algorithm, but it is related to a
complex issue involving the inhomogeneous degradation of

the scanning mirror on the EP‐TOMS instrument causing a
calibration error even after onboard correction methods that
leads to the application of algorithmic soft calibration
methods. The detected error in the instrument performance
appears to depend on latitude, season, lifetime, and wave-
length [Haffner et al., 2004]. Thus, NASA Goddard Space
Flight Center (GSFC) warned users that EP‐TOMS TOC
data after the year 2000 are not recommended for the cal-
culation of long‐term ozone trends. To correct the influence
of this instrument degradation on TOC observations, an
empirical calibration technique has been applied to the data
[McPeters et al., 2007].
[6] This empirically corrected data (EP‐TOMS V8‐

corrected) has been made available since September 2007.
Since then only a handful of validation exercises with these
satellite data have been performed and published in the
literature [Labow et al., 2006; McPeters et al., 2008; Antón
et al., 2010]. In addition, to the best of our knowledge, no
global comparisons between the TOC satellite observations
derived from the V8‐original and V8‐corrected EP‐TOMS
data sets have been published to date. Given the above, an
elaborate validation effort of the corrected EP‐TOMS data
set using reliable ground‐based measurements is required
to assess its quality and accuracy.
[7] The main objective of this paper is to report on a

global‐scale validation of the TOC data derived from the
latest EP‐TOMS retrieval algorithm (V8‐corrected), using
spatially and temporally co‐located ground‐based mea-
surements from the well‐established networks of Dobson
and Brewer spectrophotometers during the period 1996–
2004. The original EP‐TOMS V8 ozone data covering
during the same period were also compared with ground‐
based measurements to quantify the improvements made by
the empirical correction. The observed discrepancies are
quantified and their likely origins examined in detail.
[8] The paper is organized as follows. The satellite and

ground‐based measurements are described in section 2.
Section 3 introduces the methodology. The results and
discussion are presented in section 4. Finally, section 5
summarizes the main conclusions.

2. Data

2.1. Satellite Observations

[9] The NASA TOMS instrument is a downward nadir
viewing spectrometer that measures backscattered Earth
radiances at six discrete ultraviolet (UV) wavelengths (312–
380 nm for Nimbus‐7 and Meteor‐3 TOMS or 308–360 nm
for EP‐TOMS). The set of six discrete 1 nm wavelength
bands is measured at each of 35 scan positions at 3° inter-
vals to continuously cover the regions between the orbital
paths providing spatial coverage at all latitudes from a Sun‐
synchronous polar orbit. Depending on orbital altitude, the
spatial resolution is about 50 × 50 km for the nadir view and
about 75 × 200 km at the extreme cross‐track scan positions.
TOMS also measures the solar irradiance for each wave-
length band once every day to provide radiance normali-
zation. The solar irradiance measurements are recorded
using a diffuser plate to scatter sunlight into the instrument.
The total ozone data are derived from the backscattered UV
reflectance by the TOMS retrieval algorithm. Finally, the
total ozone data are averaged in a daily gridded format of
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1.00° latitude by 1.25° longitude (level 3 data). This par-
ticular instrument was onboard the polar‐orbiting Sun‐
synchronous Earth Probe (EP) satellite between July 1996
and December 2005. The unit used in this paper for the total
ozone column is the Dobson Unit (1 DU = 2.69 × 1016

molecules cm−2).
[10] The satellite total ozone data used in this work have

been processed using two versions of the TOMS algorithm:
Version 8 (denoted “original” in this study) [Bhartia and
Wellemeyer, 2002; Wellemeyer et al., 2004] and Version
8‐corrected [McPeters et al., 2007]. These algorithms use
only two wavelengths (317.5 and 331.2 nm) to derive total
ozone data, whereas the other four wavelengths are used to
identify aerosols and clouds and for error correction. The
algorithm uses the measured directional albedo at each
cross‐track position as input, and a modeled lookup table
based on climatologies for surface albedo, cloud albedo,
cloud top height, ozone profile, and temperature profile.
[11] The V8‐corrected version was released in 2007 and

answers to problems in the quality of the EP‐TOMS total
ozone data occurring since the middle of the year 2000.
These problems were believed to be related to changes in the
front optical properties of the satellite instrument, most
likely due to a nonuniform degradation of the scanning
mirror [Haffner et al., 2004]. The empirical correction
applied to the EP‐TOMS data is based on multiple valida-
tion techniques using geophysical data, such as retrieved
tropical total ozone and minimum surface reflectivity, to
detect errors in the satellite observations [McPeters et al.,
2007]. Furthermore, the data have been adjusted to agree
with zonal means of the total ozone column data from
NOAA‐16 and NOAA‐17 solar backscatter ultraviolet
(SBUV)/2 instruments. The two versions of the TOMS
algorithm use the 331.2 nm wavelength to derive surface
reflectivity at small solar zenith angles but switch to 360 nm
when the ozone absorption at 331.2 nm becomes significant
because of long atmospheric path length. This surface
reflectivity is used to retrieve the TOMS Lambertian
Equivalent Reflectivity (LER) at 360 nm by means of a
Lambertian cloud model with a cloud albedo of 0.80. This
satellite LER is strongly correlated with clouds and surface
albedo, allowing the characterization of the fractional cloud
cover over the TOMS pixel with sufficiently small surface
albedo. This variable plays no role in the TOMS ozone
retrieval.

2.2. Ground‐Based Measurements

[12] The well‐established, worldwide network of Brewer
and Dobson spectrophotometers is generally considered as
the standard for surface remote sounding of the TOC. Both
types of instrument rely on the method of differential
absorption in the Huggins band where ozone exhibits strong
absorption features in the ultraviolet part of the solar
spectrum. This technique has been described in detail by
several reference papers, e.g., Dobson [1957], Komhyr
[1980], Basher [1982], and Kerr [2002].
[13] Most Dobson instruments are manually operated. Its

measurement principle relies on the ratio of the direct sun-
light (DS) intensities at two standard wavelengths. The most
common combination, used for more than 98% of instru-
ments, is the double pair (305.5/325.4; 317.6/339.8 nm)
[Komhyr et al., 1993]. The world standard instrument,

Dobson 83, is normally located in Boulder, CO, but it is
taken to Mauna Loa, HI, for regular calibrations using the
Langley plot method [Komhyr et al., 1989].
[14] The Brewer spectrophotometer works with principles

similar to the Dobson instrument but has an improved optical
design and is fully automated. TOC values are obtained
taking the ratio of sunlight intensities at four wavelengths
between 306 and 320 nm with a resolution of 0.6 nm over-
coming the spectral interference of sulfur dioxide with ozone
[Kerr et al., 1984; Kerr, 2002]. The Brewer network cali-
bration is based on a triad of reference Brewer spectro-
photometers maintained by Meteorological Service of
Canada at Toronto, Canada [Fioletov et al., 2005].
[15] When Brewer spectrophotometers are properly cali-

brated and regularly maintained, the TOC records obtained
through DS measurements can potentially maintain a pre-
cision of 1% over long time intervals [Basher, 1982; WMO,
1996]. The Dobson spectrophotometer measures TOC values
with an accuracy of 2%–3% for solar zenith angles smaller
than 75° [Komhyr et al., 1989]. Staehelin et al. [2003]
summarizes the results of the comparisons between the
simultaneous total ozone data recorded by collocated
Dobson and Brewer spectrophotometers at 19 locations of
the two hemispheres. This work showed different approaches
of Dobson‐Brewer ozone comparison (monthly or daily
averages, quasi‐simultaneous data), reporting small but
consistent characteristics in the differences between the total
ozone data derived from both instruments. The use of dif-
ferent wavelengths in Dobson and Brewer spectrophotome-
ter and the different temperature dependence for the ozone
absorption coefficients introduced in the two retrievals may
cause small differences in the measurements made by these
instruments (within ±1%) [Kerr et al., 1988; Van Roozendael
et al., 1998; De Backer and De Muer, 1991]. Different stray
light properties between the two types of spectrophotometers
and the sensitivity of the Dobson instrument to sulfur dioxide
are possible additional contributing factors to the differences
between the Brewer and Dobson total ozone measurements.

3. Methodology

[16] Daily mean values of TOC measurements recorded
from Dobson and Brewer spectrophotometers are available
from the World Ozone and Ultraviolet Data Centre archive
(http://www.woudc.org). The ground‐based TOC data
selected for the comparisons are only based on records of
DS measurements that are the most accurate TOC data
measured from ground‐based spectrophotometers. Tables 1
and 2 list the locations of the Brewer and Dobson instru-
ments used in this work, respectively. The use of daily
averaged, ground‐based data instead of, for example, hourly
averaged data centered around the EP‐TOMS overpass is
feasible owing to the well‐known, long‐term chemical
stability of stratospheric ozone over most ground‐based
stations. Nevertheless, some stations underneath the edge of
the polar stratospheric vortex may experience strong varia-
tions in ozone over the course of the day as a result of the
movements of the vortex.
[17] The study presented in this paper uses EP‐TOMS

total ozone data retrieved by the TOMS algorithm version
V8‐original and version V8‐corrected. The two overpass
satellite data sets are produced by the NASA/GSFC TOMS
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team (http://toms.gsfc.nasa.gov/). Overpass means in this
paper that the distance between the center of the satellite
pixel and the location of the ground‐based stations is always
smaller than 150 km. Time series of both satellite and
ground‐based TOC data used in this work extend from July
1996 to December 2004.
[18] The relative differences (RD) between the daily

ground‐based (GB) TOC measurements and the satellite
TOC observations (TOMS) were calculated for spatiotem-
poral collocation by each station by the following expression:

RDi ¼ 100ð ÞTOMSi � GBi

TOMSi
: ð1Þ

[19] Comparisons between satellite and ground‐based
TOC data were done separately using the Brewer and
Dobson data sets. This procedure is more reliable for vali-
dation than the use of selected “good” stations from both
ground‐based networks [McPeters et al., 2008] as the
Brewer and Dobson systems may have counterbalancing
errors. Thus, the dependence of these relative differences as

a function of the latitude, satellite solar zenith angle (SZA),
satellite cloud fraction cover (LER), and satellite TOC
observations are analyzed for each data set. In addition, from
these relative differences, monthly mean values are pro-

Table 2. List of Dobson Stations Used in the Comparisonsa

WMO ID Station Name Lat Lon Elevation Country

111d Amundsen‐Scott −90 −24.8 2835 Antarctica
268d Arrival Heights −77.8 166.4 250 Antarctica
57d Halley Bay −75.5 −26.73 31 Antarctica
101d Syowa −69 39.58 21 Antarctica
339d Ushuaia −54.9 −68.31 7 Argentina
29d Macquarie Island −54.5 158.97 6 Australia
342d Comodoro Rivadavia −45.8 −67.5 43 Argentina
256d Lauder −45 169.68 3701 New Zealand
253d Melbourne −37.5 144.58 125 Australia
91d Buenos Aires −34.6 −58.48 25 Argentina
159d Perth −32 115.85 2 Australia
343d Salto −31.6 −57.95 31 Uruguay
340d Springbok −29.7 17.9 1 South
27d Brisbane −27.5 153.03 5 Australia
265d Irene −25.3 28.22 1524 South Africa
200d Cachoeira‐Paulista −22.7 −45 573 Brazil
191d Samoa −14.3 −170.6 82 USA
84d Darwin −12.5 130.83 0 Australia
219d Natal −5.83 −35.2 32 Brazil
175d Nairobi −1.27 36.8 1710 Kenya
214d Singapore 1.33 103.88 14 Singapore
216d Bangkok 13.7 100.57 2 Thailand
31d Mauna Loa 19.5 −155.6 3397 USA
2d Tamanrasset 22.8 5.52 1395 Algeria
245d Aswan 24 32.45 193 Egypt
209d Kunming 25 102.68 1917 China
190d Naha 26.2 127.67 29 Japan
152d Cairo 30.1 31.28 35 Egypt
11d Quetta 30.2 66.95 1799 Pakistan
7d Kagoshima 31.6 130.6 283 Japan
14d Tateno 36.1 140.13 31 Japan
106d Nashville 36.3 −86.57 182 USA
341d Hanford 36.3 −119.6 73 USA
213d El Arenosillo 37.1 −6.73 41 Spain
252d Seoul 37.6 126.95 84 Korea
107d Wallops Island 37.9 −75.52 4 USA
293d Athens 38 23.7 15 Greece
82d Lisbon 38.8 −9.13 105 Portugal
208d Shiangher 39.8 117 13 China
67d Boulder 40 −105.3 1634 USA
12d Sapporo 43.1 141.33 19 Japan
40d Haute Province 43.9 5.75 580 France
201d Sestola 44.2 10.77 1030 Italy
226d Bucharest 44.5 26.13 92 Romania
19d Bismarck 46.8 −100.8 511 USA
35d Arosa 46.8 9.67 1860 Switzerland
20d Caribou 46.9 −68.02 192 USA
100d Budapest 47.4 19.18 140 Hungary
99d Hohenpeissenberg 47.8 11.02 975 Germany
96d Hradec Kralove 50.2 15.83 285 Czech Republic
36d Camborne 50.2 −5.32 88 UK
53d Uccle 50.8 4.35 100 Belgium
68d Belsk 51.8 20.78 180 Poland
50d Potsdam 52.4 13.05 89 Germany
116d Moscow 55.8 37.57 187 Russia
165d Oslo 59.9 10.72 50 Norway
43d Lerwick 60.2 −1.15 90 UK
51d Reykjavik 64.1 −21.9 60 Iceland
284d Vindeln 64.3 19.77 0 Sweden
105d Fairbanks 64.8 −147.9 138 USA
199d Barrow 71.3 −156.6 11 USA
89d Ny‐Alesund 78.9 11.88 0 Norway

aFirst column denotes WMO station number.

Table 1. List of Brewer Stations Used in the Comparisonsa

WMO ID Station Name Lat Lon Elevation Country

322b Petaling Jaya 3.1 101.65 46 Malaysia
10b New Delhi 28.6 77.22 216 India
287b Funchal 32.7 −17.05 59 Portugal
332b Pohang 36 129.38 0 Korea
295b Mount Waliguan 36.2 100.53 3816 China
213b El Arenosillo 37.1 −6.73 41 Spain
346b Murcia 38 −1.17 69 Spain
82b Lisbon 38.8 −9.13 105 Portugal
308b Madrid 40.5 −3.55 0 Spain
261b Thessaloniki 40.5 22.97 4 Greece
305b Rome University 41.9 12.52 0 Italy
282b Kislovodsk 43.7 42.66 2070 Russia
65b Toronto 43.8 −79.47 198 Canada
326b Longfenshan 44.8 127.6 0 China
321b Halifax 44.9 −63.5 0 Canada
319b Montreal 45.5 −73.75 0 Canada
301b Ispra 45.8 8.63 0 Italy
35b Arosa 46.8 9.67 1860 Switzerland
100b Budapest 47.4 19.18 140 Hungary
99b Hohenpeissenberg 47.8 11.02 975 Germany
290b Saturna 48.8 −123.1 0 Canada
331b Poprad‐Ganovce 49 20.32 0 Slovakia
320b Winnipeg 49.9 −97.24 0 Canada
96b Hradec Kralove 50.2 15.83 285 Czech Republic
338b Regina 50.2 −104.7 0 Canada
53b Uccle 50.8 4.35 100 Belgium
318b Valentia 51.9 −10.25 0 Ireland
316b Debilt 52 5.18 0 Netherlands
241b Saskatoon 52.1 −105.3 550 Canada
174b Lindenberg 52.2 14.12 98 Germany
50b Potsdam 52.4 13.05 89 Germany
76b Goose 53.3 −60.38 44 Canada
21b Edmonton 53.6 −113.5 668 Canada
279b Norkoping 58.6 16.12 0 Sweden
77b Churchill 58.8 −94.07 35 Canada
123b Yakutsk 62.1 129.75 98 Russia
284b Vindeln 64.3 19.77 0 Sweden
267b Sondrestrom 67 −50.98 150 Greenland
262b Sodankyla 67.4 26.65 179 Finland
24b Resolute 74.7 −94.98 64 Canada
315b Eureka 79.9 −85.93 10 Canada

aFirst column denotes WMO station number.
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duced to obtain time series of the satellite‐ground‐based
differences. For this analysis of the time series, we averaged
the individual station comparisons separately over the
Northern and Southern hemispheres. On the other hand, for
the analysis of the dependence on latitude, the relative dif-
ferences from all ground‐based stations within the selected
latitudinal belt were binned together to calculate its average
value. This global study of latitudinal dependence can only
be analyzed from the Dobson spectrophotometers, since
there are no quality‐assured data from Brewer instruments in
the Southern Hemisphere.

[20] From the relative differences derived from expression
1, the mean bias error (MBE) parameter was also calculated
for each data set as

MBE ¼ 1

N

XN

i¼1

RDi; ð2Þ

where N is the number of data pairs TOMS‐Brewer (or
TOMS‐Dobson).
[21] In addition, a lineal regression analysis is performed

between the TOC values recorded by ground‐based spec-

Figure 1. Scatterplot between satellite‐ and ground‐based observations for the whole period 1996–2004,
plotted separately for (top) Dobson and (bottom) Brewer instruments. In the left and right column, the
corrected TOMS V8 and original TOMS V8 data are displayed, respectively.
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trophotometers and the TOMS V8 instrument. Regression
coefficients, coefficients of correlation (R2) and the root‐
mean‐square errors (RMSEs) are evaluated in this analysis.

4. Results and Discussion

[22] To analyze the proportionality and similarity of the
ground‐based and satellite‐based observations, several linear
regression analyses were performed between the TOC values
measured from the TOMS V8 instrument and the ground‐
based data from Brewer and Dobson spectrophotometers.
These data are fitted for three different periods: 1996–2000
(data set 1), 2001–2004 (data set 2), and 1996–2004 (data
set 3). The slopes and statistical parameters obtained for
the different regression analyses are presented in Tables 3
and 4 for the TOMS‐Dobson correlation and TOMS‐
Brewer correlation, respectively. The agreement between
ground‐based and TOMS V8 total ozone data is excellent
for the three data sets (R2 higher than 0.92). In addition, the
scatterplots presented in Figure 1 for data set 3 reveal a high
degree of proportionality with a notably small spread
(RMSE smaller than 3%). It can be seen that TOMS V8‐
corrected data present a more reduced spread compared
with respect to the TOMS V8 original data. Tables 3 and 4
also show the MBE parameters obtained for the three data
sets. The MBE values for the TOMS V8‐corrected data
range between −0.5% and −1.0%, indicating a very slight
underestimation of the ground‐based TOC measurements.
The TOMS V8 original data present a more negative MBE
(∼−2% for data set 3), showing that these satellite data
clearly underestimate the ground‐based data. In addition,
the statistical parameters shown in Tables 3 and 4 indicate
that the agreement between the satellite and ground‐based
data is slightly better for Dobson than for Brewer spec-
trophotometer. This result is associated with the small dif-
ferences between the measurements recorded by the two
ground‐based instruments that were noted in subsection 2.2.
[23] The variation of the relative differences between the

two satellite TOC data sets and ground‐based measurements
as a function of latitude is shown in Figure 2. It can be

observed that the V8‐corrected TOC data are larger in value
than the V8 original TOC data for all latitudes. Over the
global latitudinal coverage of the Dobson comparison, there
is no significant meridional dependence of these differences
discernible for the two TOMS algorithms, which vary
within 2%. Large positive relative differences (∼4%) were
found over the equator both for the Dobson as well as for the
Brewer comparisons, which are most likely related to
quality issues of a single ground‐based station. In addition,
the higher values of the relative differences over the tropics
could possibly be related to the cloudiness interfering with
the satellite retrieval. The EP‐TOMS retrieval was using an
IR‐based cloud height climatology that, based on recent
experience with OMI retrievals, are likely in error
[Newchurch et al., 2001]. This shows up in regions where the
cloud height is actually lower than it was expected by the
climatology. Over midlatitudes the behavior of the differ-
ences is slightly different between the two hemispheres.
While the relative differences for the Southern Hemisphere
shows significant changes between neighboring latitudinal
belts, the values for the Northern Hemisphere present a
smoother behavior, most likely due to better statistics for the
Northern Hemisphere. Finally, comparison results from high‐
latitude stations show large spreads as the analysis is based on
fewer observational points for these latitudinal belts.
[24] To analyze the long‐term stability of the EP‐TOMS

V8 total ozone data, the time series of the monthly mean
differences between satellite and ground‐based data for the
V8‐corrected (left column) and the V8‐original (right
column) data sets are shown in Figure 3. Comparison results
were separated for the Northern and Southern hemispheres.
The time series of the two data sets show no significant drift
until mid‐2001. After that date, the satellite‐ground‐based
differences for the original TOMS V8 data show an
increasing bias for the two hemispheres, with a drop of
satellite total ozone observations of around 3%. Although
this bias is evident in both the Dobson and Brewer com-
parisons, it is clearly larger in the comparison against
Brewer data. This satellite drift can be largely attributed to
the degradation issues of the TOMS instrument explained in

Table 3. Statistical Parameters Obtained in the Regression Analyses Between TOMS V8‐Corrected and Dobson Total Ozone Data for
the Three Different Periods: 1996–2000 (data set 1), 2001–2004 (data set 2), and 1996–2004 (data set 3)a

N Slope R2 RMSE (%) MBE (%)

Data set 1 59,475 (59,475) 0.973 (0.970) 0.946 (0.946) 0.48 (0.59) +0.229 ± 0.036 (−0.215 ± 0.036)
Data set 2 34,620 (34,620) 0.960 (0.967) 0.933 (0.932) 0.93 (1.22) +0.793 ± 0.038 (−1.019 ± 0.040)
Data set 3 94,095 (94,095) 0.967 (0.969) 0.941 (0.939) 0.64 (0.79) +0.437 ± 0.037 (−0.511 ± 0.038)

aResults for the TOMS V8 original correlation are shown in parentheses. The parameters shown are the number of correlative data points (N), the slope
of the regression, the coefficients of correlation (R2), the root‐mean‐square errors (RMSE), and the mean bias error (MBE).

Table 4. Statistical Parameters Obtained in the Regression Analyses Between TOMS V8 and Brewer Total Ozone Data for the Three
Different Periods: 1996–2000 (data set 1), 2001–2004 (data set 2), and 1996–2004 (data set 3)a

N Slope R2 RMSE (%) MBE (%)

Data set 1 52,809 (52,809) 0.965 (0.957) 0.925 (0.925) 1.24 (1.71) −1.081 ± 0.037 (−1.525 ± 0.038)
Data set 2 35,904 (35,904) 0.944 (0.958) 0.931 (0.924) 0.89 (2.49) −0.516 ± 0.038 (−2.328 ± 0.041)
Data set 3 88,713 (88,713) 0.958 (0.958) 0.926 (0.924) 1.09 (2.02) −0.852 ± 0.038 (−1.850 ± 0.039)

aResults for the TOMS V8 original correlation are shown in parentheses. The parameters shown are the number of correlative data points (N), the slope
of the regression, the coefficients of correlation (R2), the root‐mean‐square errors (RMSE), and the mean bias error (MBE).
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section 2.2, and this feature of the TOMS V8 total ozone
data was also observed by other authors [Bramstedt et al.,
2003; Balis et al., 2007a]. After attempts to correct the
basic calibration failed, an empirical correction derived from
comparisons with NOAA 16 and 17 SBUV/2s was applied
to correct for this drift. The TOMS V8‐corrected data were
released in 2007. Figure 3 shows that the time series of this
corrected data set improves notably with respect to the
original data set after the year 2000. We thus performed a
comparative analysis between satellite and ground‐based
data for two separate periods, 1996–2000 and 2001–2004 to
highlight the improvement of the new data set. Table 5
shows the mean relative differences between TOMS V8
(original and corrected) and ground‐based (Brewer and
Dobson) total ozone data and its standard deviation for these
two periods. These mean relative differences were calcu-
lated from monthly averages of both satellite and ground‐
based data. It can be seen that the TOMS ground‐based
differences presents a significant improvement for the
Brewer comparison, mainly in the period 2001–2004. Thus,
the mean value of these differences change from −1.98%
(original data set) to −0.16% (corrected data set). In contrast,
the results show that there is no improvement for TOMS‐
Dobson comparison since the relative differences change
from −0.94% (original data set) to +0.94% (corrected data
set). Nevertheless, Table 5 shows that the standard devia-
tions for the relative differences derived from the corrected

data set as for Dobson as for Brewer instruments are smaller
than the standard deviations obtained by the original data.
[25] The time series in Figure 3 show that there is a clear

seasonality for TOMS‐Brewer comparisons with an ampli-
tude of ∼1.5% but that there is little seasonality for TOMS‐
Dobson comparisons in either hemisphere. The work of
Balis et al. [2007a] indicated that TOMS V8 and Dobson
total ozone data have similar dependence on the lower
stratospheric temperature because the wavelengths used by
the TOMS algorithm are closer to those for the Dobson
spectrophotometer than for the Brewer instruments. As a
consequence, the TOMS‐Dobson errors associated with the
stratospheric temperature variability possibly cancel out
when calculating their differences. Thus, the different sea-
sonality between Brewer and Dobson comparisons may be
partially attributed to the different temperature dependence
of the ozone absorption cross sections in the wavelength
ranges used in the retrievals of the two spectrophotometers
[Van Roozendael et al., 1998]. In addition, the seasonality in
TOMS‐Brewer comparison could be also caused by errors
in the instrument extraterrestrial constant of Brewer spec-
trophotometers that are determined during the calibration of
these types of instruments. However, these constants can
change with time, making it necessary to introduce a cor-
rection based on regular standard lamp test results, but this is
not always done at some stations. Finally, the seasonality in
satellite‐ground‐based differences could be partially asso-

Figure 2. Mean relative differences between TOMS V8 measurements (both original and corrected) and
ground‐based total ozone data as a function of the ground pixel/station latitude grouped in 10° latitude
bins.

Table 5. Mean Relative Differences Between TOMS V8 and Ground‐Based Total Ozone Data and Its Standard Deviation for Two Dif-
ferent Periods (1996–2000 and 2001–2004)

Mean ± Standard Deviation (1996–2000) Mean ± Standard Deviation (2001–2004)

Original Corrected Original Corrected

Brewers −1.11% ± 0.74% −0.70% ± 0.68% −1.98% ± 1.37% −0.16% ± 0.89%
Dobsons −0.09% ± 0.52% 0.37% ± 0.49% −0.94% ± 1.07% 0.94% ± 0.68%
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Figure 3. Time series of the monthly mean differences by hemisphere for the TOMS (left) V8‐corrected
and the (right) V8‐original data sets. (top) Northern Hemisphere for the Dobson comparisons, (middle)
Southern Hemisphere for the Dobson comparisons, and (bottom) Northern Hemisphere for the Brewer
comparisons. A marked improvement in the new data set after year 2001 for all of the above is notable.
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ciated with instrument effects in the TOMS satellite plat-
form. The two plots of Figure 3 (top) show a strong sea-
sonality in the time series after year 2001. This effect is
mainly due to the influence of several Dobson stations
located between 0°N and 30°N. This issue is currently under
investigation.
[26] Under cloudy conditions the satellite is only sensitive

to the ozone column above the cloud top and the TOMS
ozone retrieval must estimate the amount of ozone below the
cloud top [McPeters et al., 1998]. The current TOMS
algorithm obtains this ghost column amount from the
TOMS V8 ozone profile climatology and a satellite‐based
cloud pressure climatology derived from IR observations,
generating significant uncertainties in the retrieval of the
total ozone column [Lamsal et al., 2007]. Thus, it is inter-
esting to study the influence of clouds on the satellite mea-
surement and satellite‐ground‐based comparison exercises.
Figure 4 shows the evolution of the relative differences
between satellite and ground‐based total ozone data as a
function of the LER, the Lambert Equivalent Reflectivity.
The LER variable is a function of the geometric cloud
fraction and the albedo of the cloud and surface and
represents the fraction of measured Earth radiance origi-
nating from the cloudy part of the ground pixel. A high
value of the LER variable indicates that the satellite obser-
vation is performed with a significant amount of cloudi-
ness in the instrument’s field of view. In contrast, the
Dobson and Brewer ground‐based instruments derive the
corresponding measurements from direct sun measurements
under cloud‐free conditions that occur during sufficiently
long periods in between clouds. From Figure 4 the
remarkable stability of the TOMS algorithm under cloudy
conditions can be inferred even when the satellite LER values
become very high, revealing that neither Brewer nor Dobson
comparisons present a significant dependence on the effec-
tive cloud fraction. Thus, the cloud‐dependent error of
TOMS total ozone observations (corrected and original)

presents only a weak positive dependence on LER values as
for Dobson as for Brewer data up to LER values around 60%.
For higher LER values, the relative differences present a
smooth negative dependence, suggesting that the TOMS
ozone profile and cloud pressure climatologies are relatively
accurate, which is to be expected when a sufficient amount
of averaging towards the climatological values has taken
place. One should also appreciate the substantial statistical
spread indicating situations where large deviations from the
climatology occur. Antón et al. [2009a] compared the a
priori TOMS V8 partial columns with true ozone profiles
from ozone sonde measurements in Madrid (Spain), show-
ing that the lowest two layers present relative differences of
about 15% between the measurements and the satellite cli-
matology. This result could partially explain the behavior of
the deviation of the relative differences (2s spread), which
increases as a function of LER (not shown), in agreement with
previous results of the OMI total ozone data retrieved from
TOMS V8 algorithm (OMI‐TOMS ozone data) [Balis et al.,
2007b; Antón et al., 2009b]. This increased scatter is also
partially associated with the choice of cloud pressure under
cloudy conditions. Figure 4 also shows that there is no
significant change in cloud fraction dependence between
TOMS V8 original and corrected total ozone observations,
indicating that the difference between the two satellite data
sets is not related to the LER variable.
[27] The seasonal dependence shown in Figure 3 for the

TOMS‐Brewer relative differences suggests that this com-
parison depends on the ground pixel solar zenith angle
(SZA). In addition, the null seasonality for the TOMS‐
Dobson relative differences seen in the same figure indicates
that the TOMS‐Dobson comparisons have no significant
dependence on SZA. This analysis may be highly affected
by the compensation of cases with opposite sky conditions,
i. e., cloud‐free and fully cloudy [Antón et al., 2008b, 2009a,
2009b]. We have therefore calculated the relative differences
as function of the SZA for cloud‐free cases (R < 10%), cloudy

Figure 4. Investigating the possible effect of the reflectivity on the differences between the TOMS V8
time series and the ground‐based measurements.
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cases (R > 50%), and all conditions. We note that for the
corrected TOMS data set, 43% of the cases are for cloud‐free
conditions and 27% are for cloudy conditions. Figure 5 shows
the mean relative differences between TOMS V8 measure-
ments (both original and corrected) plotted separately for
Brewer (bottom frames) and Dobson (top frames) instru-
ments, as a function of the satellite ground pixel SZA for the
three data sets using 5° bins of SZA. It can be seen that the
TOMS‐Brewer relative differences for V8‐corrected as for
the V8 original data experience a notable decrease with
increasing SZA, explaining and confirming the seasonal
dependence observed in Figure 3. The evolution of the curve
corresponding to all conditions shows that the TOMS‐
Brewer differences for V8‐corrected (original) vary from
almost +3% (+2%) for small SZA to −1% (−2%) for large
SZA. The result agrees with the work of Balis et al. [2007a]
that showed that EP‐TOMS overestimates Brewer mea-
surements by 2% for small SZA and underestimates by −2%

for large SZA. McPeters et al. [2008] also showed that the
EP‐TOMS SZA dependent difference with respect to
ground‐based measurements from 74 Northern Hemisphere
ground stations increases to almost −3% by 70° solar zenith
angle. The relative differences corresponding to the two
opposite data sets (cloud‐free in red and fully cloudy con-
ditions in green) shows a dependence on SZA similar to the
curve corresponding to all cases. Nevertheless, it can be seen
that the amplitude of the differences is clearly reduced when
cloud‐free cases are selected.
[28] Figure 5 shows that the differences between the

Dobson measurements and the EP‐TOMS observations (both
corrected and original data) present a remarkably constant
behavior with SZA for all cases, in agreement with and
confirming the null‐seasonal behavior shown in Figure 3.
However, from Figure 5, one can infer that when LER >50%,
there is a significant influence of cloudiness in the
dependence on SZA of the relative differences between

Figure 5. Investigating the possible effect of the cloudy scenes on (left) the TOMS V8‐corrected time
series and (right) the TOMSv8 original time series. Four data sets were considered: one with all measure-
ments included irrespective of the associated reflectivity, two where the reflectivity was constrained to be
higher and lower than 50%, and one for lower than 10% (cloud‐free scenes). The dependency on the solar
zenith angle on the cloud conditions is examined here. The Dobson comparisons are shown in the upper
graph and the Brewer comparisons in the lower graph.
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TOMS‐Dobson total ozone data (from +2% for small SZA to
−1% for high SZA). This dependence is quite similar to the
behavior shown by the TOMS‐Brewer comparison for
similar sky conditions. Thus, when there is a high amount
of cloudiness in the EP‐TOMS instrument’s field of view,
the relative differences between satellite and ground‐based
total ozone data present a strong dependence on SZA. Under
these conditions, the ground‐based instruments do not
record direct Sun measurement while the satellite makes the
corresponding observation on a partially cloudy pixel. The
ground‐based measurements are recorded before or after
these conditions, only during cloud‐free cases. Antón et al.
[2009b] showed a small dependence on SZA of the rela-
tive differences between the Brewer total ozone measure-
ments and the OMI‐TOMS ozone data for cloud‐free and

cloudy conditions. Balis et al. [2007b] also showed no
significant dependence on SZA for the comparison between
ground‐based total ozone data and the OMI‐TOMS ozone
observations for all sky conditions. Therefore, the SZA
dependence observed in the EP‐TOMS ozone data almost
certainly is related to an instrumental effect rather than to the
retrieval algorithm.
[29] Finally, the variation of the relative difference

between the TOMS V8 and ground‐based total ozone
measurements as a function of the ground‐based data is
shown in Figure 6 (bottom, corrected data set; top, original
data set). Because of statistical sampling issues, the blue line
(the average of the red and black curves) should be seen as
the proper curve showing the total ozone dependent differ-
ences. Either ground‐based or satellite‐based binning runs

Figure 6. The relative difference of TOMS V8 and ground‐based observations as a function of the total
ozone column: (bottom) TOMS V8‐corrected data set and (top) TOMS V8‐original data set.
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into numerical problems. The divergence of values at
∼250 DU occurs because the satellite and ground‐based
instruments are not sampling the same air mass in a region
of rapid ozone change (the presence of the polar vortex).
The differences at very low total column ozone (<240 DU)
are not fully understood at the moment but similar analysis
of ozone values from the Ozone Monitoring Instrument
(OMI) on EOS‐AURA do not show such a dependence so it
should be assumed that this is an instrument response
problem specific to Earth Probe TOMS. Under very low
ozone conditions, e.g., the ozone hole, Earth radiances
contain much more UV light that under normal conditions.
This could lead to EP‐TOMS receiving intensities where the
data may not have been corrected properly because the
number of measurements used to correct the radiances under
these conditions were relatively small and the detector
characterization may not have been as robust [Labow et al.,
2006]. On the other hand, high TOC conditions may push
the signal‐to‐noise limits of the EP‐TOMS instrument. In
addition, under very high ozone conditions, both Dobson
and Brewer Mark 1 systems are known to fail [Redondas
and Cede, 2005]. The UV signals received on the ground
become so small that other signals start to dominate the
recorded data, for example, detector dark current and stray
light from longer wavelengths that still hold an appreciable
intensity. Figure 6 also shows that the variation of the relative
differences for the TOMS V8‐corrected and original
observations is very similar, indicating that the corrected
version is not an improvement with respect to the dependence
on the total ozone column.

5. Conclusions

[30] The main conclusion drawn from this global‐scale
validation exercise is that the upgrade to EP‐TOMS V8‐
corrected total ozone data represents a marked improvement
with respect to the significant negative bias shown by the
original EP‐TOMS V8 satellite observations after year 2000
due to instrumental degradation issues. EP‐TOMS reports
systematically lower total ozone values about 1% of average
from this year onward (Tables 3–5), reaching values higher
than 3% in 2003 (Figure 3). This work has also shown that
the two total ozone data sets (original and corrected) have a
very similar behavior with respect to latitude (zonal means),
solar elevation (seasonality), and ozone column dependence.
In this sense, neither shows any significant dependence on
latitude. In reference to seasonality, TOMS satellite data
overestimate the Brewer measurements for small SZA and
underestimate for large SZA. In contrast, there is almost no
seasonality for TOMS‐Dobson comparisons when all cases
were used. This study shows that the cloudiness of the
satellite ground pixel has a strong effect on the dependence
on SZA of the relative differences of satellite to ground‐
based. Finally, the dependence of the satellite‐ground‐based
relative differences on total ozone shows good agreement
for column values above 250 DU.
[31] Overall we conclude that the empirical correction of

the EP‐TOMS data record provides a reprocessed set of
improved quality. We emphasize the remarkable success of
the “internal calibration and empirical correction” effort
performed by the NASA TOMS team to salvage EP‐TOMS
data. Nevertheless, the empirically corrected EP‐TOMS

total ozone data should not be used for global ozone
trending due to remaining issues in the data set and because
it is no longer an independent data set but tied to the NOAA
16 and 17 SBUV data trends. However, the corrected V8 EP
TOMS data can be used to study the day‐to‐day and sea-
sonal variability of the total ozone column. In addition, these
satellite ozone data can be used as input in radiative transfer
models to the estimation of the ultraviolet radiation.
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