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ABSTRACT

Spaceborne atmospheric chemistry sensors provide unique access to the distribution and variation of the
concentration of many trace species on the global scale. However, since the measurements and the retrieval
algorithms are sensitive to a variety of instrumental as well as atmospheric sources of error, they need to be
validated carefully by correlative measurements. The quality control and validation of satellite measurements
on the global scale, as well as in the long term, is one of the goals of the Network for the Detection of Stratospheric
Change (NDSC). Started in 1991, at the present time the NDSC includes five primary and two dozen comple-
mentary stations distributed from the Arctic to the Antarctic, comprising a variety of instruments such as UV–
visible spectrometers, Fourier transform infrared spectrometers, lidars, and millimeter-wave radiometers.

After an overview of the main sources of uncertainty which could perturb the measurements from space, and
of the ground-based data provided by the NDSC for their validation, this paper will focus, as an example, on
the measurement of total ozone by Earth Probe Total Ozone Mapping Spectrometers (TOMS), ADEOS TOMS
and ERS-2 Global Ozone Monitoring Experiment (GOME) and their validations. The data recorded between
summer 1996 and April 1997 by 16 Système d’Analyse par observations zénithales (SAOZ)/UV–visible spec-
trometers distributed over a range of latitudes from the Arctic to the Antarctic, and by Dobson and Brewer
spectrophotometers operating at selected sites of the NDSC alpine and Antarctic stations, are used to investigate
the solar zenith angle (SZA) dependence, the dispersion, the time-dependent drift, and the possible differences
of sensitivity of the space-based sensors. Although the comparison demonstrates an excellent agreement to within
62%–4% between all space- and ground-based instruments at northern middle latitudes, it also reveals significant
systematic features, such as a SZA dependence with TOMS beyond 808, a seasonal SZA dependence with GOME
beyond 708, a systematic bias of a few percent between satellite and SAOZ observations of low ozone columns
in the southern Tropics, a difference in sensitivity to ozone between the GOME and ground-based sensors at
high latitudes, and an interhemispheric difference of TOMS with the ground-based observations.

1. Introduction

The global composition of the earth’s atmosphere is
changing due to the increasing anthropogenic release of
chemically and radiatively active species. A better
knowledge of the global composition of the atmosphere
as well as its long-term evolution are urgently needed
to assess current and future changes. Only remote sens-
ing from a satellite platform can provide the required
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continuous measurements of relevant atmospheric trace
species on the global scale. However, as demonstrated
on several occasions in the past, satellite observations
are subject to time-dependent drifts. They are of limited
sensitivity in the lower stratosphere and the troposphere
because of clouds and other physical limitations, such
as line broadening. Before being used for a specific
scientific application, the relevance of satellite mea-
surements must be investigated carefully by means of
intensive coordinated geophysical validation cam-
paigns. The primary purpose of these campaigns is to
verify that the data provided by the satellite experiment
do respond to spatial, temporal, and quality require-
ments specific to the application for which the experi-
ment has been designed. In particular, the accuracy and
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precision of these data must be assessed over the whole
relevant spatial domain and vertical range during the
entire mission. In addition, satellite observations are not
continuous since they depend strongly on space policies
of the various nations. The link needed between sensors
operating on different platforms must be studied.

The performance of an atmospheric sensor can be
investigated by analyzing its measurements with respect
to high quality correlative observations. In turn, the sat-
ellite data provide an insight into ground-based mea-
surements and point out key issues for the improvement
of ground-based remote sensing techniques. The inde-
pendent calibration and validation of satellite experi-
ments is precisely one of the main goals of the high
quality remote-sounding research stations of the Net-
work for the Detection of Stratospheric Change
(NDSC). The NDSC started operating in 1991, under
the auspices of the United Nations Environment Pro-
gram, the International Ozone Commission of the In-
ternational Association of Meteorology and Atmospher-
ic Physics, and the World Meteorological Organization
(WMO). It is a major contributor to the WMO’s Global
Ozone Observing System (GO3OS) within the frame-
work of the Global Atmosphere Watch. The NDSC con-
sists of about 17 sites distributed in five primary stations
(Arctic, Alpine, Hawaii, New Zealand, Antarctic) and
two dozen complementary sites. By means of various
observation techniques, each NDSC primary station
provides total column measurements of ozone, nitrogen
dioxide, and other key constituents, such as NOy, ClOy,
or CH4, as well as vertical distributions of ozone, tem-
perature, water vapor, ClO, and aerosols. In particular,
total ozone is monitored with UV–visible spectrometers,
with Dobson and Brewer spectrophotometers, and with
Fourier transform infrared spectrometers (FTIR). Com-
plementary NDSC sites are equipped with a limited
number of instruments validated in the same way as
those of the primary stations. In the framework of the
NDSC, 17 SAOZ (Système d’Analyse par Observations
Zénithales) and other NDSC-qualified UV–visible spec-
trometers have been deployed at primary and comple-
mentary sites, constituting the so-called SAOZ/UV–vis-
ible network. Altogether, these instruments allow twice-
daily observations of ozone and nitrogen dioxide col-
umn amounts all over the world, from the Arctic to
Antarctica. The activities of the SAOZ/UV–visible net-
work are supported by national funding from several
European countries and by the Environment Programme
of the European Commission (DGXII).

Since the beginning of their operation, both the NDSC
and the SAOZ/UV–visible network have demonstrated
their efficiency and complementarity in satellite vali-
dation research. Their contribution has been valuable in
assessing the performances of the series of NASA’s Total
Ozone Mapping Spectrometers (TOMS), of the instru-
ments on board the Upper Atmosphere Research Sat-
ellite (UARS), and of the current ESA Global Ozone
Monitoring Experiment (GOME). Those networks

should also play a major role in the validation and in-
terpretation of data of future missions such as the ESA’s
Environment Satellite (ENVISAT-1). Based on the her-
itage of the GOME, TOMS, and UARS validation, the
main purpose of the present paper is to give an overview
of the capabilities and complementarity offered by both
ground-based networks for investigating the pole-to-
pole performances of space-based sensors for the mea-
surement of atmospheric composition in general and,
more specifically, total ozone. The paper starts with a
general introduction of satellite remote sensing devoted
to the chemistry of the lower and middle atmosphere,
highlighting several sources of uncertainty of measure-
ments from space. In section 3, an overview of the
potential of the NDSC for validating and interpreting
satellite total ozone observations is given. In section 4,
a brief review of its potential for the validation of the
measurements of other species is provided. Finally, the
concept will be illustrated in section 5 by the example
of a preliminary evaluation of total ozone measured
from space by the Earth Probe TOMS, the ADEOS
TOMS, and the ERS-2 GOME, using ground-based ob-
servations associated with the NDSC and the SAOZ/
UV–visible network.

2. Spaceborne sensors

Current and future instruments in orbit are expected
to provide information on major scientific issues related
to the photochemistry and dynamics of the lower and
middle atmosphere. Of primary concern are the budgets
of odd oxygen, nitrogen, chlorine, and hydrogen fam-
ilies and of water vapor; the partitioning between spe-
cific molecules of these families; methane oxidation; the
strong springtime ozone depletion at high latitudes; and
the long-term decrease of the ozone column at both high
and middle latitudes. Target species of principal im-
portance are ozone, nitrogen compounds, chlorine and
bromine families, HO2, OH, HCHO, and CH4, as well
as aerosols and temperature.

Most of the space-based optical remote sensing tech-
niques are based on two main viewing geometries: the
limb and the nadir viewing. Both require an accurate
knowledge of the spacecraft position and attitude. When
sounding the limb of the atmosphere, a sensor observes
the radiation leaving the atmosphere tangentially. An
accurate measurement of the solar elevation angle is
therefore essential, together with a relatively large
amount of absorber or emitter in the line of sight. In
occultation mode, the vertical resolution may be high,
but a relatively poor horizontal resolution results.
Clouds can alter significantly the radiation field and may
perturb the measurement around the tropopause and be-
low. For measurements in solar occultation mode (i.e.,
in absorption when the sun rises or sets), the enhanced
light path of the limb geometry combines with large
signals to allow the detection of weak absorbers, but
the observation geometry yields poor spatial and tem-
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poral coverage. In addition, the concentration of many
relevant atmospheric constituents changes rapidly dur-
ing twilight, making their retrieval more difficult and
less accurate. Stellar occultation can lead to much better
spatial and temporal coverage. But other problems arise,
such as scintillation because of refraction within thin
layers in the atmosphere or wavelength registration un-
certainties of the source spectral features when its spec-
trum is not structured enough. When pointing in the
nadir direction, a sensor observes radiation emitted or
scattered by the atmosphere and the earth’s surface. The
method is less sensitive to inaccuracies in the direction
of observation and allows high horizontal resolution but
limited vertical resolution. At small solar zenith angles
(SZA), spectral signatures from weak absorbers or emit-
ters may be under the detection threshold. Clouds per-
turb the radiation field and mask the troposphere. In the
infrared spectral region, radiation detected in the nadir
includes features due to atmospheric constituents su-
perimposed on the background thermal signal of the
earth’s surface.

The performance of optical instruments is known to
degrade with time, especially in the space environment.
Changes in the properties of optical elements (e.g., deg-
radation of the diffuser or contamination of optical sur-
faces), in the response of the detectors and their elec-
tronics, and from thermal and mechanical phenomena
are a few causes of this instrumental degradation. Wave-
length registration and absolute signal level calibration
are also subject to time-dependent drifts that may alter
the accuracy of the retrieved atmospheric abundances.

Column and profile retrievals are sensitive to uncer-
tainties in input parameters in the spectral analysis and
in the radiative transfer model, such as laboratory ab-
sorption cross sections and a priori assumptions in the
composition and properties of the atmosphere or the
earth’s surface. In particular, uncertainties due to fea-
tures exhibiting a seasonal variation (e.g., vertical dis-
tributions of temperature and of radiatively active spe-
cies, snow or ice cover, tropopause height) combine with
solar zenith angle dependences, resulting in periodic,
systematic errors. Clouds and aerosols can modify the
albedo and the radiation field dramatically, and the de-
termination of their coverage and properties is critical.
The impact of polar stratospheric clouds and volcanic
aerosols has already been demonstrated to perturb sig-
nificantly the retrieval of total ozone from the earth’s
radiance measurements in the ultraviolet Huggins band
(Torres et al. 1992; Bhartia et al. 1993). Tropospheric
clouds prevent spaceborne sensors from seeing the low-
er part of the atmosphere and require the use of cli-
matological information about constituents below
clouds. Even under clear-sky conditions, uncertainties
in the radiation field arise from large uncertainties in
the spectral properties of the surface, which, in addition,
may change significantly as a function of land use, veg-
etation, and season.

3. Ground-based sensors for total ozone

Total ozone is monitored at NDSC stations by Dobson
and Brewer spectrophotometers, UV–visible spectrom-
eters, and FTIR spectrometers. In order to ensure the
quality of the measurements, most of the instruments
are routinely calibrated and regularly compared. Blind
intercomparison campaigns are also organized through
the NDSC. This section describes the main ground-
based total ozone sensors, their mutual consistency, and
their capabilities, limitations, and complementarity for
the validation of satellite data.

a. Ultraviolet spectrophotometers

The column abundance of ozone can be derived from
differential absorption measurements in the ultraviolet
Huggins band, where ozone exhibits strong absorption
features. Based on this method, the Dobson instrument
consists of a double prism monochromator (Dobson
1957). Its principle relies on the measurement of the
ratio of the direct sunlight intensities at standard wave-
lengths. The most widely used wavelength combination,
recommended as the international standard, is the two
pairs of wavelengths referred to as the AD pair (305.5–
325.4 nm; 317.6–339.8 nm) (Komhyr et al. 1993). Start-
ed in the 1950s, the international network of more than
100 Dobson spectrophotometers forms the world’s pri-
mary total ozone monitoring network and is a key com-
ponent of the WMO’s Global Ozone Observing System.
The Brewer grating spectrophotometer is similar in its
principle to the Dobson but with an improved design
that is fully automated (Kerr et al. 1983). The ozone
column abundance is derived from a combination of four
wavelengths between 310 and 320 nm. A fifth wave-
length is used to determine the SO2 column abundance.
About 100 Brewers operate as part of the GO3OS. A
few Dobson and Brewer spectrophotometers are rec-
ommended at primary NDSC sites.

During international intercomparison campaigns,
Dobson instruments can be adjusted to agree within
0.3%–1% (Basher 1994). The long-term agreement be-
tween Dobson and Brewer total ozone at high and mod-
erate sun elevation—that is, at low and moderate air
mass—is generally better than 1%, while day-to-day
fluctuations in the difference are usually small, on av-
erage less than 61.5% (e.g., Kerr et al. 1988; De Backer
and De Muer 1991). At low sun elevation, mean dif-
ferences of 65% are reported (Nichol and Valenti 1993).
Dobson and Brewer instruments might suffer from long-
term drift associated with calibration changes for which
corrections are needed. Calibration errors also generate
a relative airmass dependence. An additional problem
arises at low solar elevation, where the contributions of
diffuse and of direct radiation are of the same order of
magnitude and vary with the aerosol load. The contri-
bution of short wavelengths is relatively larger in the
diffuse component, leading to an erroneous decrease in
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measured ozone abundance as the airmass increases (Jo-
sefsson 1992). Internal scattering within the spectro-
photometer also increases at high SZA. According to
Van Roozendael et al. (1998a), the temperature depen-
dence of the ozone absorption coefficients used in the
Dobson and Brewer retrievals might account for a sea-
sonal variation of 60.9% at Payerne, Switzerland
(46.58N), of 61.7% at Sodankylä, Finland (67.48N), and
for a systematic offset smaller than 1%. The effect can
dramatically increase in extremely cold conditions such
as those met in the winter polar vortex, where strato-
spheric temperature can reach that associated with the
formation of polar stratospheric clouds (PSC) of type I
(195 K) and type II (189 K). Ozone measurements in
the ultraviolet can be affected by interfering species,
such as SO2 and NO2 (Kerr et al. 1988 and references
therein). The effect of SO2 on Dobson data is an er-
roneous increase of total ozone by 0.3% on average,
depending on the location of the station. Furthermore,
according to De Muer and De Backer (1992), the long-
term trend of SO2 generally ascertained in European
and North American urban areas would induce, if not
properly taken into account, a fictitious Dobson total
ozone trend, for example, of 21.69% per decade in
urban stations such as Uccle, Belgium (50.58N). The
wavelengths used in the Brewer ozone measurement are
chosen to avoid interferences by SO2. Interferences by
NO2 may be neglected for both Dobson and Brewer
measurements, except during strong NO2 tropospheric
pollution events, which can produce an erroneous in-
crease of total ozone by 0.6% in extreme cases. Built
up from quasi-simultaneous direct sun and zenith-sky
measurements, a sky chart can be used to derive total
ozone from Dobson and Brewer zenith-sky readings.
This method is useful for obtaining data in cloudy con-
ditions or in regions frequently overcast, like Antarctica.
However, a sky chart is known to be less accurate, de-
pending, among other things, on the optical properties
of the cloud cover (Dahlback 1995). Moreover, due to
the degradation of accuracy at low solar elevation and
the mostly cloudy conditions in winter, sky charts at
polar latitudes would not be suitable in winter (Taalas
and Kyrö 1992).

In summary, with well-maintained Dobson and Brew-
er instruments, the error of individual total ozone mea-
surements may be estimated to be within 0.3%–1% un-
der conditions of high sun, clear sky, and low ozone.
Under less favorable conditions, the error budget anal-
ysis concludes to a 2%–3% accuracy at high and mod-
erate sun elevation (typically beyond 208), and about
5%–7% at lower sun elevation and in polar winter. This
error budget includes the temperature dependence of the
UV absorption coefficients, which might account for an
erroneous seasonal variation of 60.9% at middle lati-
tudes and 61.7% at the Arctic polar circle, and for a
systematic offset smaller than 1%. Uncertainties related
to calibration errors, temperature dependence, aerosols,
and interfering species depend on the location of the

station, on the vicinity of pollution sources, and on the
detailed history of the instrument calibration.

b. Ultraviolet–visible zenith-sky spectrometers

Several trace constituents, such as ozone, NO2, O4,
H2O, BrO, and OClO, can be detected from UV–visible
zenith-sky observations at twilight (e.g., Brewer et al.
1973; Noxon et al. 1979; Solomon et al. 1987; Pom-
mereau and Goutail 1988). Based on the technique pi-
oneered by Dobson (1957), the retrieval method, re-
ferred to as the Differential Optical Absorption Spec-
troscopy (DOAS), consists of studying the narrow ab-
sorption features of the species, after removal of the
broadband signal due to scattering processes. A differ-
ential optical thickness is calculated as the logarithm of
the ratio between the actual zenith-sky spectrum and a
reference recorded at lower SZA. Column densities
along the optical path, or apparent slant columns, are
derived by an iterative least squares procedure, fitting
the observed differential optical thickness with high-
resolution differential absorption cross sections mea-
sured in the laboratory and convolved with the instru-
ment slit function. Apparent slant columns are converted
into vertical columns using a geometrical enhancement
factor, or air mass factor (AMF). This AMF is calculated
with a radiative transfer model assuming vertical dis-
tributions of the target absorber and of the atmospheric
constituents controlling the path of the solar radiation
into the atmosphere.

Based on this technique, about 25 UV–visible DOAS
spectrometers constitute the backbone of the NDSC for
total ozone and nitrogen dioxide monitoring. Among
them, the SAOZ grating spectrometer (Pommereau and
Goutail 1988) derives apparent slant column amounts
of ozone in the Chappuis band (between 470 and 540
nm) and of NO2 in the 406–526-nm spectral window.
Slant columns retrieved from a real-time spectral anal-
ysis at the station are converted into preliminary total
vertical columns by the use of a standard AMF calcu-
lated for 608N (Sarkissian et al. 1995a). Together with
two DOAS spectrometers designed, respectively, at the
Belgian Institute for Space Aeronomy (Van Roozendael
et al. 1995) and at the Norwegian Institute for Air Re-
search, 17 SAOZ instruments are currently performing
network operations from the Arctic to the Antarctic.

When the uncertainty of the high-resolution ozone
absorption cross sections and the one sigma confidence
level of the least squares fit calculated for each spectrum
are taken into account, the overall accuracy of the SAOZ
ozone apparent slant column amounts is better than 2%.
Wavelength calibration changes should not exist for
SAOZ instruments since they are self-calibrated per-
manently by reference to the solar Fraunhofer absorp-
tion lines. As shown by Brion et al. (1993), the tem-
perature dependence of the ozone cross sections in the
visible is not significant (,1%). At shorter wavelengths,
the temperature dependence reported by Burkholder and
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Talukdar (1994) is too small to have a significant effect
on atmospheric observations with the DOAS method.
The main sources of uncertainty on the vertical column
are associated with the AMF. The zenith-sky AMF is
sensitive to the altitude of the site; to the vertical dis-
tribution of pressure and temperature, which controls
the scattering geometry; and to the ozone density profile.
Short-term fluctuations of these parameters might ac-
count for a 61% scatter in the retrieved total ozone
(Lambert et al. 1996a). For real-time SAOZ data based
on the standard AMF calculated at 608N, seasonal
change of the ozone profile and scattering geometry
introduces a systematic seasonal bias of about 5%–6%
amplitude at 678N, 3%–4% at 448N, and negligible in
the Tropics (Høiskar et al. 1997; Van Roozendael et al.
1998a; Denis et al. 1995). The use of the standard SAOZ
AMF also introduces an average latitudinal dependence
of 23% at 678N to 12.8% at the Tropics, due to the
latitudinal drift in altitude of the ozone maximum. An-
other source of uncertainty of the AMF arises from the
increasing tropospheric contribution during strong pol-
lution events. AMFs are also affected by changes in the
effective optical path of the scattered light. Tropospheric
multiple scattering, generated by fog, thick clouds, or
snow showers, can enhance the tropospheric light path.
This enhancement increases the absorption by ozone and
interfering species, such as O4 and H2O, resulting in a
bias in the retrieved ozone (Van Roozendael et al. 1994).
According to Van Roozendael et al. (1998a), this con-
tribution does not exceed 1% on average at midlatitudes
if erroneous data are rejected after detection by adequate
criteria. The impact of aerosols depends largely on the
altitude distribution of both ozone and the aerosols (Sar-
kissian et al. 1995b). Short-term variations of the back-
ground aerosol load should not affect the twilight AMF
by more than 60.5%. The reduced stratospheric aerosol
layer observed in the Antarctic vortex in winter might
increase the actual AMF by 1%. The effect is expected
to be more significant with the strong aerosol load re-
leased by major volcanic eruptions and with dense PSCs
of type II. Finally, a constant offset in the retrieved total
ozone can result from the uncertainty of the determi-
nation of the residual ozone amount in the reference
spectrum, depending on the method used to estimate the
residual ozone. This offset can be significantly reduced
with methods based on an ozonesonde measurement or
on a reference spectrum recorded in the direct sun mode
(Vaughan et al. 1997; Lambert et al. 1996a).

At the Tenth WMO Dobson Intercalibration Cam-
paign held at Arosa in July–August 1995 (WMO 1995),
the mean bias between the Dobson and Brewer #40 was
found to be less than 1%, and less than 1.6% with SAOZ
#13 (operated at the same site for intercomparison pur-
poses). Long-term comparisons of SAOZ total ozone
with Dobson or Brewer collocated observations at mid-
latitudes show an agreement within 0%–2.4% with a
scatter of about 5% (Van Roozendael et al. 1998a; Lam-
bert et al. 1996a, 1998a). NDSC and European field

intercomparison campaigns of UV–visible spectrome-
ters were held in May 1992 at Lauder in New Zealand
(Hofmann et al. 1995), in September 1994 at Camborne
in the United Kingdom (Vaughan et al. 1997), and in
June 1996 at the Observatoire de Haute Provence in
France (Roscoe et al. 1998). At Camborne, the differ-
ence between four SAOZ and other DOAS spectrom-
eters was smaller than 3% for total ozone, as well as
with the collocated Dobson and integrated ozonesonde
profiles. Similar conclusions have been reached after
the NDSC intercomparison of 16 ground-based ozone
sensors in 1996 in France.

In summary, with a well-maintained UV–visible
DOAS spectrometer, the error in individual total ozone
measurements may be estimated to be within 2%–3.5%.
This error budget includes the impact of (i) uncertainties
on the ozone absorption cross sections and measurement
noise (62% on the slant column), (ii) short-term fluc-
tuations of the ozone profile and scattering geometry
(61%), (iii) tropospheric multiple scattering (61%),
(iv) aerosol effects (,60.5%), and (v) uncertainties on
the ozone residual amount in the reference spectrum
(61%). For real-time data retrieved with the standard
SAOZ AMF, seasonal and latitudinal changes of the
ozone profile and scattering geometry might account for
a latitudinal dependence of 23% at 678N to 12.8% at
the Tropics, and an erroneous seasonal variation of about
5%–6% at 678N, 3%–4% at 448N, and negligible in the
Tropics. Aerosol effects are expected to increase sig-
nificantly after major volcanic eruptions and with the
presence of dense PSCs (type II). Finally, the uncer-
tainty of the residual ozone in the reference spectrum
can generate an offset up to 3% if not determined by
the most accurate methods.

c. Fourier transform infrared spectrometers

A large number of atmospheric trace constituents of-
fer absorption features in the infrared range: ozone, ni-
trogen compounds, HCl, HF, CO, CH4, CFCs, and oth-
ers. By the application of Fourier transform infrared
spectroscopy (FTIR), the vertical column of those spe-
cies can be inferred from high-spectral-resolution mea-
surements of the solar spectrum. FTIR measurements
can also be performed using the full moon as an infrared
light source (Notholt et al. 1993). An advantage of the
FTIR approach is that many species are measured si-
multaneously. In particular, several suitable unsaturated
ozone transitions with minimal overlap by interfering
lines are available in the commonly covered infrared
spectral region from 2.5 to 12.5 mm. The ozone abun-
dance is retrieved with a multilayer least squares fitting
procedure assuming vertical distributions of pressure,
temperature, ozone, and possible interfering species.
Most of the current FTIR analysis algorithms use the
1992 HITRAN compilation as the spectrometric data-
base (Rothman et al. 1992).

Errors in total ozone arise from uncertainties of sev-
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eral percent in spectral parameters such as the absolute
ozone line intensities, their Lorentz broadening, and
their temperature dependence, and from interferences
with other absorbing species. The temperature depen-
dence can be minimized by choosing appropriate lines,
while minimization of interferences can be achieved
through high spectral resolution and the choice of ap-
propriate spectral microwindows. Optical misalign-
ments generate additional uncertainties in the instrument
line shape, which can cause biases of several percent in
the retrieved ozone column amount if these effects are
not modeled correctly (Zander et al. 1994). FTIR re-
trievals are also affected by deviations of the actual from
the assumed vertical distributions of temperature, pres-
sure, and volume mixing ratios of the target and inter-
fering species (Zander et al. 1994). In particular, this
effect seems to be the major source of a 3%–4% sys-
tematic seasonal variation between FTIR and other
ground-based total ozone observations, as reported by
De Mazière et al. (1998a) after five years of comparison
between FTIR and SAOZ measurements at the Jung-
fraujoch, Switzerland (46.58N), and by Murata et al.
(1997) after one year of comparison between FTIR and
Dobson observations at Rikubetsu, Japan (43.58N).
Most of the comparison studies also report a systematic
underestimation of Dobson, Brewer, and SAOZ total
ozone by FTIR observations, for which possible reasons
are currently being investigated.

d. Instrument complementarity

Correlative studies relying on the entire Dobson and
Brewer datasets have proved to be invaluable for in-
vestigating the performances of spaceborne total ozone
sensors (e.g., Bhartia et al. 1984). Among other things,
this approach yields a statistically significant study of
sun-synchronous satellite data due to the good airmass
coincidence and the large amount of ground-based data.
From the previous sections, it appears clear that the
various ozone observation techniques used in the frame
of the NDSC provide powerful complementary infor-
mation for satellite validation and complement the clas-
sic Dobson–Brewer approach by extending its capabil-
ities. Altogether, correlative measurements of the NDSC
cover a wide range of quality controlled measurements
of total columns and profiles of a variety of species and
parameters, distributed over a wide range of latitude and
season. Direct sun total ozone measurements in the ul-
traviolet (Dobson, Brewer) and in the infrared (FTIR)
yield a very good temporal coincidence with sun-syn-
chronous satellite data. Given a clear sky throughout
the day, both direct sun observations can provide in-
formation on the short-term variation of the monitored
constituents. Under cloudy conditions, Dobson and
Brewer measurements are feasible only with the less
accurate zenith-sky approach, while FTIR observations
are not suitable. Although Dobson and Brewer spectro-
photometers are believed to provide the most accurate

measurements of total ozone, their accuracy degradation
at low sun elevation combines with their temperature
dependence, preventing reliable ozone monitoring in
wintertime and early springtime polar regions. Obser-
vations during the polar night can be performed using
the full moon, but this technique is not used on a regular
basis. On the opposite, zenith-sky DOAS observations
in the visible are possible up to the polar circle through-
out the year. Since they are performed always during
twilight, when their sensitivity to stratospheric absorbers
and their accuracy are the best, they are not sensitive
to the SZA. Combined with their generally low sensi-
tivity to clouds and their negligible temperature depen-
dence, their high accuracy at large SZA makes them
particularly well suited for satellite validation in polar
areas. This advantage is reinforced by the similarity of
the stratospheric path of the sunlight observed by
ground-based zenith-sky and spaceborne nadir-viewing
instruments at twilight (Lambert et al. 1998a), and their
good temporal coincidence.

4. Other species and parameters

a. Nitrogen dioxide

UV–visible spectrometers provide the vertical column
of nitrogen dioxide at dawn and at dusk. In the SAOZ
algorithm, the DOAS fitting procedure is applied in the
406–526-nm spectral window of the spectra (Pommer-
eau and Goutail 1988). Taking into account the 5% un-
certainty of the NO2 absorption cross sections (Merien-
ne et al. 1995) and the 1.5% one sigma confidence level
of the least squares fit calculated for each spectrum, the
overall accuracy of the SAOZ NO2 slant total amounts
is better than 5% providing the large temperature de-
pendence of the NO2 cross sections demonstrated by
Harwood and Jones (1994) and Coquart et al. (1995) is
taken into account. However, the largest uncertainty in
the vertical column still remains the AMF, which varies
by large factors with the time of the day, the latitude,
and the season, and has been difficult to characterize
until recently due to the near absence of profile mea-
surements. As mentioned already in section 3, major
NDSC field intercomparison campaigns of UV–visible
spectrometers also focus on NO2. As an example, in
September 1994 at Camborne, the agreement between
the four SAOZ and seven other DOAS NO2 sensors was
within 5% (Vaughan et al. 1997). UV–visible spectrom-
eters of the NDSC and the SAOZ/UV–visible network
have been valuable during the maturation of the first
public version of the GOME total NO2 retrieval (GDP
2.0) (Lambert et al. 1996b). They have been used to
investigate the integrated stratospheric NO2 profiles as
well, as reported by Cunnold et al. (1991) for the val-
idation of the Stratospheric Aerosol and Gas Experiment
(SAGE II) and by Gordley et al. (1996) for that of the
UARS HALOE dataset. Moreover, height-resolved in-
formation on NO2 can be derived from UV–visible ze-
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nith-sky observations (McKenzie et al. 1991; Preston et
al. 1997, 1998). This technique could be valuable for
identifying the tropospheric component of the total col-
umn, a quantity which is extremely variable and to
which nadir-viewing geometry is much more sensitive
than zenith-sky geometry. For the validation of NO2

profile measurements from space, ground-based moni-
toring of height-resolved NO2 performed on a regular
basis will offer a good complementarity with more spo-
radic UV–visible and infrared balloonborne experi-
ments.

FTIR spectrometric observations cover nearly the
complete NOy family, including NO2. A comparison
study of collocated SAOZ and FTIR total NO2 obser-
vations at the Jungfraujoch has shown a good agreement
between the observations of both techniques (De Ma-
zière et al. 1998b). While the zenith-sky visible tech-
nique delivers NO2 morning and evening twilight col-
umns, the FTIR covers the variation of the NO2 column
throughout the day. A combined exploitation of thus
both allows the observation of the complete daytime
diurnal variation, which may be interesting to compare
with satellite observations taken at different SZA.

b. Vertical distribution of ozone

The NDSC combines several techniques for the ob-
servation of the ozone vertical distribution. Ozoneson-
des are generally launched several times a month and
sometimes almost daily at particular stations during spe-
cial events. They record vertical profiles of ozone partial
pressure, total pressure, and temperature from the
ground up to burst point, typically 30 km, with a vertical
resolution of about 100 m. Lidar soundings are per-
formed at each of the five primary NDSC stations sev-
eral times per week under clear skies, that is, about 200
nights a year in the Alps but much less in Antarctica.
Ozone number density is measured by stratospheric lidar
from 15 to 45 km with a vertical resolution of 300 m–
3 km depending on the altitude and a precision of 2%–
5%. Tropospheric lidars can be used for altitude below
15 km. Millimeter-wave radiometers can operate night
and day, providing ozone volume mixing ratios inte-
grated over typically 2 h from 25–30 to 70 km, with a
vertical resolution of 8–12 km and a corresponding ac-
curacy of 5%–20%. These three ground-based and in
situ instruments constitute the backbone of the NDSC
ozone profile monitoring. Combining their observations
into a composite profile, comparisons with satellite mea-
surements can be carried out over the complete vertical
range from the ground up to 70 km. The various mea-
surement times permit the comparison of ground-based
and space-based studies of features such as the diurnal
variability of mesospheric ozone (Ricaud et al. 1996).
If degraded to the vertical resolution of the satellite
instrument by means of its averaging kernels, profile
observations at high vertical resolution (ozonesonde and
lidar) can be valuable in testing the satellite retrieval

algorithms. Finally, information on the vertical distri-
bution of ozone is also derived from Dobson and Brewer
observations of the Umkehr effect (Götz et al. 1934)
and from infrared spectra recorded by ground-based
FTIR spectrometers (e.g., Menzies and Chahine 1974;
Abbas et al. 1978; Pougatchev et al. 1995).

c. Other products

Many key constituents other than ozone and NO2 are
monitored at NDSC sites. Halogen compounds such as
BrO and OClO are detected by UV–visible DOAS. Pre-
liminary ground-based validation of the GOME BrO
over Greenland has already been reported by Hegels
and Perner (1996). FTIR spectroscopy provides vertical
column amounts of many halogen and nitrogen com-
pounds and other relevant molecules such as HCl, HF,
HNO3, NO, N2O, ClONO2, CH4, and CO. Vertical pro-
files of several trace species, such as HF and HCl, can
also be derived from ground-based FTIR observations
(Liu et al. 1996). A correlative analysis of the integrated
total column, seasonal variation, and annual trend of
HCl and HF measured by HALOE on board UARS has
been carried out using FTIR observations at the Alpine
and Hawaii NDSC stations (Russell et al. 1996a,b).
Temperature vertical distributions as well as semidiurnal
and diurnal tides observed by the instruments on board
UARS have been validated with lidar temperature mea-
surements at several NDSC sites (Hervig et al. 1996;
Keckhut et al. 1996). Millimeter wave radiometers pro-
vide useful height-resolved information on ClO (from
about 25 to 45 km, depending on latitude) and H2O
(from about 20 to 80 km). Measurements of the spectral
distribution of UV radiation received at the ground are
performed by a variety of instruments, such as spectro-
radiometers (e.g., McKenzie et al. 1992) and multi-
channel filter radiometers (Dahlback 1996), from which
total ozone can also be derived. Finally, information on
aerosol content can be obtained by aerosol lidar and
backscattersonde.

5. Example: Total ozone from ground-based and
orbiting sensors

Comparisons with ground-based observations have
played a major role in the validation and the improve-
ment of two spaceborne ozone monitoring instruments:
NASA’s TOMS and ESA’s GOME. After a short de-
scription of the TOMS and GOME missions as well as
a summary of the previous validation activities carried
out with ground-based networks, total ozone measured
from summer 1996 through April 1997 by the ERS-2
GOME, the Earth Probe TOMS, and the ADEOS TOMS
is compared to correlative ground-based observations
associated with the NDSC. The ground-based stations
and instruments contributing to this preliminary study
are listed in Table 1. Investigations focus on the SZA
dependence, the seasonal and latitudinal drifts, the dis-
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TABLE 1. Ground-based stations and instruments contributing to the present analysis of GOME and TOMS total ozone.

Station Location Latitude Longitude Instrument Responsible institution

Ny-Alesund
Longyearbyen
Thule
Scoresbysund
Sodankyla
Zhigansk
Harestua
Aberystwyth
Hohenpeissenberg
Jungfraujoch

Spitsbergen
Spitsbergen
Western Greenland
Eastern Greenland
Finland
Eastern Siberia
Norway
United Kingdom
Germany
Switzerland

798N
788N
768N
708N
678N
678N
608N
528N
488N
478N

128E
168E
698W
228W
278E
1238E
108E
48W
118E
88E

SAOZ, UV–visible DOAS
UV–visible DOAS
SAOZ
SAOZ
SAOZ
SAOZ
UV–visible DOAS
SAOZ
Dobson, Brewer
SAOZ

NILU
NILU
DMI
CNRS/DMI
CNRS/FMI
CNRS/CAO
BIRA-IASB
U. Wales
Deutsche Wetterdienst
BIRA-IASB

Arosa
Bordeaux
Haute Provence
Tarawa
Saint-Denis
Bauru
Kerguelen
Vernadsky/Faraday
Dumont d’Urville
Rothera
Halley

Switzerland
France
France
Kiribati
Reunion Island
Brazil
Kerguelen Islands
Antarctica
Antarctica
Antarctica
Antarctica

468N
468N
448N
18N

218S
228S
498S
658S
668S
688S
768S

98E
18W
68E
1738E
558E
498W
708E
648W
1408E
688W
278W

Dobson, Brewer
Dobson
Dobson, SAOZ
SAOZ
SAOZ
SAOZ
SAOZ
Dobson
SAOZ
SAOZ
Dobson

ETH-Zürich
U. Bordeaux
U. Reims, CNRS
CNRS/NIWA
U. Reunion
CNRS/UNESP
CNRS
BAS/KTSU
CNRS
BAS
BAS

persion, and the possible differences of sensitivity of
the space-based sensors. The time series are too limited
to investigate long-term time-dependent drifts. Figure 1
shows the comparison with seven instruments of the
NDSC/Alpine station. Figures 2 and 3 illustrate the dif-
ference between space- and ground-based data from the
Arctic to the Antarctic, as a function of the satellite
SZA, for 15 stations of the SAOZ/UV–visible network.
Figure 4 shows the comparison with two Dobson of the
NDSC/Antarctic station, in ozone ‘‘hole’’ conditions in
1996. The comparison is performed with the direct
TOMS and GOME level 2 products, without spatial or
temporal interpolation. TOMS overpass data only are
available for the present study. GOME ground pixels
are selected such as the line of sight of the satellite
matches at best the actual location of the correlative
ground-based measurements, resulting in several ground
pixels a day. Described by Lambert et al. (1998a), this
comparison methodology produces a significant reduc-
tion in the scatter arising from spatial differences in the
air masses sampled by GOME and the ground-based
instruments. The comparison with Dobson and Brewer
measurements is restricted to direct sun observations,
except in Antarctica where zenith-sky data are included
for cloudy days, and to data points collocated within
300 km and 3 h between the ground-based measurement
and the satellite overpass, except in Antarctica and at
Hohenpeissenberg where daily means are used.

a. TOMS: Summary of previous validation

As part of the NASA’s Mission to Planet Earth pro-
gram, long-term daily mapping of the global distribution
of atmospheric ozone started with the TOMS on board
Nimbus-7, TOMS-N7, from October 1978 to May 1993,
and continued with a second TOMS on board Meteor-

3, TOMS-M3, from August 1991 to December 1994. A
third and a fourth TOMS were launched in summer 1996
to continue this long-term monitoring: TOMS-EP on 2
July on board NASA’s Earth Probe platform, and
TOMS-AD on 17 August onboard the Japanese ADEOS
satellite. The TOMS-AD data record ended on 29 June
1997 due to a failure on the ADEOS spacecraft. A fifth
TOMS flight on board the Russian Meteor 3M spacecraft
is planned for August 2000. The TOMS observes the
solar irradiance and the radiance backscattered from the
atmosphere and the earth’s surface in the ultraviolet
range, in six wavelength bands (Heath et al. 1975;
McPeters and Labow 1996). The 1.1-nm bands are cen-
tered on 312.5, 317.5, 331.2, 340, 360, and 380 nm for
both TOMS-N7 and TOMS-M3, and on 308.6, 312.5,
317.5, 322.3, 331.2, and 360.0 nm for TOMS-AD and
TOMS-EP. A mirror scans 6518 across track in 35 steps
of 3 degrees. With its 800-km polar orbit, TOMS-AD
provided a daily global coverage with a ground pixel
of 40 km across track 3 40 km along track. To com-
plement the ADEOS mission, the 500-km polar orbit of
TOMS-EP yields smaller ground pixels and consequent-
ly it provides full daily global coverage only beyond 60
degrees of latitude. The TOMS algorithm derives total
ozone from radiometric observations by correlating
measured radiance with that calculated by a radiative
transfer model assuming vertical distributions of ozone
density and temperature, after determination of an op-
timal combination of profiles from a climatological da-
tabase. The latter is built up from real measurements
and is organized into three latitude belts (low, middle,
and high latitudes) and by range of ozone column
amount.

Total ozone derived from the Nimbus-7 TOMS ra-
diometric measurements with the successive versions 5
(first publicly available), 6, and 7 (current version) of
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FIG. 1. Comparison between spaceborne and ground-based ozone sensors at the NDSC Alpine station: (a)
time series of ground-based total ozone daily means at four different sites in the Alps; (b)–(e) percent relative
difference of the ADEOS TOMS and of the Earth Probe TOMS total ozone with respect to ground-based
observations; and (f )–(g) percent relative difference between the GOME and ground-based observations.

the TOMS-N7 data processor has been compared to
Dobson measurements at many occasions (e.g., Bhartia
et al. 1984; McPeters and Labow 1996). First compar-
ison results between TOMS-N7 V5 and SAOZ total

ozone at the polar circles were reported by Pommereau
et al. (1989), highlighting a significant SZA dependence.
TOMS-N7 V5 was found to produce values much lower
than those of SAOZ by 20% at 808 SZA and by 30%
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FIG. 2. Solar zenith angle dependence of the consistency between satellite and UV–visible total ozone from pole to
pole: percent relative difference of (a) the ADEOS TOMS, (b) the Earth Probe TOMS, and (c) the GOME total ozone,
with respect to ground-based observations from summer through December 1996. Results with GOME are averaged by
58 SZA and vertical bars show the 1 s confidence level.

beyond 858 SZA. Part of the SZA dependence was iden-
tified to originate in the TOMS-N7 algorithm version 5
(Stolarski et al. 1991). Pommereau et al. (1995) and
McPeters and Labow (1996) compared versions 6 and
7 of TOMS-N7 total ozone with year-round SAOZ mea-
surements in Antarctica and with 14.5 years of Dobson
and Brewer observations at 30 northern stations, re-
spectively. In Antarctica, the comparison demonstrated
(i) a significant reduction of the strong SZA dependence
observed with V5, (ii) a significant, general improve-
ment between V5 and V6, but (iii) a less clear difference
between V6 and V7 and (iv) a seasonal variation of the
difference TOMS-N7/SAOZ with both of the latest ver-
sions. In the Northern Hemisphere, the study confirmed
(i) the significant reduction of the SZA dependence up
to 808 SZA and concluded to (ii) an average agreement
within 61%, (iii) an improvement of the time-dependent
drift between TOMS-N7 V7 and the ground-based data
compared to the drift observed with V6, and (iv) a re-
sidual total column dependence of about 1% per 100
DU. Here, we present the first comparison of total ozone
derived from the TOMS V7 on board the ADEOS and

Earth Probe satellites, with ground-based data gathered
at all latitudes from pole to pole.

b. Ground-based analysis of the TOMS-AD and
TOMS-EP ozone data

The analysis of the comparison time series demon-
strates that the TOMS and the ground-based instruments
capture similarly the day-to-day variability of total
ozone, in the Alps (Fig. 1) as well as near the edge of
the Antarctic polar vortex during springtime ozone de-
pletion (Fig. 4). At northern middle latitudes, the av-
erage agreement is better than 2%–3% with both TOMS-
AD and TOMS-EP. A similar agreement was observed
with the previous TOMS-N7 and TOMS-M3. A sea-
sonal signature appears in the relative differences de-
picted in Figs. 1b–e. The amplitude of this signature
varies with the instrument and the station, and it is likely
to arise mainly from the airmass dependence of the di-
rect sun observations and the seasonal variation of the
zenith-sky AMF. In particular, it can be seen in Figs. 1c
and 1e that the seasonal variation observed in the dif-
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FIG. 3. As in Fig. 2 but from January through April 1997.

ference between TOMS and real-time SAOZ data in
Haute Provence is significantly reduced at the Jung-
fraujoch where SAOZ data are retrieved with seasonal
AMFs. The comparison in Fig. 1 also reveals a 2% bias
between the results with TOMS-AD and with TOMS-
EP, reflecting a bias between TOMS-AD and TOMS-
EP data themselves. A similar bias is observed at all
latitudes in both hemispheres, its amplitude varying
with the latitude. In the Arctic, the signature of a SZA-
dependent difference appears that varies slightly with
the season. At low and moderate SZA, the TOMS total
ozone is larger than that of SAOZ by 3%–5% in sum-
mer–fall (Fig. 2), while the agreement is better in win-
tertime (Fig. 3). Beyond 808 SZA, the ground-based
column is larger than that of both TOMS by 5%–10%
on average. TOMS/SAOZ differences at Zhigansk are
a few percent larger. This latter offset is known to orig-
inate partly in the SAOZ real-time data available only
at the moment but also partly in the deviation of the
actual ozone and temperature profiles over Siberia from
those used in the TOMS and SAOZ retrievals. In the
Southern Hemisphere, the TOMS are reporting larger
columns than the ground-based instruments. At low and
middle latitudes, the overestimation is of the order of
5%–8% on average (Figs. 2 and 3). At the three SAOZ
and Dobson stations around the Antarctic Circle (Figs.
2–4), the agreement is better in winter likely because
of the SZA dependence as observed in the Arctic; how-
ever, a systematic bias of 7%–10% appears after Sep-

tember as the SZA decreases. Finally, at the high Ant-
arctic site of Halley, a permanent offset of 8%–12% is
observed for the whole winter–spring season. The re-
ported biases in Antarctica do not vanish in summer. It
is worth noting that, at all southern latitudes, the total
ozone overestimation by TOMS is systematic at low
reflectivity, when the measurements are not expected to
be disturbed by the cloud cover. At Kerguelen Islands,
high reflectivity yields a better agreement. The dataset
is still too limited to detect any dependence on the total
column, except in the southern Tropics where the av-
erage TOMS/SAOZ difference varies from about 16%
for total columns lower than 260–270 DU to 62% at
larger values.

When the number of comparison points is large
enough to get relevant statistics and after removal of
the average difference as a function of time, the scatter
between the TOMS and the ground-based total ozone
increases, from 62%–3% (Dobson and Brewer) or from
64% (SAOZ) at middle latitudes and the Southern Trop-
ics, and up to 610% at high latitudes and at large SZA.
Similar results are obtained with the previous TOMS.
As suggested by Lambert et al. (1998a), the lower dis-
persion with Dobson and Brewer measurements origi-
nates mainly in their better spatial and temporal coin-
cidence with the TOMS measurements. The impact of
the coincidence of air masses appears clearly in Fig. 1.
When the ozone field changes across the Alps rapidly
(e.g., on 10 November), the comparison of TOMS total
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FIG. 4. Comparison between satellite and Dobson observations of total ozone in Antarctica during winter and spring 1996. (a) and (b)
Time series of total ozone measured by TOMS-AD, TOMS-EP, and Dobson instruments at Vernadsky/Faraday and at Halley; (c) and (d)
corresponding percent relative difference; (e) and (f ) total ozone measured by GOME and by Dobson at Vernadsky/Faraday and at Halley;
(g) and (h) corresponding percent relative difference.
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ozone with individual Dobson and Brewer data can yield
significantly much smaller deviations than with indi-
vidual SAOZ data, although the SAOZ and Dobson dai-
ly means depicted in Fig. 1a are in reasonable agree-
ment. The scatter also varies from one station to another,
depending on its proximity to local sources of tropo-
spheric ozone and cloudiness. The smallest scatter is
observed in the Tropics and at northern midlatitudes in
summer, where total stratospheric ozone is very stable
in space and in time, and with the near absence of
clouds. The dispersion is already larger in northern win-
ter, when the ozone field changes rapidly, and over Bra-
zil during the season when scattered high-altitude clouds
are frequent. The largest dispersion between the TOMS
and ground-based data—up to 100% in a few extreme
cases—is observed at the edge of the polar vortex during
springtime ozone depletion. This aberrant dispersion re-
sults from large airmass differences and must be dis-
criminated to allow investigations on possible differ-
ences in the algorithms or in the measurements. In this
work, this discrimination has been based on the analysis
of ozone maps from both TOMS and GOME, of the
short-term fluctuations observed by the ground-based
instruments, and of local meteorological observations.

c. The GOME mission: Previous validation

Launched by ESA on 21 April 1995 on board its ERS-
2 environmental satellite, the GOME (Burrows et al.
1999) consists of a nadir-viewing UV–visible grating
spectrometer observing, between 240 and 790 nm, the
solar irradiance and the solar radiation backscattered
from both the atmosphere and the earth’s surface. A
mirror scans across track three ground pixels of 320 km
across track 3 40 km along track. The 960 km 3 40
km backscan pixel is recorded as well. Atmospheric
abundances of ozone and NO2, as well as other relevant
trace species, such as BrO, OClO, SO2, and CH2O, are
inferred from GOME spectral observations by the ap-
plication of the DOAS technique to the ratio between
the earth’s radiance and solar irradiance. In particular,
apparent slant column amounts of ozone and NO2 are
routinely retrieved in the 325–335-nm and 425–450-nm
spectral windows, respectively. Slant column amounts
are converted into vertical column amounts by means
of modeled AMFs. AMFs down to the top of clouds
and down to the ground are calculated by a multiple-
scattering, radiative transfer model. Information on
cloud cover and cloud-top height is derived from GOME
measurements around the O2 A band at 760 nm. The
AMF calculation uses vertical distributions of absorbing
species, pressure, and temperature, which are derived
from 2D chemical-transport model results and sorted by
season and into 18 latitude belts from north to south.

Ground-based instruments in general, the NDSC and
the SAOZ/UV-visible network in particular, have played
a major role during the maturity of the ERS-2 GOME
Data Processor’s developmental version (GDP version

1.x) and of its first publicly available version (GDP 2.0).
Based on 45 days of data from July to December 1995,
a first analysis of the GOME total ozone retrieved with
GDP 1.20–1.21 was conducted, among others, with var-
ious ground-based observations from the NDSC Alpine
station (Lambert et al. 1996a), from the Norwegian
monitoring network (Hansen and Dahlback 1996), and
from the pole-to-pole SAOZ/UV–visible network (Lam-
bert et al. 1996b). Those exercises concluded to (i) a
general underestimation of total ozone by the GOME;
(ii) a significant SZA dependence at all latitudes: 5%
average underestimation at 458 SZA, 10% at 608 SZA,
and irrelevant data beyond 758 SZA; (iii) a difference
of sensitivity to total ozone between the GOME and the
SAOZ instruments; and (iv) an overestimation of the
ozone column by 10%–20% at high latitudes in summer,
as well as during springtime ozone hole conditions over
Antarctica. Following the recommendations and con-
clusions drawn from this first exercise, the GOME ozone
retrieval in the Huggins band has been revisited and
improvements have led to the current GDP version 2.0.
A preliminary comparison between the GOME V2.0 and
ground-based total ozone in July–August 1996 was con-
ducted at northern latitudes by Van Roozendael et al.
(1998b) and from pole to pole by Lambert et al. (1998b),
by means of observations from Dobson, Brewer, SAOZ,
and UV filter radiometers. As a result, a generally better
agreement between the satellite and the ground-based
measurements was demonstrated, although a persistent
SZA dependence remained. Here, a nearly year-round
ground-based analysis of the GOME V2.0 total ozone
is reported. The study is based on comparisons with
UV–visible observations from pole to pole, and with
Dobson and Brewer observations in the Alps and in
Antarctica, over the period from 28 June 1996 through
30 April 1997.

d. Ground-based analysis of the ERS-2 GOME total
ozone

From pole to pole, the comparison shows that the
GOME and the ground-based instruments are all cap-
turing the high day-to-day variability similarly, as il-
lustrated in Fig. 1 for the NDSC/Alpine station and in
Fig. 4 for ozone hole conditions in Antarctica. At north-
ern middle latitudes up to 608N, the average agreement
between the GOME and ground-based total ozone is
better than 64%. At the Jungfraujoch, where the re-
trieval algorithm takes into account the 3% seasonal
cycle of the SAOZ AMF and the altitude of the station
(3580 m MSL), the GOME and SAOZ observations are
consistent, on average, to within 2%, that is, within the
uncertainty of the SAOZ measurement. Figures 1f and
1g reveal a small shift in the Alps between GOME data
from December 1996 and from January 1997. A con-
sistency to within 2%–4% is also observed at the south-
ern middle latitudes and Tropics. In the Arctic, the av-
erage agreement between GOME and SAOZ depends
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TABLE 2. Summary of the consistency between space-based (TOMS-AD, TOMS-EP, and ERS-2 GOME) and ground-based total ozone.

TOMS GOME

Northern midlatitudes Good agreement, better than 62%–3% Good agreement, better than 62%–4%

Arctic Good agreement at moderate SZA: 64%
SZA dependence beyond 808SZA

Good agreement at moderate SZA: 64%
SZA dependence beyond 708 SZA

Southern Hemisphere Systematic overestimation of about 5%–10% at
all latitudes

Good general agreement in ‘‘normal’’ conditons:
62%–4%.

SZA dependence 5%–10% underestimation beyond 80% SZA Summer–fall: 5%–10% underestimation between
708 and 858 SZA

Winter–spring: 10% overestimation beyond 858
SZA

Small seasonal variation Small latitudinal variation

Difference in sensitivity Overestimation of low ozone at the southern
Tropics

High latitudes and southern Tropics:
–overestimation of low ozone
–relative differences correlate with the ozone

column values

Internal bias Small bias between TOMS-AD and TOMS-EP
total ozone

Small shift in the Alps between data from De-
cember 1996 and from January 1997

clearly on the SZA of the GOME observation and on
the season. Below 708 SZA, the mean difference does
not exceed 64%, except at Zhigansk for the same rea-
sons as aforementioned. Between 708 and 858 SZA, the
mean difference remains lower than 64% in winter–
spring (Fig. 3), but in summer–fall it decreases down
to 5%–10%, with a minimum at 758–808 SZA (Fig. 2).
Beyond 858 SZA, the GOME total ozone values increase
compared to those measured between 708 and 858 SZA,
resulting in positive mean differences of about 10% in
winter–spring, but a reasonable agreement in summer–
fall. The particular shape and the seasonal variation of
the GOME SZA dependence are similar at both polar
circles, however slightly more pronounced in Antarc-
tica. It appears clearly in Figs. 4g and 4h that the dif-
ference between the GOME and Dobson data correlates
with the total ozone under Antarctic ozone hole con-
ditions. While the agreement is reasonable around 300
DU, GOME is overestimating systematically the lowest
columns and underestimating the highest ones. A similar
difference in sensitivity is observed around both the
Antarctic and Arctic Circles, and around the southern
Tropics where GOME overestimates low SAOZ total
ozone values (,260 DU) and underestimates higher val-
ues, by about 4% on average. At the high Antarctic
station of Halley, the GOME total ozone measured from
August through October is overestimated by 11% on
average compared to Dobson (Fig. 4h). The difference
in sensitivity can explain this bias as partly due to the
permanent very low total ozone values ranging from
100 DU up to a maximum of 210 DU at this station. It
explains also why the bias vanishes in December as the
total ozone recovers to normal values.

After removal of the average difference as a function
of time, the scatter between GOME and ground-based
total ozone at the southern Tropics and at middle lati-
tudes ranges from 62% to 64%, the scatter with SAOZ
being slightly larger than that observed when compared

with the Dobson and Brewer. It can increase up to 610%
at high latitudes and for SZA larger than 708. The anal-
ysis of the dispersion with respect to the season, the
SZA, and other parameters yields similar conclusions
to those drawn from the analysis of the TOMS data.

e. Discussion and conclusions

The key results of the comparisons between space-
and ground-based total ozone are listed in Table 2.
TOMS-AD, TOMS-EP, and GOME data are found to
be globally consistent with ground-based observations.
However, the comparisons reveal several discrepancies.
Some of them are common but not always similar among
the two types of spaceborne sensors: the SZA depen-
dence at high latitudes, the discrepancies over Antarc-
tica in springtime, and the systematic bias between sat-
ellite and SAOZ observations of low ozone columns at
the southern Tropics. Although exhibiting systematic
differences, the results obtained with TOMS-AD and
with TOMS-EP are consistent within a few percent, but
these also show a systematic interhemispheric difference
with the ground-based observations. The results ob-
tained with GOME do not reveal any significant inter-
hemispheric feature, but a difference in sensitivity be-
tween the GOME and ground-based sensors at high lat-
itudes.

Except at the Jungfraujoch, Harestua, and Spitsbergen
stations, the preliminary ground-based datasets are not
corrected for the seasonal/latitudinal variation of the
zenith-sky AMF, nor for the temperature and airmass
dependences of the Dobson and Brewer measurements,
which could contribute partly to the SZA dependence.
However, they certainly cannot account for the full sys-
tematic bias observed at high SZA, nor for the shape
of the SZA dependence, which, in addition, is different
for GOME and for TOMS. The SZA dependence can
be observed at high latitudes in the satellite data them-
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selves since in polar areas in summertime this depen-
dence generates a systematic bias between satellite data
of the descending and ascending orbits, around noon
and midnight sun. Ultraviolet radiance measurements at
nadir are known to be sensitive to the shape of the ozone,
pressure, and temperature profiles. The difference be-
tween the GOME and the TOMS comparisons might
arise from basic algorithm differences in the treatment
of the profile shape effect. Indeed, in the one-step treat-
ment included in the GOME V2.0, the profile is spec-
ified for a given latitude belt during a given season,
while in the iterative approach of TOMS V7, the shape
of the profile is optimized according to the latitude and
the amplitude of the ozone column. The seasonal/lati-
tudinal variation of the GOME SZA dependence might
vindicate the use of a climatology based on real profile
measurements, such as the TOMS V7 climatology. An
overcorrection for multiple scattering, different for the
GOME and TOMS algorithms, cannot be ruled out. The
profile shape effect can also account partly for the cor-
relation observed at high latitudes between the ozone
column value and the difference of GOME with ground-
based data. This difference in sensitivity might be re-
lated to the use of monthly atmospheric profiles in the
GOME retrieval that cannot match the actual, highly
variable atmospheric profile. The effect would be sig-
nificantly reduced with TOMS since it uses a column-
resolved climatology. In addition, at higher SZA, the
TOMS algorithm uses measurements at the shorter
wavelengths to optimize the combination of mid- and
high-latitude profiles. Since the apparent slant column
amount of absorber increases with SZA, both the dif-
ference in sensitivity and the particular shape of the
GOME SZA dependence might also result from the par-
ticular approach of DOAS adopted in GDP 2.0, and
especially from (i) the use of a single wavelength for
the calculation of the GOME AMF, although this latter
varies significantly over the fitting spectral window; (ii)
a small wavelength registration shift between the
GOME spectra and the laboratory cross sections; (iii)
the incorrect removal of the Fraunhofer solar lines; and
(iv) an imperfect convolution of ozone cross sections.
Overall, the results shown are still too scarce to dem-
onstrate a difference of sensitivity between the TOMS
and ground-based instruments. An exception is the
southern Tropics where the three satellite instruments
measure systematically higher values at low ozone. It
remains to be seen if this could be explained by a com-
bination of low signal-to-noise at low SZA, and profile
shape effect in the spaceborne sensors, or by a system-
atic bias of the zenith-sky AMFs. The pole-to-pole com-
parison points out a clear north–south difference in the
agreement between TOMS and ground-based data. In
particular, the TOMS overestimate the ground-based
columns in Antarctica by 8%–12%, while the agreement
is reasonable in the Arctic. This interhemispheric dif-
ference might arise from the climatology of ozone and
temperature profiles used in the TOMS V7 algorithm.

These profiles are derived from a composite climatology
of SAGE II and ozonesonde datasets. The TOMS V7
climatology is hence somewhat biased toward the
Northern Hemisphere. In addition, higher altitudes are
poorly represented at polar latitudes since there are very
few SAGE II measurements beyond the polar circle.
The interhemispheric consistency of GOME seems to
vindicate a separate treatment of each hemisphere. At
Antarctic stations, both the cloud cover fraction
(GOME) and the reflectivity (TOMS) demonstrate an
almost permanent overcast. The tropospheric contri-
bution to the satellite measurement is partly masked and
a climatological ozone profile below clouds must be
used, which can also introduce an offset in the satellite
data. Small errors of the TOMS calibration in the South-
ern Hemisphere cannot be excluded. Calibration uncer-
tainties might partly explain the difference between
TOMS-AD and TOMS-EP data as well.

After removal of the average difference as a function
of time, the dispersion of satellite data with respect to
ground-based observations is similar for GOME and
TOMS. It increases from 62%–3% in the Tropics and
at middle latitudes, up to 610% at high latitudes in
winter and also at high SZA. A first contribution to this
scatter is related to the spatial and temporal difference
in air masses probed by the spaceborne and the ground-
based instruments, combined with the presence of hor-
izontal gradients and of variability (Lambert et al.
1998a). The scatter is smaller with Dobson and Brewer
measurements performed within about three hours
around the GOME and TOMS overpasses. It increases
with UV–visible zenith-sky observations at twilight,
partly due to the difference of measurement time and
the large horizontal extension of the zenith-sky air mass
(about 350 km toward the sun at twilight) compared to
the direct sun air mass. At low sun elevation, a lower
scatter might be expected between nadir-viewing space-
borne and zenith-sky ground-based observations, since
both measure, within a few hours, coincident air masses
extending over several hundred kilometers in the same
direction. However, the opposite is observed, partly due
to the low sensitivity of UV nadir measurements at high
SZA to the lower atmosphere and partly due to the
uncertainty on radiative transfer modeling in the ultra-
violet when SZA increases. Another important source
of scatter originates in deviations of the actual ozone,
pressure, and temperature profiles from those in use in
the retrievals. Other possible contributions are related
to the cloud cover: (a) perturbations generated in the
ground-based measurements (mainly the SAOZ) by tro-
pospheric multiple scattering in presence of dense
clouds or haze, combined with local ozone changes; (b)
uncertainties in the cloud treatment in the satellite re-
trieval (e.g., uncertainties in optical properties of clouds
or the use of a climatological database for cloud-top
pressure); (c) perturbations due to dense (type II) polar
stratospheric clouds in winter polar regions; and (d)
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clouds that mask the tropospheric contribution of the
satellite measurements.

To conclude, the global picture of total ozone pro-
vided from summer 1996 through April 1997 by the
three space-based sensors studied in this work is glob-
ally consistent with high quality ground-based obser-
vations associated with the NDSC. Nevertheless, further
investigation is required to understand the various dis-
crepancies identified in this preliminary study. Several
issues should be addressed, such as the hemispheric
separation of the TOMS V7 climatology; possible cal-
ibration problems with TOMS, especially in the South-
ern Hemisphere; an iterative treatment of the profile
shape effect with the GOME, using a column-resolved
climatology based on real profile measurements; and
refinements of the current DOAS approach used in
GOME.
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(ETH-Zürich), G. Vaughan (University of Wales), and
R. Zander (University of Liège). They greatly appreciate
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