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Abstract. Accurate long-term monitoring of total ozone pact on the retrieved ozone columns, the recommendations
is one of the most important requirements for identifying have been applied to measurements from the NDACC/SAOZ
possible natural or anthropogenic changes in the compofSyseme d'Analyse par Observationédithale) network.
sition of the stratosphere. For this purpose, the NDACCThe revised SAOZ ozone data from eight stations deployed
(Network for the Detection of Atmospheric Composition at all latitudes have been compared to TOMS, GOME-
Change) UV-visible Working Group has made recommen-GDP4, SCIAMACHY-TOSOMI, SCIAMACHY-OL3, OMI-
dations for improving and homogenizing the retrieval of to- TOMS, and OMI-DOAS satellite overpass observations, as
tal ozone columns from twilight zenith-sky visible spec- well as to those of collocated Dobson and Brewer instru-
trometers. These instruments, deployed all over the worldnents at Observatoire de Haute Provencé M4b.5 E) and
in about 35 stations, allow measuring total ozone twiceSodankyla (67N, 27° E), respectively. A significantly bet-
daily with limited sensitivity to stratospheric temperature ter agreement is obtained between SAOZ and correlative ref-
and cloud cover. The NDACC recommendations addresserence ground-based measurements after applying the new
both the DOAS spectral parameters and the calculation 0D3 AMFs. However, systematic seasonal differences be-
air mass factors (AMF) needed for the conversion af O tween SAOZ and satellite instruments remain. These are
slant column densities into vertical column amounts. Theshown to mainly originate from (i) a possible problem in
most important improvement is the use of @MF look- the satellite retrieval algorithms in dealing with the temper-
up tables calculated using the TOMS V8 (TV8)} @ro- ature dependence of the ozone cross-sections in the UV and
file climatology, that allows accounting for the dependencethe solar zenith angle (SZA) dependence, (ii) zonal modula-
of the O3 AMF on the seasonal and latitudinal variations tions and seasonal variations of tropospheric ozone columns
of the G vertical distribution. To investigate their im- not accounted for in the TV8 profile climatology, and (iii)
uncertainty on the stratospheric ozone profiles at high lati-
tude in the winter in the TV8 climatology. For those mea-
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SCIAMACHY-TOSOMI, the application of temperature and difference attributed to cross-sections and SZA dependencies
SZA corrections results in the almost complete removal ofin the UV measurements, and the lack of seasonal variation
the seasonal difference with SAOZ, improving significantly in the AMFs used to derive total ozone columns from twi-
the consistency between all ground-based and satellite totdight zenith-sky UV-vis SCDs. Data evaluation and quality
ozone observations. assessment procedures, which are under the responsibility of
the NDACC UV-visible Working Group (WG), are essential
for ensuring the quality of these data sets on a long-term ba-
sis. Within this objective, the NDACC UV-visible WG is
1 Introduction organizing regularly field instruments and algorithms inter-
comparison campaigns. The first took place in Laudet §15
For more than two decades, stratospheric ozone and relatet7® E) in New Zealand in 1992 (Hofmann et al., 1995), and
trace gases such as N@BrO, and OCIO have been moni- was followed by several others in Camborne°(BQ 5° W)
tored at a number of stations belonging to the Network for thein the UK in 1994 (Vaughan et al., 1997), at the Observa-
Detection of Atmospheric Composition Change (NDACC) toire de Haute Provence (OHP; %4, 6°E) in France in
using ground-based zenith-sky UV-visible absorption spec-1996 (Roscoe et al., 1999), in Andgya {68 16° E) in Nor-
trometers (e.g., Pommereau and Goutail, 1988; Solomon elvay in 2003 (Vandaele et al., 2005), and more recently in
al., 1989; McKenzie, et al., 1991; Kreher et al., 1997; RichterCabauw (52N, 5° E) in the Netherlands in 2009, as part
et al., 1999; Van Roozendael et al., 1998; Struthers et al.of the CINDI campaign (Roscoe et al., 2010). Despite this
2004; Hendrick et al., 2008). The main difference with the effort of cross evaluations, it has been recognized that the
Dobson and Brewer instruments of the Global AtmosphericO; data sets still suffer from residual inconsistencies mainly
Watch network of the World Meteorological Organization due to (1) differences in the DOAS settings, in particular the
(GAW/WMO), which are measuring ozone by direct sun and ozone absorption cross sections used for the various instru-
by zenith-sky spectrophotometry at low sun in the UV Hug- ments and (2) a lack of homogeneity in the AMFs applied to
gins bands, is the use of the visible Chappuis bands, a waved; slant columns for their conversion into vertical columns.
length range not applicable to ground-based direct sun oRecently, the NDACC UV-visible WG has formulated rec-
satellite nadir-viewing instruments observing at high sun. Itommendations and provided tools and input data sets aiming
allows twice daily @ measurements at twilight throughout at improving the homogeneity of the UV-visible total ozone
the year at all latitudes up to the polar circle, with moreover measurements delivered to the NDACC database. Here we
limited sensitivity to the cloud cover. In the UV-visible spec- report on these recommendations and illustrate the benefit
trometry technique, trace gas species amounts are retrievest their use by a comparison between total ozone measure-
by analyzing zenith-sky radiance spectra at large solar zenitiments made by a selection of SAOZ (Syse d’Analyse par
angle (SZA) using the Differential Optical Absorption Spec- Observation Znithale; Pommereau and Goutail, 1988) spec-
troscopy (DOAS; Platt and Stutz, 2008) method consistingtrometers belonging to the NDACC UV-visible network and
of fitting the narrow absorption features of the species withcollocated observations performed by other instruments.
laboratory absorption cross sections without further calibra-  The present paper is divided into 4 parts. Section 2 pro-
tion procedure. Slant column densities (SCDs), which areyjges a description of the NDACC UV-visible WG recom-
the direct product of the DOAS analysis, are then converteqnendations for DOAS settings ands @MF calculations.
into vertical column densities (VCDs) using the so-called air gection 3 is devoted to the analysis of the error budget on
mass factors (AMFs) derived by radiative transfer calcula-the retrieved @ vertical columns. An illustration of the ap-
tions from locally measured or climatologicab@nd atmo-  pjication of the recommended settings to the NDACC/SAOZ
spheric air density profiles. network is then given in Sect. 4, including a comparison
The NDACC network (formerly NDSC: Network for the petween SAOZ total @columns at different stations from
Detection of Stratospheric Change) is formally operationalthe Arctic to the Antarctic and collocated satellite, Dobson,
since 1991 and is composed of more than 70 high-qualityand Brewer observations. Concluding remarks are given in
remote-sensing research stations for observing and undegect. 5.
standing the composition and structure of the stratosphere
and troposphere. Within NDACC, the UV-visible network
consists of more than 35 certified UV-visible spectrometers _
operating from pole to pole and providing time-series gf O 2 Total ozone retrieval
and NG total columns made publicly available on the net-
work web site fittp://www.ndacc.ory These data have been 2.1 Description
compared to Dobson and Brewer ground-based@ky©93;
Hgiskar et al., 1997; Van Roozendael et al., 1998), and satelozone is retrieved in the visible Chappuis bands in a wave-
lite measurements (e.g., Lambert et al., 1999), showing siglength range of about 100 nm wide centered around 500 nm,
nificant biases as well as systematic seasonal variations in thiaking into account the spectral signature @f 80>, H,O,
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Og4, and the filling-in of the solar Fraunhofer bands by the
Ring effect (Grainger and Ring, 1962). : :

The Q; differential slant column density (DSCD), which A5F
is the amount of @ present in the optical path that the light

50

follows to the instrument minus that from a reference mea- 401
surement, is the direct product of the DOAS analysis. It is 35t
converted into a vertical column amount using the following
equation: g 30t
DSCD) +RCD g
veD(6) = 2SCD® +RCED ) g 25
AMF(6) =
<

N
o

where VCD@) is the vertical column density at SZA,
DSCD@) the differential slant column density at SZA
RCD the residual ozone amount in the reference measure- :
ment (a fixed spectrum recorded at high sun around local 10p
noon), and AMH{) the airmass factor at SZA

RCD is derived using the so-called Langley plot method,
which consists in rearranging Eq. (1) and plotting DS&D( ; ;
as a function of AMH), the intercept at AME= 0 giving 0 0.5 1 15
RCD (Roscoe et al., 1994; Vaughan et al., 1997). Sunrise Averaging kernel
and sunset @column data provided to the NDACC database
are derived by averaging vertical columns estimated with EqFig. 1. Column averaging kernel (left plot) computed for&rA
1 over a limited SZA range around 98ZA (generally 86— in zenith-sky geometry using the ozone and temperature profiles
91° SZA). The AMF, also called geometrical enhancemem,corresponding to 45N/325 DU in June extracted from the TOMS
is defined as the ratio between the slant and vertical columrY8 zonal mean climatology. The wavelength is fixed to 500 nm.
densities (Solomon et al., 1987). It is computed at a single
wavelength chosen around 500 nm with a radiative transfer ) i
model (RTM) initialized with @, pressure, temperature, and stratosphere where averaging kernel value is larger than 1

aerosol extinction profiles representative, as much as possPetween 14-30km altitude. So the twilight zenith-sky UV-
ble, of the atmosphere at the location of the station. vis total column ozone measurements are strongly weighted
by the contribution of the stratosphere and therefore show

2.2 Sensitivity study very limited sensitivity to the uncertainties on parameters af-
fecting tropospheric ozone like e.g. Mie scattering in a cloud

In this Section, we examine the sensitivity of the ground- layer. However, these measurements are sensitive to the tro-

based UV-visible twilight measurements to the vertical distri- pospheric ozone column used for the AMF calculation which

bution of ozone in the troposphere and stratosphere throughcts as a ghost column in the total column retrieval.

the use of the averaging kernels. These parameters are par-

ticularly appropriate for that purpose since they describe the2.3 Recommended NDACC settings

sensitivity of the slant column, i.e. the depth of the absorp-

tion features in the measured spectra, to variations of trac&o far, NDACC UV-visible groups commonly used their own

gas concentration at a given altitude. According to EskesDOAS settings and ©AMFs calculated with different RTMs

and Boersma (2003), the averaging kernel of ldyean be  and sets of ozone, pressure and temperature profiles, with or

approximated by the ratio of the box-airmass factor of layerwithout latitudinal and seasonal variations. Differences be-

I (AMF)) and the total air-mass factor (ANMJp calculated tween AMFs are causing the largest discrepancies between

from the ozone profile: the NDACC G data sets. The objective of the recommen-
dations formulated by the NDACC UV-visible WG is thus to

Ar=AMF/AMF o reduce these discregancies through the use of standardized

A typical example of such averaging kernels correspondingDOAS settings and @AMF look-up tables (LUTSs) that ac-

to 90 SZA at 45N in June is shown in Fig. 1. It has count for the latitudinal and seasonal dependencies of the O

been computed using the UVSPEC/DISORT RTM (Mayer vertical profile.

and Kylling, 2005) initialized with @, pressure, and temper-

ature profiles from the TOMS TV8 climatology (McPeters et 2.3.1 DOAS settings

al., 2007). Since the mean scattering layer is located around

14 km altitude, the sensitivity of zenith sky twilight measure- The NDACC recommendations for the ozone DOAS re-

ments to tropospheric ozone is limited, with averaging ker-trieval are summarized in Table 1. Optimizing retrieval set-

nel value smaller than 0.5 below 8 km, and increases in thdings for total ozone in the visible Chappuis bands requires

Iy
a1

(=}
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Table 1. Settings recommended for the UV-visible retrieval af @rtical columns.

Parameter Recommendation
Fitting interval 450-550 nm
Wavelength calibration Calibration based on reference solar atlas (Kurucz, 1984)
Cross-sections
O3 Bogumil et al. (2003), 22K
NO» Vandaele et al. (1997), 22K
H>0 Hitran 2004 (Rothman et al., 2005)
Oy Hermans l(ttp://spectrolab.aeronomie.be/o2.lhtm
Ring effect Chance and Spurr (1997)
Molecular and aerosol scattering Polynomial of order 3, or equivalent non-polynomial high-pass filtering
AMF calculation BIRA-IASB G AMF LUTs
Determination of residual amount in reference spectrum  Langley plot (Vaughan et al., 1997)
SZA range for twilight averaging of vertical columns 86291

consideration on how the differential ozone signal can be ex-
tracted with maximum sensitivity, while minimizing spectral - /\ /\ /\

. . . : yaN .
interferences with other absorbers, which are, in the present A v\/ \/\/ \/\/ \/
spectral range, water vapor and the collision pajr@.

From sensitivity studies conducted on simulated spectra and 1.0 T T ]

T T T T
Ozone

»'—-o»—-N

ac_tuf';ll measure_me_nts, it was found that ozone fitting uncer- 83 A M/\ 7 A A /\ /\ /\ ~ A A .
tainties are minimized using the 450-550 nm spectral inter- s VY V\,J VW \J VY i
val, which was therefore selected as a baseline for ozonere- 1o L L L L ! L L L L
trieval in the Chappuis bands. As an illustration, a typical ok 0 T AT T T T I méasured
example of fit result is displayed in Fig. 2. This was obtained 05L — fitted 4
in ScoresbySund, Greenland, on 16 July 2008, at°8B4A 0.0 NS4
and 00:59 UT time. The retrieved contributions fromg, O 05 ) | I I ! ! ! L
0.4 T T T T T T T T T

NO,, H2O, Oy and Ring effect are shown separately. Given
the importance of wavelength registration for DOAS evalua-
tions in general, the recommendation is that measured spec-
tra are aligned with the highest accuracy. This can be ob- 0.4 T S E—

tained by correlating measured spectra with a reference so- 02 Ring /\ '

lar spectrum such as those of Kurucz (1984) or Chance and 0.0 V V ”VV M\/\\M Q’AVAAV/\ A / /\/‘\/\,
Spurr (1997), using least-squares techniques as implemented V v V/ V

H,0 /\/\
0.0 /AVaN

\/vv ~J

Differential optical density (%)

0.2+ .
e.g. in the Windoas software suite (Fayt and Van Roozen- 05 ! — —
dael, 2009) or in the SAOZ analysis algorithm (Pommereau [ Residuals'

and Piquard, 1994). Different data sets of ozone absorption 0.0 VAN A\‘nvvﬂ‘“vaMuA*vA\lAA'V WAy

cross-sections are available from the literature. Comparison 05 Do

studies (e.g. Orphal, 2003) showed that differences of up to 450 460 470 480 490 500 510 520 530 540 550

4 percent can occur in the region of the Chappuis bands, Wavelength (nm)

and even more in the Huggins bands. Therefore the recom-

mendation is the use of a common ozone cross-sections datfg. 2. Typical example of ozone differential slant column fit re-

set to avoid systematic differences. From test evaluationssylt, obtained in ScoresbySund, Greenland, on 16 July 2008. The

that of Bogumil et al. (2003) is recommended since it giveSspectrum was recorded at 00:59 UT and 883ZA. The succes-

the smallest variance in the residuals as well as good consive subplots display the respective contributions frog) 8O,,

sistency with the ozone retrieval in the UV Huggins bands.0O4, H20 and the Ring to the measured and simulated differential

Recommendations for laboratory cross section data sets dfptical density. Fitting residuals are shown at the bottom.

other species interfering in the 450-550 nm range are pro-

vided in Table 1. Vandaele et al. (1997) at 2R&0s generally

used for stratospheric NOetrievals and therefore adequate the Ring effect filling-in solar Fraunhofer lines, the approach

for NO, removal in the @ fitting range. For correction of published in Chance and Spurr (1997) is recommended. One
should note that the ozone differential absorption features
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Table 2. Parameters used to initialize the UVSPEC/DISORT RTM for the calculation of $haNIF LUTS.

Parameter Value

Og profile TOMS version 8 climatology (TV8):

— Latitude: 85 S to 85 N step 10

— Month: 1 (Jan) to 12 (Dec) step 1

— Ozone column: 125 to 575 DU step 50 DU
Temperature and pressure profiles  TOMS version 8 climatology (TV8)

Altitude grid 0to 120 km step 1 km

Wavelength 440 to 580 nm step 35nm

Surface albedo Oand 1

Altitude output 0 and 4km

SZA 30, 50, 70, 80, 82.5, 85, 86, 87, 88, 89, 90, 91, arfd 92

are broad enough in the Chappuis bands to ensure that thelry. The model has been validated through several intercom-
filing-in by the Ring effect is quite small. However, due parison exercises (e.g., Hendrick et al., 2006; Wagner et al.,
to its impact on the Fraunhofer lines, the Ring effect can-2007). Parameter values used to initialize UVSPEC/DISORT
not be neglected. Finally, as already mentioned, the NDACCfor the calculation of the AMF LUTs are summarized in
recommendation for twilight reporting is to average all re- Table 2. Since the TV8 climatology is limited to the 0—
trieved ozone vertical columns betweerf &hd 92 SZA. 60 km altitude range, thefDtemperature, and pressure pro-
This range minimizes errors due to slant column fitting andfiles are complemented above 60 km by the AFGL Standard
AMF calculation (see Sect. 3) and provides stratosphericAtmosphere for matching with the altitude grid chosen in
ozone measurements with limited sensitivity to troposphericUVSPEC/DISORT for the present study, which is 0-90 km.

ozone and clouds. The surface albedo and altitude output values (varying from
Oto 1 and 0to 4 km, respectively) allow covering all NDACC

2.3.2 O AMFs stations. Regarding the aerosol settings, an extinction profile
corresponding to a background aerosol loading has been se-

Description lected from the aerosol model of Shettle (1989) included in

UVSPEC/DISORT. The present;&MF LUTs are thus not
Look-up tables (LUTs) of @ AMFs have been developed at gyjitable in case of large volcanic eruption such as that of the
the Belgian Institute for Space Aeronomy (BIRA-IASB) in Mount Pinatubo in 1991.

support of the NDACC UV-visible WG. These are based on  The calculated LUTs depend on the following set of pa-
the TOMS version 8 (TV8) ozone and temperature profile ;gmeters: latitude, day of year,3Qolumn, wavelength,
climatology. TV8 is similar to the climatology of McPeters sza surface albedo, and altitude. An interpolation routine
etal. (2007), i.e. amonthly mean climatology foraitude  has peen designed for extracting appropriately parameter-
bands between 9@ and 90N and covering altitudes from jzgg O3 AMFs for the various NDACC stations. A global
0 to 60km, with in addition a total ©column dependence monthly mean climatology of the surface albedo derived
(225-325 Dobson Unit (D) in the tropics, 225-575DU at from satellite data at 494 nm (Koelemeijer et al., 2003) is
mid-latitudes, and 125-575 DU at high-latitudes, with for all coypled to the interpolation routine, so the latter can be ini-
cases a 50 DU step). A total ozone column classification alyjgjized with realistic albedo values in a transparent way.
lows reproducing the short-term variations of the ozone pro-the interpolation routine, §AMF LUTSs, albedo clima-
file. TV8 was built by combining profile data from SAGE tology as well as DOAS settings are publicly available at
Il (Stratospheric Aerosol and Gas Experiment Il), MLS (Mi- http://uv-vis.aeronomie.be/groundbased
crowave Limb Sounder), and ozonesondes. This climatology
has been widely utilized for the retrieval of global total 0zone Comparison to SAOZ O; AMFs
fields from recent US and European UV-visible nadir satellite
sounders (e.g., Bhartia et al., 2004; Coldewey-Egbers et alSo far, SAOZ retrievals made use of constant AMFs cal-
2005; Eskes et al., 2005; Weber et al., 2005; Van Roozendaalulated at the latitude of each station from mean SAGE I,
et al., 2006; Lamsal et al., 2007). POAM and SAOZ balloon profiles in the summer (Sarkissian
The O3 AMF LUTs are calculated for the eighteen TV8 et al., 1995). For illustrating the impact of using the new O
zonal bands using the UVSPEC/DISORT RTM which is AMF LUTs, time-series of AMFs have been extracted from
based on the Discrete Ordinate Method and includes a treathe LUTs for one year of data at four SAOZ stations of the
ment of the multiple scattering in a pseudo-spherical geomeNDACC network: Sodankyla (6N, 27° E), Observatoire
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de Haute Provence (44, 6° E), Bauru (22 S, 46 W), and
Dumont d'Urville (67 S, 140 E). The wavelength is fixed Sodankyla (67°N, 27°E)
to 500 nm, the surface albedo to 0.2, and the station alti- |
tude to 0 km. The @column values needed to properly ex- 10p
tract AMFs from the LUTs have been taken from the data
files available on the NDACC database for year 2005. Com-
parisons between LUT and SAOZ annual mean AMFs are
shown in Fig. 3. As expected, the difference displays a strong
seasonality. At mid- and high-latitudes, the largest differ-
ence is seen in the winter with LUT AMFs larger than that
of SAOZ by up to 8%. In the summer, the difference is
within the 0-2 % range in Sodankyla and OHP. At Dumont
d’Urville (polar circle in the Southern Hemisphere), the LUT Haute Provence (44°N, 6°E)
AMFs are larger than that of SAOZ by 11 % in the summer
and 5% in the winter. In the tropics, they are systematically
larger by 2% on average with no seasonality in the differ-
ence, however the differences are noisier compared to other
latitudes. This larger noise can be explained by the variabil-
ity of the ozone profile shape above the Tropical Tropopause
Layer (TTL) at altitudes from 20 to 30 km where the mea- 0
surement sensitivity is largest (see Fig. 1), which therefore

means a more significant impact on the AMF. As an exam-

ple, the AMF in January in Bauru varies from 16.5 to 17.0,

that is by 3%, when using ozone profiles extracted from the

LUT AMF - SAOZ AMF],

Difference (%)

0 100 200 300
Day number 2005

10f

g@%% ﬁiﬁ
T Pagape®

0 100 200 300
Day number 2005

Bauru (22°S, 49°W)

Difference (%)
ul

TV8 climatology for typical total column values of 244 and b
278 DU. Thus, small changes in total ozone of about 50 DU s
on a few days time scale, as frequently observed in Bauru, re- %
sult in significant changes in the AMF. For comparison, the § sl o Ba Calm
AMF at 65° N in April corresponding to total column val- & (8 .2 %, o ebeg o

. £ N Eﬁf“ujn%@
ues of 332 and 417 DU (typical values around the mean total a Sl apo Sy %ﬂjﬁ%&ﬁ%@ G
ozone column value at Sodankyla) is varying from 16.8 to 0 S Fe——=
16.9, respectively, which corresponds to a change of 0.5%

0 100 200 300

only. This explains the smaller short-term variability in the

. . . Day number 2005
AMF at mid- and high-latitudes.

Dumont d’Urville (67°S, 140°E)

3 Error budget <
@

The error budget of the measurements is obtained by consid- §

ering error sources affecting the determination of the differ- 3

ential slant column densities (DSCD), the residual amount a

in the reference spectrum (RCD), and the air mass factor 0

(AMF). 0 100 200 300

Day number 2005
3.1 DOAS analysis

. . Fig. 3. Relative differences between LUT and SAO% @BMFs
Errors associated to the least-squares fit are due to detectgf 9p SzA for the year 2005 at Sodankyla @M, 27°E),
noise, instrumental imperfections (small wavelength scaléqaute Provence (44N, 6° E), Bauru (22 'S, 49 W), and Du-
and resolution changes, etaloning and non-linearities of thenont d’Urville (67 S, 140 E). The SAOZ tropical, high- and mid-
detector, stray-light, polarisation effects, ...) as well as er-latitude Q; AMF values at 90 SZA are 16.20, 16.22, and 16.52,
rors or unknowns in the signal modelling (Ring effect, un- respectively.
known absorbers, wavelength dependence of the AMF, etc).
To some extent, such errors are pseudo-random in nature and,
as such, can be estimated statistically from the least-squares
fit procedure. Fitting errors derived from the least-squares
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Table 3. List of O3 profile measurements used for testing the validity of the TV8 climatology fpAMF calculations. The last column
is the mean relative difference (and the correspondmgthndard deviation) betweerg@QMFgg_g1-57a extracted from the LUTs and
calculated using the £profiles measured at the different NDACC stations (see Fig. 4).

Station Instrument Time period Number Meag AMFgg_g10o57A
of profiles difference (%)
Ny-Alesund (79 N, 12° E) O3 sonde 01/2004-12/2006 218 —-0.3+1.3
Andoya (69 N, 16° E) Lidar 01/2004-12/2006 122 -1.74+1.1
OHP (44 N, 6° E) O3 sonde 01/2003-12/2006 113 -1.1+1.3
Lidar 01/2004-12/2006 377 —-1.2+0.7
Izaha (28 N, 16° W) O3 sonde 01/2004-12/2006 218 &x8.7
Reunion Island (21S, 55 E) O3 sonde 01/2000-12/2002 59 —-0.8+1.8
Lauder (48 S, 170 E) O3 sonde 01/2004-12/2006 139 —-1.3+0.9
Lidar 01/2004-12/2006 208 —-1.44+0.7
Dumont d’Urville (67 S, 140 E) O3 sonde 07/2002-12/2006 116 &2.0
analysis typically give small uncertainties of the order 5DU NYA (79°N, 12°E) AND (69°N, 16°E) OHP (44°N, 5.5°E)
for O3 DSCDs. However, results from intercomparisons ex- g [l Cor-oseon]| ] r-ostom]| ] or—oatom]
ercises (e.g. Van Roozendael et al., 1998; Vandaele et al. &
2005; Roscoe et al., 2010) show that state-of-the-art instru- 3 N A1 RN N S S
ments hardly agree to better than a few percents, even usin(g F-swaice--=| EIZZ-Z7I0Z SRR
14

standardised analysis procedures, which indicates that the ac
tual accuracy on the DSCDs is limited by uncontrolled in-

strumental and/or analysis factors. Based on experience ani
results from intercomparison campaigns, we quote an uncer-

JFMAMJJASOND JFMAMJJASOND JFMAMJJASOND

OHP (44°N, 5.5°E) IZA (28°N, 16°W) REU (21°S, 55°E)

tainty of the order of 3% for the 9DSCD. This error adds
up to systematic uncertainties on ozone absorption cross sec
tions in the Chappuis bands and on their (very small) temper-

LUT - O3 sonde

LUT - O3 sonde
5

ature dependence which is of the order of 3% in our spectral
range (Orphal, 2003).

The accuracy on the determination of residual amount in
the reference spectrum (RCD) is limited by the method used
to derive the vertical column at the time of the reference spec-
trum acquisition. Here we use a Langley-plot approach. The
contribution from this error source to the total error budget is
small, of the order of 1 %.

Relative difference (%)

LUT - O3 sonde

JFMAMJJASOND

-5 -5 -5

JFMAMJJASOND JFMAMJJASOND

LAU (45°S, 170°E) LAU (45°S, 170°E) DDU (67°S, 140°E)

5 I LUT - 08 sonde | 5 I LUT - 03 LIDAR]

LUT - O3 sonde
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Relative difference (%)
o
[
o
\
|
o

JFMAMJJASOND JFMAMJJASOND

3.2 AMF LUTs

. : : Fig. 4. Relative difference betweensOAMFgg_g10574 €xtracted
A potential source of uncertainty in oursQAMF calcu- . >
P y 3 from the LUTs and calculated using the @rofiles measured at the

Iaflon IS rel_attaltlj tg the uzef of th(ej_T?)/Sgl?)roflle clima- following NDACC stations: Ny,&lesund (NYA), Andoya (AND),
tology, originally designed for nadir backscatter MEASUre-gpservatoire de Haute Provence (OHP)fizd4lZA), Reunion Is-

ments from space. In order to test the validity of this cli- |3nq (REU), Lauder (LAU), and Dumont d'Urville (DDU). Filled
matology in the present contextz@QMFs extracted from  grey squares: daily relative differences, black solid lines: yearly
the LUTs have been compared to calculations performednean relative difference, and black dashed linesstandard devi-
using G profiles measured with ozonesondes and/or lidaration (see Table 3 for corresponding values).

observations at several NDACC stations representative of a

wide range of conditions (tropics, mid- and high-latitudes).

The stations and instruments used are listed in Table 3 anffom the AFGL Standard Atmosphere when not available in
the data have been downloaded from the NDACC databasthe lidar data files. The aerosol extinction profile is the same
(http://www.ndacc.org In case of lidar, profiles have been as the one used for the calculation of the LUTSs (see first sub-
complemented below their lower altitude limit by the TV8 section of Sect. 2.3.2). Other settings required for initializ-
climatology. Pressure and temperature profiles are takeing the UVSPEC/DISORT RTM are identical to those fixed
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for the extraction of the @ AMFs from the LUTs (wave- 25°N/Jun/275DU 45°N/Jun/325DU 65°N/Jun/325DU

length: 500 nm, surface albedo: 0.2, station altitude: 0 km). 4 4] oterae - backgrownd] 4
2/ 2 2
Mean36791°SzA =-12%

O3 AMFs are calculated for between 86 and® BZA by
1° SZA step using the measured Qrofiles and compared

Relative difference (%)

to those extracted from the LUTs for the same SZA range. 0 0 0

Figure 4 depicts the seasonal variation of the difference be- | M aeza=23% || Meangg o007 |
tween LUT AMFs and those calculated from sonde or li- 86 88 90 86 88 % 86 88 50
dar measurements between 86 antiS4A (called hereafter SZA() SZA () SZA()
AMFsgg_g10s7p). The yearly mean differences are reported in 25°N/Jun/275DU 45°N/Jun/325DU 65°N/Jun/325DU

10 10 10

Mean%igleZA =23%
\\/ 5 5

Mean%,glnSZA =3.4% Mean%,glnsZA =4.0%

Table 3. On average, the largest mean relative differences be
tween Q AMFgg_g1057a €xtracted from the LUTs and those
calculated with the measured Profiles are obtained with li-
dar. However, these relative differences show smaller season
ality and less noise than those derived from the sondes, espe

With clouds — without clouds]

i

Relative difference (%)
a1

cially at high latitude at NyAlesund and Dumont D'Urville % e w0 % 8 90 8 8 9
and in the tropics at |Ze and Reunion Island. These sig- SO SO SO
nificant residual seasonalities could be related to the zonal 25°NiJun/275DU 45°N/Jun/325DU 65°N/Jun/325DU

15

dependence of the tropospheric ozone seasonality not imple P e
mented in the TV8 climatology and displaying a maximum

in the summer at the Northern Hemisphere and in spring at
the southern tropics (see Figs. 15 and 16), and to systemati
errors in the TV8 in the winter at high latitude at low sun . . .
where SAGE Il data are no more available. The larger noise 8 88 90 8 88 90 8 88 90

\A 0.5 05

= 9 = Y = 9
Mean%,gl“SZA 0.5% Mean%,glnSZA 0.7 % Mf—:‘an%,glnSZA 0.8%

/

0.5

Relative difference (%)

. : ) R SZA (%) SZA () SZA (%)
with the sondes might come from their precision limited to
5%. Nevertheless, since the mean relative difference for the  , 2°N9un/2780U - 45°NQun/s25bU - 65°NHun/32sby

nine comparison cases considered herelst 1.3 %, these
results show that the TV8 climatology reproduces well on
average the meand(profiles latitudinal and seasonal vari-

i
[N
i

Relative difference (%)

ations, so that sufficiently accurate; @MFs can be calcu- 0 0 0
Iated Meang: o..c7n = 0.4% Meang, o1.c,n = 0.4% Meang, o..c/n = 12%

. -1 -1 -1
The choice of the aerosol extinction profile is also a B ogan 80 ®Be”

source of uncertainty in our DAMF calculations. The

UVSPEC/D|SORT_RTM inC_|UdeS the aerosol F“n"!at0|09y_ of Fig. 5. From top to bottom, comparison o@MFs calculated us-
Shettle (1989), which consists of a set of extinction profilesing standard and moderate volcanic aerosol settings, with and with-
corresponding to different volcanic conditions (background,out the presence of clouds, with surface albedo fixed to 1.0 and
moderate, high, and extreme). For the present study, w®.04, and with UVSPEC and SCIATRAN RTMs. The mean rela-
have selected the aerosol extinction profile corresponding tdive difference calculated in the 86-9$ZA range appears on each
background conditions, with a surface visibility of 40km Pplot. In case of the aerosols sensitivity test, the overall mean relative
(called hereafter the standard settings). In order to give arﬁ"ﬁ%rence over the 860_952'“ range is of 0.6 % while it reaches
upper limit of the uncertainty related to the choice of the 3.3%, 0.7 %, and 0.7 % for the test on clouds, surface albedo, and

aerosol settings, DAMFs corresponding to moderate vol- RTMs, respectively. The Qprqflles selected from the TV8 gllma-
tology for the present comparison correspond to the following con-

canic conditions have been calculated. ThepDofiles are — yiione: 25 N/275 DU (left plots), 48 N/325DU (middle plots),
selected from the TV8 climatology for the following con- 4 g5 N/325 DU (right plots) in June. The wavelength, surface
ditions: 253 N/275DU, 45 N/325DU, and 65N/325DU  gipedo, and altitude are fixed to 500 nm (541 nm for test on RTMSs),
in June. Figure 5 (upper panels) shows the comparison 0.2, and 0km, respectively. LAMF are mostly impacted by the
Os AMFs calculated with standard and moderate volcanicpresence of clouds (stratus layer in the present case), reducing the
aerosol settings. The relative difference is smaller than 2 %AMF by 3.4 % on average in the 86-9%ZA range at mid-latitude.
except at SZA larger than 81n the tropics where the £
AMFs corresponding to moderate volcanic conditions are
larger than the standard ones by up to 4%. However, thenodel included in UVSPEC/DISORT. The way to initialize
mean relative difference in the 86<98ZA range for the this model is to specify the vertical profile of liquid water
three selected ©profiles is 0.6 %. Similar comparison re- content and effective droplet radius. The microphysical prop-
sults are obtained for winter{Jprofiles. erties of water clouds are then converted to optical proper-
Clouds are not accounted for in oug @MF calculations  ties according to the Hu and Stamnes (1993) parameteriza-
but their impact has been investigated using the water cloudson. O3 AMFs are calculated for cloudy and non-cloudy
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conditions for the same TV8 climatology sQrofiles f"‘s Table 4. Error budget of zenith-sky total4xolumns measurements
above (28N/275DU, 45 N/325DU, and 65N/325DU in in the visible (%).

June). For cloudy conditions, the cloud model parameters
values are fixed as follows: water content: 0.30mef-
fective droplet radius: 5pum, cloud layer thickness and alti- Error source Error (%)
tude: 1km between 1 and 2 km. Since these parameters val-
(a) Random
ues correspond to a rather large stratus cloud (Shettle, 1989), Slant column spectral fit, including interference effects 3
the present sensitivity test gives an upper limit of the impact o, amr

of clouds on @ AMFs. A comparison of @ AMFs calcu- TV8 climatology 1.0
lated for cloudy and non-cloudy conditions is presented in  Clouds 33
Fig. 5 (2nd line panel). Cloudy AMFs are systematically ~ Aerosols 0.6
larger than non-cloudy AMFs by about 5-8% at® $ZA émdo 8-77
and 2% at 91SZA. The mean relative difference in the 86— Precision 47

91° SZA range for the three selected Profiles is of 3.3 %.

Similar comparison results are obtained for wintey fio- (b) Systematic

files. The small impact of clouds on zenith-sky ozone UV- gi;ﬁf. iifj';?}s 23'8

vis measurements at twilight is due to the fact that the mean i

scattering layer is generally located at higher altitude than Total Accuracy 5.9

that of the clouds. However, there are two exceptions: in the

tropics where thunderstorms accompanied by heavy rainfall

can reach 15-16 km, and at high latitude in the winter where

Polar Stratospheric Clouds (PSC) are sometimes present, digrs), wavelength: 541 nm, surface albedo: 0, station altitude:

turbing the ozone measurements. These episodes are eastikm. Regarding the ©profile, the following cases have

removed from the ground-based data series by detecting thieeen considered: polar latitude in January and JuneN65

large enhancements of 70 % or more of the absorptionpy Oand S with a total column of 325 DU, mid-latitude in Jan-

and RO in the tropics in the presence of thick clouds and uary and June (45N and S, 325DU), and tropics in Jan-

rainfall, and by the use of a color index (ratio between irra- uary and June (25N and S, 275DU). The results for the

diances at 550 and 350 nm) in case of PSC (Sarkissian et alNorthern Hemisphere in June are shown in Fig. 5 (bottom

1991). panels). Both models are in excellent agreement with rela-
Another source of uncertainty we have tested is the im-tive differences smaller than 1.5%. Within the 862SFA

pact of surface albedo.{O0AMFs corresponding to the same range, the mean relative difference is 0.7%. Since similar

three TV8 climatology @ profiles as above have been calcu- consistency is found in January and in the Southern Hemi-

lated using the UVSPEC/DISORT RTM with albedo fixed to sphere, this comparison demonstrates the reliability of the

0.04 (ice free sea) and 1 (fresh snow, sea ice or thunderstorrdVSPEC/DISORT RTM for @ AMF calculation.

anvils). Results are shown in Fig. 5 (3rd line panels). Within  The overall error budget of twilight zenith-sky visible total

the 86—92 SZA range, the impact of surface albedo is rather Oz total columns measurements is summarized in Table 4.

low with a mean relative difference between albedo 1.0 andThe precision by adding quadratic random errors is 4.7 % to

0.04 cases of 0.7 % for the three selectedofiles. which the largest contribution is coming from the AMF and
A last source of uncertainty is the impact of the RTM from the error on the slant column estimated to be 3% at

used for AMF calculations. Although previous studies (e.g.,twilight, including the impact of unknown instrumental and

Hendrick et al., 2006; Wagner et al., 2007) have demon-systematic misfit effects. The total accuracy, important for

strated that, for AMF calculation, the UVSPEC/DISORT comparison with other instruments, is 5.9 %.

model shows very good consistency with others RTMs,

a verification exercise has been carried out to firmly as-

sess the reliability of the presentOAMF calculations. 4  Application of the recommended settings to the

It consists in comparing © AMFs calculated using the NDACC/SAOZ network

UVSPEC/DISORT and SCIATRAN v2.2 RTMs initialized

in the same way. SCIATRAN is based on the Combining The French led SAOZ (Sysine d’Analyse par Obser-

Differential-Integral approach using the Picard-lterative ap-vation Zénithale) network contributes significantly to the

proximation (CDIPI) and includes a treatment of multiple NDACC/UV-visible network with about 20 instruments cov-

scattering in full or pseudo-spherical geometry (Rozanov etering a wide range of latitudes in both hemispheres. The

al.,, 2005). The following settings have been used for theSAOZ instrument is a broad-band (300-600 hm), medium

present exercise: pseudo-spherical geometry, TY&IK0- resolution (1nm) diode-array spectrometer that observes

file climatology, AFGL Standard Atmosphere pressure andsunlight scattered at zenith sky (Pommereau and Goutail,

temperature profiles, TV8 atmosphere layering (Umkehr lay-1988; Sarkissian et al., 1997). Absorption spectra are
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recorded hourly at SZA smaller than<8&nd every 5 min  4.1.1 Dobson at OHP
during twilight up to 94 SZA. The full SAOZ data set has
been reprocessed in a version V2 using the NDACC recom-The instrument is the Dobson #085 operating at this station
mendations. The previous version, called V1, was using consince 1983. A comparison of the total ozone columns mea-
stant AMFs specific to each station (see second subsection @ured by the Dobson and SAOZ (V2 retrieval) spectrometers
Sect. 2.3.2) and, regarding the DOAS settings, differs fromis presented in Fig. 6. The difference Dobson-SAOZ showed
V2 on the Ring and ozone cross-sections and the wavelengtin the past a systematic seasonal variation with a summer
fitting window. The impact of the changes of these three pa-maximum, but of amplitude larger than that expected from
rameters is discussed below. the temperature dependence of the UV cross-sections only.
o . . . According to Van Roozendael et al. (1998), it can also orig-
I Ring cross-sections. The SAOZ V1 Ring Cross-sectionsinate in the seasonal AMF variation not taken into account
were derived from a high-resolution differential ref- , yho gnerational SAOZ retrievals. Consistent with this, the
erence spectrum. The change for Chance and Spurfe|acement of the SAOZ constant AMF by AMF LUTS re-
(1927) procidure leads to an insignificant increase byy,ces the amplitude of the seasonal Dobson-SAOZ differ-
0.1%:+0.01 % of the ozone slant column. ence from 6.9 % to 3.2 % (see Fig. 7). After applying this cor-
ii. Ozone cross-sections. SAOZ V1 was using a combi-rection, the correlation of the Dobson-SAOZ V2 difference
nation of two laboratory data sets, those of the GOME With ECMWF temperature indicates a dependence of the
flight model (FM) at 202 K between 330 and 514.5 nm difference Dobson-SAOZ V2 of 0.250.02%fC at 50 hPa
(Burrows et al., 1999) and of Brion et al. (1998) be- and 0.2Gt 0.01%fC at 30 hPa, or 0.18 %L at 30 hPa us-

tween 514.5 and 650 nm, both normalized on Andersonng the NCEP temperature. The 30 hPa temperature is more
and Mauersberger (1992) absolute cross-sections meéﬂlevant at OHP since it Corresponds better to the altitude
sured at six wavelengths thought to be the most preOf the maximum of ozone concentration. After correction
cise available (GOME FM cross-sections multiplied by for the temperature dependence at 30 hPa, the amplitude of
1.029 and Brion et al. by 1.021). The change for Bogu- the seasonal variation decreases to 1.2 % with a yearly mean
mil et al. (2003), leads to a decrease of the ozone slanbias of —1.1+3.7%. This 0.18 %/C temperature depen-
column by 0.8 %t 0.01 %. dence is significantly larger than the 0.13@/calculated
by Komhyr et al. (1993) for the Dobson AD pair from the

iii. Ozone fitting window. For taking the advantage of the gass and Paur ozone absorption cross sections (Paur and
8 ozone cross-sections differential features available inBass, 1985), the 0.11 9& proposed by Van Roozendael et
the Chappuis bands, the SAOZ V1 spectral range ex) (1998) from Malicet et al. (1995) cross sections, or even
tended from 450-617nm, with the exception of the the 0.02%7C of Burrows et al. (1999) as summarized by
580-602 nm ignored because of the presence of wategcarato et al. (2009). However, it is very similar to the
vapor absorption bands at around 590 nm particularlyg 21 96¢C found with TOMS and OMI-TOMS.
intense in the warm tropics. The change for the 450—  agjde from a possible underestimation of the temperature
550 nm spectral range in the SAOZ V2 leads 1o an in- yenendence of the absorption cross sections at low tempera-
crease of ozone slant column by 1.696.05%. How-  re another possible additional contribution to the seasonal
ever, the cause of this larger ozone is not the spectral,ariation of the difference with SAOZ could be the influence
fitting but the decrease of slant column at increasingf (ropospheric ozone to which, in contrast to Dobson direct
wavelength because of the lower altitude of the meang,n gpservations, SAOZ is less sensitive. As displayed later
scattering level of sunlight at twilight. After conversion Fig. 15, the tropospheric ozone column at OHP shows a
into vertical column using SAOZ AMFs calculated at gy stematic seasonality of about 15 DU amplitude with a sum-
the center of the windows, of 16.41 at 500 nm instead 0fmer maximum, which might explain the remaining seasonal
16.22 at 540 nm, the change in vertical column is only cycje of 1-1.5 % amplitude in the Dobson-SAOZ difference.
0.2%+0.05%. Moreover, the Dobson instrument has internal stray light that

Overall, the change between V1 and V2 after applying theProduces an error with a SZA dependence, which is more
NDACC UV-Vis working group recommendations for DOAS Pronounced at high ozone values. However, the magnitude

settings is a decrease of 0zone vertical column at twilight byof this effectis difficult to estimate, but it can also contribute
0.5 %, which is not significant. to the residual seasonal cycle of the Dobson-SAOZ differ-

ences.
4.1 Comparison to Dobson and Brewer In summary, the 3.2 % residual seasonal amplitude of the
Dobson-SAOZ V2 difference at OHP can be partly explained
In order to assess the neWIy derived SAOZ V2 data set, Comby a known temperature dependence of the absorption Cross-
parisons were performed using two reference ground-basegections at Dobson wavelengths not taken into account in
UV ozone spectrophotometers collocated with SAOZ instru-the Dobson retrievals and varying between 0.11-0.F8%/
ments: a Dobson at OHP and a Brewer at Sodankyla. according to laboratory measurements and 0.F&% the
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Fig. 6. Comparison between Dobson (black line) and SAOZ V2 S0 T T T T T T T T T T T T T T T T T

(grey line) total ozone columns at OHP (upper plot). The relative
difference Dobson-SAOZ V2 appears on the lower plot (grey dots:
daily; black lines: monthly mean). SAOZ data in 1992-1993 are
removed because of the Mount Pinatubo eruption. The difference 350 \

shows a systematic seasonal cycle, and small systematic offsets be-g

tween periods of several years as well as sporadic jumps on someE 300 \ \ \
months. Since they do not correlate with changes in the satellite-

SAOZ difference at OHP they cannot be attributed to SAOZ.
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present study, and by uncertainties in the ozone profile sea-?fj 0
sonal variation in the TV8 climatology, particularly in the %
o
m

L7 Srlvameeigy

troposphere. The mean 1% low bias of the SAOZ com- -5 7]
pared to Dobson is within the uncertainties of absolute cross- T4 I Y O O Y
sections used by both instruments. 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008
4.1.2 Brewer MKIl at Sodankyla Fig. 8. Comparison between Brewer (black line) and SAOZ V2

(grey line) total ozone columns at Sodankyla. The relative dif-

. . ference Brewer-SAOZ V2 appears on the lower plot (grey dots:
The Brewer and the SAOZ instruments in Sodankyla were al<ajy- plack lines: monthly mean). SAOZ data in 1992—1993 are

ready compared in 1990-91 (Kyr1993; Van Roozendael €t removed because of the Pinatubo eruption. Because of the polar
al., 1998). The SAOZ showed a systematic bias varying fromnight, Brewer measurements are absent during the winter. Small
—94+5% if only Brewer measurements at SZ%60° were  systematic offsets sometimes also appear, e.g., after 1997 and 2001.
considered and +2 % using all Brewer data. The seasonal

cycle of the ratio between the Brewer and SAOZ measure-

ments was highly correlated with the temperature at 50 hPaby 3-4 % on average, showing sometimes large deviations in
but at a rate of 0.34 %L, exceeding largely the 0.07 %J October or March, i.e. at the beginning and the end of the
Brewer temperature dependence derived by Kerr et al. (1988)inter. Figure 9 shows the average seasonal cycle of the dif-
from the ozone cross sections of Paur and Bass (1985). Aference. The change from SAOZ V1 to SAOZ V2 decreases
that time, no explanation was found for this discrepancy butthe amplitude of the seasonal cycle from 4% to 2.4 %, pro-
the SAOZ retrieval was the V1 version based on the use oWiding an explanation to Kyr (1993) interrogation. The

a constant AMF derived from a mean winter ozone profile. correlation with ECMWF temperature indicates a depen-
Figure 8 shows the Brewer and SAOZ V2 series of ozone col-dence of the Brewer-SAOZ difference of 04®.01 %/C

umn over Sodankyla since 1990 and the corresponding relaat 50hPa and of 0.080.01%?C at 30 hPa, the first one
tive difference. The winter Brewer zenith-sky observationsbeing most relevant at this latitude. After correction for
are ignored since displaying large drops as well as the 1992he temperature dependence at 50 hPa, the amplitude of the
SAOZ data due to the large aerosols loading changes assseasonal variation decreases to 1.4% and the mean bias is
ciated to the Mount Pinatubo eruption. Asides from these2.7+ 3.4%. The coefficient of 0.06 ¥4 is very consistent
periods, the Brewer values are larger than those of SAOZvith the 0.07 %7C and 0.08 %/C estimated from Paur and
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Bass (1985) cross-sections by Kerr etal. (1988) and Scarnato ™ 10————1——7—1—T1—71—T1T—7
et al. (2009), respectively, but smaller than the 0.09Q%/ sl L
0 | =

ent sets of temperature, or the 0.13@/derived by Scar-

nato et al. (2009) from the Malicet et al. (1995) ozone cross-
sections. However, Scarnato et al. (2009) have shown thats
these coefficients depend on the instrument, the tempera- -jold—L L L 1 | 1 | |

of Kerr et al. (2002) from the same data but using differ-
S5+

ewer-SAOZ (%)

ture range, and on the method of calculation from laboratory
cross-sections. In addition, Savastiouk and McElroy (2010)
have estimated that a change from Paur and Bass (1985)
Malicet et al. (1995) absorption cross-sections would makeyg|iq ine: Brewer corrected for temperature).
the Brewer data lower by 3 % on average, that is in full agree-

ment with SAOZ V2.

In summary, the difference between Brewer and SAOZ inTable 5. List of the SAOZ stations used in the study.

Sodankyla can be fully explained by a temperature depen-

Fig. 9. Seasonal variation of the Brewer-SAOZ relative differ-
té’nce at Sodankyla (dashed line: SAOZ V1, dotted line: SAOZ V2,

dence of 0.06 %C and the 3% mean bias between them by

the uncertainty in the ozone absorption cross-sections used Station Location Time
in the Brewer retrieval. coverage
ScoresbySund (SCO) 7N, 22°W  1991-
4.2 Comparison to satellite observations Sodankyla (SOD) 67N,27°E 1990
Zhigansk (ZHI) 67N, 12¥E  1991—
Six total ozone satellite data series are available since the be—Obse_’V"’“C"Ire ‘c’je Haute Provence (OHP) °M46°E 1992
ginning of the deployment of the SAOZ network in 1988: Eﬁﬂ?f{éfue)m (REV) Zglg’ ig&v iggg
the TOMS V8 series from Nimbus-7, Meteor-3, and Earth corgelen (KER) 49S,70E  1995-
Probe between 1989 and 2005, available from the NASA pumont d'Urville (DDU) 67S,140E 1988

GSFC databasehttp://toms.gsfc.nasa.goWwVellemeyer et
al., 2004); the GOME-GDP4 observations from 1995 to
2003 for all stations and until present for the European
sector after the failure of the onboard data recorder, avail4 2 1 V2 versus V1 SAOZ data sets
able from the operational ESA GDP4 level Bttp://wdc.
dir.de/sensors.gome/gdp4¥an Roozendael et al., 2006);
the SCIAMACHY-TOSOMI columns since 2002, available
from the ESA — KNMI TEMIS site ljttp://www.temis.nl/
protocols/o3col/overpasscia.htmj Eskes et al., 2005), the

As an example, monthly mean total ozone column and rel-
ative difference satellite-SAOZ V2 at OHP since 1995 for
TOMS and GOME-GDP4 (the two longest satellite records)
are presented in Fig. 10. The difference shows a systematic
SCIAMACHY off-line version 3 (OL3) retrievals available seasonal variation with a summer maximum. The amplitude
from the ftp siteftp-ops-dp.eo.esa.inand the AURA OMI-  of the seasonal cycle of the difference is larger with TOMS
TOMS and OMI-DOAS collection 3 retrievals since 2004 (4.7 %) than with GOME-GDP4 (1.2 %).

available from the NASA AVDC [fttp://avdc.gsfc.nasa.gpv Figure 11 depicts the change between SAOZ V1 and V2 in
Veefkind et al., 2006; Kroon et al., 2008). All the data used he gifference satellite-SAOZ at Sodankyla, OHP, Bauru and
here are overpass total ozone columns above each statiqumont d'Urville. The use of V2 instead of V1 reduces the
within & 300 km radius. Eight SAOZ stations, those show-ampjitude of the seasonal cycle of the difference with TOMS
ing the longest data time-series and continuous observation§om 10.8 % to 6.3 % at Sodankyla and from 8.0 % to 4.7 %
throughout the year, have been selected for the present comy oHP, and from 4.6 % to 4.3 % and 4.9 % to 1.2 % for the
parison (see Table 5): three in the Arctic (Scoresbysund, Zhisame stations with GOME-GDP4. The use of SAOZ V2 has
gansk, and Sodankyla), one at northern mid-latitude (Obsery jimjted impact in Bauru (tropics), where the amplitude of
vatoire de Haute Provence), two at the southern tropics (Ree relative difference varies from 1.7 % to 1.5 % with TOMS
union Island and Bauru), one at the southern mid-latitudezng from 3.5% to 3.0 % with GOME-GDP4, but decreases
(Kerguelen) and one in the Antarctic (Dumont d'Urville). the mean total 0zone by about 3 %. The same feature is found
Because of the perturbation of the SAOZ zenith-sky totalat pumont d'Urville where the seasonal cycles is reduced
ozone measurements by the volcanic aerosols injected in thgn|y from 12.4 to 10.2% and 4.2 to 3.5 % with TOMS and

stratosphere by the eruption of Mount Pinatubo in 1991, theGOME, respectively, but the mean total ozone is decreased
measurements performed between October 1991 and Octgyy 5 o5 with SAOZ V2.

ber 1992 have been ignored. Table 6 summarizes the change in the seasonal cycle of the

satellite-SAOZ difference for all selected stations and satel-
lites. The replacement of the SAOZ V1 by the V2 version
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Table 6. Amplitude (%) of the seasonal cycle of the relative differences satellite — SAOZ (V1/V2). See Table 5 for the meaning of the

abbreviations of the stations.

NDACC/SAOZ UV-visible total ozone measurements

Station TOMS GOME SCIA-TOSOMI SCIA-OL3 OMI-TOMS OMI-DOAS

SCO 8.8/5.0 5.2/4.6 9.3/12.2 5.8/5.1 3.9/2.4 5.9/6.7

ZHI 8.2/4.8 5.3/4.0 9.7/15.2 3.8/2.6 6.0/8.4 6.1/10.2

SOD 10.8/6.3 4.6/4.3 2.8/5.8 7.7/13.5 6.3/4.0 2.2/14.4

OHP 8.0/4.7 4.9/1.2 3.0/2.8 6.3/3.1 7.7/13.4 4.1/2.0

REU 2.1/1.4 4.4/35 2.2/1.8 2.712.6 3.1/2.6 1.9/1.8

BAU 1.7/1.5 3.5/3.0 2.4/3.1 3.5/3.0 3.6/3.0 2.2/12.8

KER 3.9/28 1.7/2.0 1.8/3.2 1.9/1.5 2.2/1.7 2.3/35

DDU 12.4/10.2 4.2/3.5 6.2/6.7 3.2/2.9 8.8/7.0 4.3/5.0
A0 T T 1T T\O’\\AS\ (I A TOMS SODANKYLA GOME
B 1L S e LS I e
gaw L 5 — S5 b T 1 1
Ezso S S B | ‘ S S S A | ‘ 0 TT."I;I.'L‘%}L-‘J’.T T O I'/I;}: -.‘l'...T -.|'
— 10 LR L A L T T T s T T o a T ...‘.d L 1\..‘|“..1 T 1{4
€ st 4 F . 5 -l 4 sk —
5 OAWM\W\A """""" 0T I [T B B R B B [ T I N O B O
5 .57‘ FiiE _ L a -10 10
7101993 1995 1997 199‘9 200‘1 2003 2005 2007 2009 1993 1995 1997 1999 2001 2003 2(30‘5 2007 2009 OHP

Fig. 10. Example of comparison between SAOZ V2 and satellite
overpass total ozone at OHP. Top: monthly mean total ozone (grey
line: SAOZ; black line: satellite), bottom: satellite-SAOZ relative
difference (grey dots: daily; black lines: monthly mean). Left:
TOMS, right: GOME-GDP4.

reduces on average the amplitude of the seasonal cycle of dif.
ferences with TOMS, GOME, SCIA-OL3, and OMI-TOMS
although systematic seasonal cycles still remain, of partic-
ularly large amplitude at high latitude. However, there are
satellites for which the change from V1 to V2 increases
the amplitude of the cycle, particularly SCIA-TOSOMI and
OMI-DOAS at high latitude. This comes from larger uncer-
tainties in some satellite retrievals at large SZA at the be-
ginning and the end of the winter period, even if all satellite
data have been uniformly limited to SZA84°. The yearly
mean AMF used in the SAOZ V1 retrieval is thus not the only
parameter responsible for the seasonal cycle of the satellite:
SAOZ and other parameters are implied. As already shown
by Lambert et al. (1999), parameters displaying systematic
seasonal cycles which could potentially affect the retrievals
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are: the temperature of the stratosphere and the SZA of sateFig. 11. Seasonal variation of the satellite-SAOZ relative difference
lite measurements, showing both a summer maximum, anddashed lines: SAOZ V1, dotted lines: SAOZ V2). From top to bot-
the seasonal variation of the ozone column which presents ¥m: Sodankyla, OHP, Bauru, and Dumont d'Urville. Left: TOMS,

maximum in spring at mid- and high latitude.

right: GOME-GDP4. The error bars correspond to thedevia-

tions, which increase during the winter, particularly at high latitude.
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T dependency

SZA dependency

Table 7. Temperature dependence of satellite-SAOZ V2 relative

difference at 50 and 30 hPa (in %@). g
8
Satellite 50hPa 30hPa 3
=
TOMS +0.214+0.003 + 0.24+0.003 <
GOME-GDP4 +0.06:0.004 +0.08:0.004
SCIA-TOSOMI  +0.09:0.006 + 0.14-0.006 g
SCIA-OL3 +0.114+:0.004 +0.12-0.004 o)
OMI-TOMS +0.21+0.004 +0.16£0.004 6_5
OMI-DOAS +0.00+0.005 +0.0Q:0.005 &
<
8 180 200 220 240 0 20 40 60 80
T50hPa (°K) SZA satellites (°)

Table 8. SZA dependence of satellite-SAOZ V2 relative difference
at 50 hPabx SZA+cx SZA3, Fig. 12. Correlation between daily satellite-SAOZ difference and

ECMWEF temperature at 50 hPa (left), and SZA of satellite measure-

Satellite b ¢ (x1079) ments (right) for the height SAOZ stations altogether. Top: TOMS;
Bottom: SCIA-TOSOMI.
TOMS +0.02 -17
GOME-GDP4 +0.06 -1.8
SCIA-TOSOMI - —0.01 +16.2 sonal variation of total ozone of 9 % amplitude at high lati-
SCIA-OL3 +0.00 +4.0 tude. Such SZA dependence of a nadir-viewing satellite in-
OMI-TOMS +0.00 +6.7 strument is coming from the increasing altitude of the sun-
OMI-DOAS +0.02 +7.3

light scattering layer at increasing SZA, not properly taken

into account in the retrieval. Note that a confusion between
SZA and temperature in the correlations shown in Fig. 12 is
not possible, since (1) the first is peaking at the solstice and
the second in the mid-summer, and (2) the amplitude of the
temperature variation is limited to 2& in the tropics, while

The influence of these parameters has been investigated bt{/]at of SZA is varying by about 45 . .
The results of the same calculations for all satellites are

correlating the satellite-SAOZ difference with daily ECMWF ; !

: ummarized in Tables 7 and 8. In case of the temperature,
temperature at 50hPa and 30hPa, SZA at the location o he results at 50 and 30 hPa were found very similar. But
the satellite measurements, and ozone total column. The. : . Y :

. . Since the peak ozone concentration at high latitude is around
correlation was performed on daily measurements from all

) . . 0 hPa, this level was chosen in the corrections below. Re-
stations together (sunrise-sunset average in case of SAOZ), . .
> : . arkably, TOMS and OMI-TOMS, which are using the same
For removing the systematic mean biases between the sta-

tions discussed in Sect. 4.2.3, the average bias of each Stg\{avelengths (317.5-331.2nm) and the same retrieval algo-

. rithm, show the same temperature dependence of 0.22,%/
tion has been set to zero at 210K and SZA. As an ex- ' coME SCIA-TOSOMI and SCIA-OL3 measuring in
ample, Fig. 12 depicts the correlation between the differenc

between TOMS and SAOZ and SCIA-TOSOMI and SAOZ‘?he 325-335 nm spectral band are less sensitive to tempera-

L) - i in-
with temperature at 50 hPa on the left, and SZA on the right,ture (petween 0.06 and 0'1.1 ). OMI-DOAS s to_tally n-
. ! o sensitive to temperature. Since SAOZ measures in the visible
after removing the satellite measurements at SZ@¢

where they are known as less reliable. Since not significantChappUIS band where the ozone absorption cross-sections do

the dependence on total ozone columns is not shown. Thhot show significant temperature dependence (Voigt et al.,

N : 5001; Brion et al., 2004), the observed temperature depen-
calculation involves more than 30000 data points. These tWode[ncies of the difference with satellites could be attributed to

f:r';e IIvlater:ttTraev(eTt()Jel\jg)cgrc:zegzrfEggfg?#égé?\?;;wgg tgﬁ&gg?ﬁe UV absorption cross-sections used by the satellites. Their
P P ?emperature dependence is indeed larger at shorter wave-

cies. TOMS displays a linear temperature dependence o :
0.21%fC resulting in a seasonal amplitude of more than !engths. However the amplitude of the effect reported here

10% amplitude in the Antarctic and a negligible SZA de- Is unexpected since a correctiqn for_ the temperature depgn-
pendence of 0.01%5ZA, which represents only 0.4% of den_ce of the ozone cross—sect|or_1$ is applied in the satellite
amplitude in seasonality. In contrast, SCIA-TOSOMI shows retrievals algorlthms._ More work_ls therefore needed to bet-
a temperature dependence of 0.08@owbnly, but a large and ter understand the origin of the discrepancy.

non-linear SZA dependence, approximated by a cubic law,

of —0.01 %7 SZA +16.2x 10-%%/° SZA3, leading to a sea-

4.2.2 Stratospheric temperature, SZA, and ozone
column dependencies
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Fig. 13. Seasonal variations before (dotted lines) and after (solid lines) temperature correction. From top to bottom: Sodankyla, OHP,
Bauru and Dumont d’Urville. From left to right: TOMS, GOME-GDP4, SCIAMACHY-TOSOMI, SCIAMACHY-OL3, OMI-TOMS, and
OMI-DOAS.

Regarding SZA, SCIA-TOSOMI shows the largest non-

T T T T Toms T T T
linear dependence (16x20-6%/° SZA3), while GOME i Eeome ]
displays a linear change of 0.0698ZA (2.4 % in term of R 3 Saaos i

—A— OMIT

- Ny T

seasonal amplitude), followed by SCIA-OL3, OMI-TOMS
and OMI-DOAS but with a non-linear dependence, leading
to a seasonal cycle with an amplitude varying between 1.6
and 2.9 % amplitude. TOMS does not show significant sen-
sitivity to SZA. As in case of temperature, since SAOZ is al-
ways measuring between 8628ZA, the SZA dependence
of the difference with satellites must be attributed to the lat-
ter.

Figure 13 shows the residual seasonal variation of the:
satellite — SAOZ V2 differences for four stations after cor-
rection of the satellite data for their temperature and SZA
dependencies, and Table 9, the residual amplitude of the seas

BIAS (%)

or A N O N B O

ndard Deviation (%)
N
T
1

sonal cycle before and after applying the correction. On aver- ol ! ! ! ! ! ! L L
age, the correction reduces the amplitude of the seasonal cy- 80 60 40 20 0 20 40 60 80
cle, particularly with TOMS, OMI-TOMS, SCIA-TOSOMI. LATITUDE (j)

There are some exceptions, e.g. with GOME, SCIA-OL3 and

OMI-DOAS at OHP, and GOME and SCIA-OL3 at Dumont Fig. 14. Latitudinal variation of mean bias (top) and standard devi-
d'Urville. But often, the seasonal cycles are not totally re- ation (bottom) of the relative difference satellite — SAOZ V2. All
moved. A systematic summer maximum could be still seepsatellites measurements are showing very si.milar mean biases with
with all satellites at OHP and systematic seasonal cycles wittPAOZ: as well as dispersion, with the exception of SCIA-TOSOMI
various shapes at polar stations. It should be noted that thlf Dumont d'Unville for an unknown reason.

above corrections have no impact on yearly mean biases.

Figure 14 shows the latitudinal variation of these mean bi-
ases and the standard deviation of the difference with SAOZ
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Table 9. Residual amplitude of the satellite-SAOZ V2 difference seasonal cycle (in %) before/after temperature (50 hPa) and SZA correction.

F. Hendrick et al.: NDACC/SAOZ UV-visible total ozone measurements

See Table 5 for the meaning of the abbreviations of the stations.

Station TOMS GOME SCIA-TOSOMI SCIA-OL3 OMI-TOMS OMI-DOAS
SCO 5.0/3.8 4.6/4.6 12.2/7.3 5.1/4.8 2.4/3.9 6.7/4.2
ZHI 4.8/2.7 4.0/4.0 15.2/9.5 2.6/2.3 8.4/6.5 10.2/7.8
SOD 6.3/2.5 4.3/4.6 5.8/4.4 3.5/3.4 4.0/3.9 4.4/4.1
OHP 4.7/3.1 1.2/2.3 2.8/2.2 3.1/3.5 3.4/3.4 2.0/13.7
REU 1.4/1.2 3.5/2.8 1.8/1.2 2.6/1.6 2.6/1.8 1.8/1.3
BAU 1.5/1.3 3.0/2.3 3.1/1.2 3.0/2.1 3.0/1.4 2.8/2.4
KER 2.8/1.2 2.0/1.5 3.2/14.4 1.5/1.2 1.7/1.5 3.5/1.1
DDU 10.2/49 3.8/5.1 6.8/5.6 2.9/3.6 7.1/4.2 4.5/4.2
60 T T T 60 R . E— N R B m—
501 --©- Bauru OMI
S0~ —e— Reunion OMI N
g 40 - _ aob —— BauTomsV8
~— 30_ 8 """"""""""""""""
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Fig. 15. Tropospheric ozone column in OHP derived from OMI
(open circles), ECC sondes (filled circles), and TV8 climatology i 16, Tropospheric ozone column derived from OMI in Bauru

(open circles) and Reunion (filled circles) and TV8 climatology
(filled squares).

(filled squares).

at each station, the corresponding values being summarised
in Table 10. The biases at each station are very similar for4.2.3  Air mass factor biases
all satellites. They increase at high latitude and, remarkably,
they are more negative in Bauru than in Reunion although therhere are indications that the biases in Fig. 14 and residual
two stations are at the same latitude. The mean standard devéeasonal variations in Fig. 13 come from differences between
ation of about 3—4 % of the difference with SAOZ is also very ozone profiles over a specific station and the TOMS V8 cli-
similar with all satellites, but larger with SCIA-TOSOMI in - matology used for calculatinggAMFs: the still small sum-

Dumont d’Urville for an unknown reason.

mer maximum in the difference after correction of satellite
The similarity of the biases between SAOZ on the onemeasurements for temperature and SZA dependencies, of be-

hand and all satellites on the other hand implies that they aréveen 2.2-3.7 % magnitude for example at OHP, the system-
to be attributed mostly to SAOZ. They can be related in partatic bias jump of 1.7-3.4 % between Bauru and Reunion, and
to unknown pseudo-systematic uncertainties in SAOZ slanthe average 1.3-3.1 % larger biases and seasonal variations at
column measurements (quoted to 3% in Table 4), to uncerpolar stations compared to the mid- and tropical altitudes.
tainties in the determination of the residual amount in the A seen in Fig. 15, tropospheric ozone above OHP shows
reference spectrum, and finally to possible systematic errora seasonal cycle of 15 DU amplitude with a summer max-
in the AMFs used for converting slant into vertical columns. imum, while the TV8 climatology overestimates the mean
As shown by the comparison between SAOZ V1 and V2,value by about 10 DU and underestimates the amplitude of
the latter is a very sensitive parameter. Two possible sourcethe seasonal cycle by 7-8 DU. This is enough for explain-
of biases have been identified: the influence of tropospheriéng the remaining seasonal cycle of 2% amplitude of the
ozone assumed to be constant in a latitude band, and possFOMS - SAOZ and OMI-TOMS — SAOZ differences seen
ble systematic differences between ozone profiles measureid Fig. 13. The same argument applies to the systematic dif-
above a given station and those from the TV8 zonal mearference of about 2% between Bauru and Reunion, present
climatology. with all satellites. This is consistent with the difference of
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Table 10. Bias and & dispersion of the relative difference satellite-SAOZ V2 (in %) after temperature (50 hPa) and SZA correction. See
Table 5 for the meaning of the abbreviations of the stations.

Station TOMS GOME SCIA-TOSOMI SCIA-OL3 OMI-TOMS OMI-DOAS MEAN

SCO +0.3t5.2 +3.3t4.6 +2.3t4.2 +1.4£4.0 —0.3+4.2 +3.5:4.6 1.9t4/5
ZHI +0.6+3.8 +1.6t3.6 +1.14.4 +1.5:3.8 +0.7#4.0 +2.15.0 1.2+4.1
SOD +0.8:4.2  +2.2:3.7 +3.13.6 +2.9£3.9 +1.13.5 +3.3t4.3 2.3t3.9
OHP —-0.5£3.6 +0.6:3.8 —0.8+3.2 +0.9:4.0 —-1.3+£3.0 +0.2t4.1 —0.4£3.6
REU +1.2£2.8 +0.2:2.4 —2.4+15 -0.3+2.2 +0.2£2.3 —0.9+3.6 -1.0£3.1
BAU —-0.6£29 -2.0+£29 —4.1428 —-1.6+3.8 —3.6£2.5 —2.6£4.2 -—-2.5£3.2
KER —0.4£39 -0.4+3.8 —2.0£3.8 —-1.443.7 —1.4+3.9 +0.6t4.2

DDU +3.1+£5.2 +2.8:5.4 +2.4:7.6 +3.15.2 +1.3t4.6 +3.15.1 2.6:4.8

tropospheric ozone of about 10 DU (see Fig. 16) between thén the G; AMF calculation have been identified as the use
two stations derived by Ziemke et al. (2006) by subtractingof an Q; profiles climatology instead of observational data,
the MLS stratospheric ozone from the OMI total column, the choice of the aerosol extinction profile and the radiative
and also consistent with the wave number one longitudinatransfer model, the surface albedo, and most sensitive, the
tropospheric ozone distribution reported by the SHADOZ presence of clouds. Taking into account these uncertainties,
ozonesondes (Thompson et al., 2003), displaying a maxithe precision on the ©AMFs has been estimated to 4.7 %,
mum over Africa and the Indian Ocean. Finally, the still which, combined with systematic errors results in a total ac-
remaining relatively large seasonal cycles and larger biasesuracy in ozone retrievals of 5.9 %.

during the winter-spring vortex season at polar latitudes are fqr evaluating the change in the SAOZ performances
consistent with the presence of differences between AMFSynen applying the NDACC recommendations, the full SAOZ
derived from the TV8 zonal mean ozone profiles and thoseyata set has been reprocessed and compared to collo-
measured locally by radio-sondes, as shown in Fig. 4 0fcated reference ground-based Dobson and Brewer measure-
Ny-Alesund and Dumont d'Urville, or by the comparison ments at OHP and Sodankyla respectively, as well as to
between TOMS and TV8 total column ozone displaying asatellite overpass observations from the TOMS, GOME-
maximum difference at high latitude (McPeters et al., 2007).Gpp4, SCIAMACHY-TOSOMI, SCIAMACHY-OL3, OMI-

Overall, after correcting satellite measurements for theirropms, and OMI-DOAS data products for a selection of
temperature and SZA dependencies, the largest remainingjgnt stations.

cause of differences between them and SAOZ would come We find that the use of the OAMF LUTS reduces the

from the zonal mean ozone profiles used for calculating the,.

AMF which does not always represent the longitudinal anddlﬁerence between Dobson, Brewer, and SAOZ total ozone
o ys rep me long measurements. Nevertheless small systematic seasonal vari-

seasonal variations of ozone concentration in the troposphergtions of the difference with SAOZ still remain, originating

and the stratosphere. in the temperature dependence of the ozone absorption cross
sections in the UV not taken into account in the Dobson and
Brewer retrievals and possibly also in seasonal cycles of tro-
pospheric ozone only partly represented in the TV8 profile

The NDACC UV-visible Working Group has made recom- climatology used for calculating thesGAMF LUTs. When _
mendations on the spectral analysis settings and AMF calcucorrected for the temperature dependence, the average dif-
lation for the retrieval of total ozone columns from ground- ference with daily SAOZ total ozone columns is reduced to
based zenith-sky UV-visible observations. The aim of these—0-8+ 3.8 % with the Dobson in OHP and to H%.2%
recommendations is to improve the homogeneity of the vis-with the Brewer in Sodankyla, which is within current un-
ible total ozone measurements delivered to the NDACCCertainties in the @ absorption cross-sections of the three
database. The main change with respect to the settings utiPStruments.

lized so far, is the use of QAMF LUTs based on the TOMS Regarding the comparison with satellites, the agreement is
V8 O3 profile climatology, which allows accounting for the also significantly improved when using the new SAOZ data
dependence of the AMF on the latitudinal and seasonal variset (called version V2). However, some systematic seasonal
ations of the ozone vertical profile. The calculated LUTSs, variations still remain in the difference satellite — SAOZ V2.
only suitable for background aerosols conditions, depend oiThey largely originate from stratospheric temperature and
latitude, day of year, ®@column, wavelength, SZA, surface SZA dependencies in the satellite retrievals. The sensitiv-
albedo, and station altitude. The main sources of uncertaintyty to temperature is particularly large in the 317-331 nm

5 Conclusions
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wavelengths range of the TOMS and OMI-TOMS retrievals GEOmon, and Belgian PRODEX SECPEA projects. The authors
and similar to that observed with the Dobson. This effectare also thankful to the Pls of the lidar and ECC sondes O
is also present but with a smaller amplitude in the GOME, profile data used in this study and downloaded from the NDACC
SCIA-TOSOMI and SCIA-OL3 measurements in the 325— database: P. von der Gathen (AWI), G. Hansen and K Stebel
335nm range and in the Brewer observations. It is abseng;'é'-SL;)C' I\ISF.ESC;OdAm-RBe%iknn(;Zgn(,II\?M ?ng')'etl': "’::[‘:S:)-/ ?J’;f/a;s?{:‘r
P 305l o). . Gl (W), St (1) . Thes

. . - ) L rE'BIRA-IASB) is acknowledged for calculating time-series of
dencies mlght. mdmate an inadequate cqrrecuon for thg temfropopause height at various NDACC stations.
perature sensitivity of the 0zone absorption cross-sections in
the UV in the satellite retrievals. One should note that theggited by: M. Dameris
large sensitivity, particularly of the TOMS and OMI-TOMS
columns, to stratospheric temperature is unexpected since, in
contrast to Dobson and Brewer, a correction for this effect
is included in the retrieval algorithms. We have no further
explanation for that.

References

The SZA dependence is particularly large in case of scia-Anderson, S. M. and Maversberger, K.: Laser measurements of
ozone absorption cross sections in the Chappuis Band, Geophys.

TOSOMI and is also present, but with a smaller ampli- Res. Lett. 19, 933936, 1992.

tqde, In the, SCIA-OL3, OMI-TOMS and OMI-DOAS re- Bhartia, P. K., Wellemeyer, C. G., Taylor, S. L., Nath, N., and
trievals.  Since the SAOZ measurements are always per- Gopolan, A.: Solar Backscatter (SBUV) Version 8 profile algo-
formed at around 90SZA throughout the year, this depen-  rithm, in: Proceedings of the Quadrennial Ozone Symposium
dence must be attributed to the satellite retrievals. However, 2004, Athens, Greece, edited by: Zerefos, C., ISBN 960-630-
even after correcting satellites data for temperature and SZA 103-6, 295-296, 2004.

dependencies, systematic biases and seasonal features sifigumil, K., Orphal, J., Homann, T., Voigt, S., Spietz, P., Fleis-
remain, with a larger amplitude in polar regions. They are chmann, O. C., Vogel, A., Hartmann, M., Bovensmann, H.,
tentatively attributed to (i) longitudinal modulations and sea-  Frerik, J., and Burrows, J. P.: Measurements of molecular ab-
sonal variations of tropospheric 0zone columns not repre- SOrPtion spectra with the SCIAMACHY Pre-Flight Model: In-
sented in the TV8 @zonal mean climatology, (ii) uncertain- strument characterization and reference spectra for atmospheric

L . . . . remote sensing in the 230-2380 nm region, J. Photochem. Photo-
ties in the TV8 stratospheric ozone profiles at high latitude biol. A, 157, 167—184, 2003.

during the ozone depletiqn Wime_r and SP“”Q season, knc’WrBrion, J., Chakir, A., Charbonnier, J., Daumont, D., Parisse, C.,
to exist from the comparisons with AMF derived from son-  4nq malicet, J.: Absorption Spectra Measurements for the Ozone
des or between TV8 and TOMS total ozone (McPeters et Molecule in the 350-830 nm Region, J. Atm. Chem., 30, 291—
al., 2007), and (iii) uncertainties in the absolute absorption 299,doi:10.1023/A:1006036924362004.
cross-sections at all wavelengths. After applying the LUT Burrows, J. P., Richter, A., Dehn, A., Deters, B., Himmelmann, S.,
AMF to SAOZ and correcting the satellites for the temper-  Voigt, S., and Orphal, J.: Atmospheric Remote-sensing reference
ature and SZA dependencies, the amplitude of the seasonal data from GOME — 2.Temperature-dependent absorption cross-
difference between them and SAOZ decreases to less than 2— Sections of @ in the 231-794 nm range, J. Quant. Spectrosc.
4% at mid-latitude and in the tropics and to 3—-9 % in polar Ra., 61(4), 509-517, 1999. _ ) )
regions, while the mean bias is varying froal to —2 % at Chan_ce,_K. anq Spurr, R. J. D.: Ring effect studl_es: Rayleigh scat-
; . . . - . tering including molecular parameters for rotational Raman scat-
mid-latitude and in the tropics, to +1 to +2 % in polar regions.

- tering, and the Fraunhofer spectrum, Appl. Optics, 36, 5224—
Overall, although further improvements could be expected 523(;3 1997, P PpL- 2P

regarding the accuracy of ozone absorption cross-sectionggigewey-Egbers, M., Weber, M., Lamsal, L. N., de Beek, R.,
and their temperature dependence and ozone profile clima- gychwitz, M., and Burrows, J. P.: Total ozone retrieval from
tologies, the application of the NDACC UV-visible Work- ~ GOME UV spectral data using the weighting function DOAS
ing Group recommendations, together with the correction for approach, Atmos. Chem. Phys., 5, 1015-1@R#,10.5194/acp-
the temperature and SZA dependencies of UV ground-based 5-1015-20052005.

and satellite observations, leads to a significantly improvedeEskes, H. J. and Boersma, K. F.: Averaging kernels for DOAS total-
consistency of total 0zone long-term series between the var- column satellite retrievals, Atmos. Chem. Phys., 3, 1285-1291,
ious satellite and ground-based instruments, allowing more_  90i:10.5194/acp-3-1285-2003003.

. P . . Eskes, H. J., van der A, R. J., Brinksma, E. J., Veefkind, J.
accurate identification of possible natural or anthropogenic P. de Haan, J. F., and Valks. P. J. M.: Retrieval and valida.

changes in the ozone layer. tion of ozone columns derived from measurements of SCIA-
AcknowledgementsThe authors thank the many SAOZ, Brewer MACHY on Envisat, Atmos. Chem. Phys. Discuss., 5, 4429—
and Dobson operators in stations without whom the long series 4475,d0i:10.5194/acpd-5-4429-200%005.

of data used in this paper would not have been available as welFayt, C. and Van Roozendael, M.: WIinDOAS 2.1 Software
as agencies supporting NDACC activities: INSU/CNRS, CNES, User Manual, available atittp://uv-vis.aeronomie.be/software/
IPEV. This work was supported by the ESA Multi-Taste, EC  WinDOAS, 2009.

Atmos. Chem. Phys., 11, 5975995 2011 www.atmos-chem-phys.net/11/5975/2011/


http://dx.doi.org/10.1023/A:1006036924364
http://dx.doi.org/10.5194/acp-5-1015-2005
http://dx.doi.org/10.5194/acp-5-1015-2005
http://dx.doi.org/10.5194/acp-3-1285-2003
http://dx.doi.org/10.5194/acpd-5-4429-2005
http://uv-vis.aeronomie.be/software/WinDOAS
http://uv-vis.aeronomie.be/software/WinDOAS

F. Hendrick et al.: NDACC/SAOZ UV-visible total ozone measurements 5993

Grainger, J. and Ring, J.: Anomalous Fraunhofer line profiles, Na- trometer at high latitudes observatory, Sodankyla, Geophys. Res.
ture, 193, p. 762, 1962. Lett. 20, 571-574, 1993.

Hendrick, F., Van Roozendael, M., Kylling, A., Petritoli, A., Lambert, J.-C., Van Roozendael, M., De Maa, M., Simon, P.
Rozanov, A., Sanghavi, S., Schofield, R., von Friedeburg, C., C., Pommereau, J.-P., Goutail, F., Sarkissian, A., and Gleason,
Wagner, T., Wittrock, F., Fonteyn, D., and De Maa, M.: In- J. F.: Investigation of pole-to-pole performances of spaceborne
tercomparison exercise between different radiative transfer mod- atmospheric chemistry sensors with the NDSC, J. Atmos. Sci.,
els used for the interpretation of ground-based zenith-sky and 56, 176-193, 1999.
multi-axis DOAS observations, Atmos. Chem. Phys., 6, 93—-108,Lamsal, L. N., Weber, M., Labow, G., and Burrows, J. P. : Influ-
doi:10.5194/acp-6-93-2008006. ence of ozone and temperature climatology on the accuracy of

Hendrick, F., Johnston, P. V., Kreher, K., Hermans, C., De satellite total ozone retrieval, J. Geophys. Res., 112, D02302,
Maziere, M., and Van Roozendael, M.: One decade trend anal- doi:10.1029/2005JD006863007.
ysis of stratospheric BrO over Harestua {60 and Lauder Malicet, J., Daumont, D., Charbonnier, J., Parisse, C., Chakir, A.,
(44° S) reveals a decline, Geophys. Res. Lett., 35, L14801, and Brion, J.: Ozone UV spectroscopy. Il. Absorption cross-
doi:10.1029/2008GL034152008. sections and temperature dependence, J. Atmos. Chem., 21, 263—

Hgiskar, B. A. K., Dahlback, A., Vaughan, G., Braathen, G. O., 273, 1995.

Goutail, F., Pommereau, J.-P., and Kivi, R.: Interpretation of Mayer, B. and Kylling, A.: Technical note: The libRadtran soft-
ozone measurements by ground-based visible spectroscopy — A ware package for radiative transfer calculations — description
study of the seasonal dependence of airmass factors for ozone and examples of use, Atmos. Chem. Phys., 5, 1855-1877,
based on climatology data, J. Quant. Radiat. Transfer, 57(4), doi:10.5194/acp-5-1855-2008005.

569-579, 1997. McKenzie, R. L., Johnston, P. V., McElroy, C. T., Kerr, J. B., and

Hofmann, D., Bonasoni, P., De Maze, M., Evangelisti, F., Solomon, S.: Altitude distributions of stratospheric constituents
Sarkissian, A., Giovanelli, G., Goldman, A., Goutail, F., Harder,  from ground-based measurements at twilight, J. Geophys. Res.,
J., Jakoubek, R., Johnston, P., Kerr, J., McElroy, T., McKenzie, 96, 15499-15512, 1991.

R., Mount, G., Pommereau, J.-P., Simon, P., Solomon, S., StutzMcPeters, R. D., Labow, G. J., and Logan, J. A.: Ozone climatolog-
J., Thomas, A., Van Roozendael, M., and Wu, E.: Intercom- ical profiles for satellite retrieval algorithms, J. Geophys. Res.,
parison of UV/visible spectrometers for measurements of strato- 112, D05308¢0i:10.1029/2005JD006823007.

spheric NG for the Network for the Detection of Stratospheric Orphal, J.: A critical review of the absorption cross-sections f O
Change, J. Geophys. Res., 100, 16765-16791, 1995. and NG in the 240-790 nm region, J. Photochem. Photobiol. A:

Hu, Y. X. and Stamnes, K.: An accurate parameterization of the Chemistry, 157, 185-209, 2003.
radiative properties of water clouds suitable for use in climate Paur, R. J. and Bass, A. M.: The ultraviolet cross-sections of ozone,
models, J. Climate, 6, 728742, 1993. I, Result and temperature dependence, in: Atmospheric Ozone,

Kerr, J. B.: New methodology for deriving total ozone edited by: Zerefos, C. and Ghazi, A., D. Reidel, Dordrecht, 611—
and other atmospheric variables from Brewer spectropho- 616, 1985.
tometer direct sun spectra, J. Geophys. Res., 107, 4731Platt, U. and Stuz, J.: Differential Optical Absorption Spectroscopy
doi:10.1029/2001JD001222002. (DOAS), Principles and Applications, ISBN 978-3-540-21193-8,

Kerr, J. B., Asbridge, I. A., and Evans, W. F. J.: Intercomparison  Springer, Berlin-Heidelberg, 2008.
of total ozone measured by the Brewer and Dobson spectrophoPommereau, J.-P. and Goutail, F.:3 @nd NG ground-based
tometers at Toronto, J. Geophys. Res., 93, 11129-11140, 1988. measurements by visible spectrometry during arctic winter and

Koelemeijer, R. B. A., de Haan, J. F., and Stammes, P.: A database spring 1988, Geophys. Res. Lett., 15, 891-894, 1988.
of spectral surface reflectivity in the range 335-772nm de- Pommereau, J.-P. and Piquard, J.. Ozone, nitrogen dioxide and
rived from 5.5 years of GOME observations, J. Geophys. Res., aerosol vertical distributions by UV-visible solar occultation
108(D2), 4070d0i:10.1029/2002JD002429003. from balloons, Geophys. Res. Lett., 13, 1227-1230, 1994.

Komhyr, W.D, Mateer, C. L., and Hudson, R. D.: Effective Bass and Richter, A., Eisinger, M., Ladatter WeiRenmayer, A., Wittrock, F.,
Paur 1985 ozone absorption coefficients for the use with Dobson and Burrows, J. P.. DOAS zenith-sky observations: 2.Seasonal
ozone spectrophotometrers, J. Geophys. Res., 98, 20451-20465, variations of BrO over Bremen (83) 1994-1995, J. Atmos.
1993. Chem., 32, 83-99, 1999.

Kreher, K., Johnston, P. V., Wood, S. W., and Platt, U.: Ground-Roscoe, H. K., Squires, J. A. C., Oldham, D. J., Sarkissian, A.,
based measurements of tropospheric and stratospheric BrO at Ar- Pommereau, J.-P., and Goutail, F.: Improvements to the accuracy
rival Heights (78 S), Antarctica, Geophys. Res. Lett., 24, 3021—  of zenith-sky measurements of total ozone by visible spectrome-
3024, 1997. ters, J. Quant. Spectrosc. Ra., 52(5), 639-648, 1994.

Kroon, M., Veefkind, J. P., Sneep, M., McPeters, R. D., Bhar- Roscoe, H. K., Johnston, P. V., Van Roozendael, M., Richter, A,
tia, P. K., and Levelt, P. F.: Comparing OMI-TOMS and OMI- Sarkissian, A., Roscoe, J., Preston, K. E., Lambert, J.-C., Her-
DOAS total ozone column data, J. Geophys. Res., 113, D16S28, mans, C., Decuyper, W., Dzienus, S., Winterrath, T., Burrows,
doi:10.1029/2007JD008792008. J. P., Goutail, F., Pommereau, J.-P., D’Almeida, E., Hottier, J.,

Kurucz, R. L., Furenlid, I., and Brault, J. T. L.: Solar flux atlas from  Coureul, C., Didier, R., Pundt, ., Bartlett, L. M., McElroy, C. T.,
296 to 1300 nm, National Solar Observatory Atlas, Sunspot, New Kerr, J. E., Elokhov, A., Giovanelli, G., Ravegnani, F., Premuda,
Mexico, 1984. M., Kostadinov, I., Erle, F., Wagner, T., Pfeilsticker, K., Kennt-

Kyro, E.: Intercomparison of total ozone data from Nimbus-7 Toms, ner, M., Marquard, L. C., Gil, M., Puentedura, O., Yela, M., Ar-
the Brewer UV spectrophotometer and SAOZ UV-Visible spec- lander, D. W., Kastad Hoiskar, B. A., Tellefsen, C. W., Karlsen

www.atmos-chem-phys.net/11/5975/2011/ Atmos. Chem. Phys., 11,5995-2011


http://dx.doi.org/10.5194/acp-6-93-2006
http://dx.doi.org/10.1029/2008GL034154
http://dx.doi.org/10.1029/2001JD001227
http://dx.doi.org/10.1029/2002JD002429
http://dx.doi.org/10.1029/2007JD008798
http://dx.doi.org/10.1029/2005JD006865
http://dx.doi.org/10.5194/acp-5-1855-2005
http://dx.doi.org/10.1029/2005JD006823

5994

Tarnkvist, K., Heese, B., Jones, R. L., Aliwell, S. R., and Fresh-

water, R. A.: Slant column measurements af@dd NG during

F. Hendrick et al.: NDACC/SAOZ UV-visible total ozone measurements

terpretation of zenith-sky absorption measurements, J. Geophys.
Res., 92, 8311-8319, 1987.

the NDSC intercomparison of zenith-sky UV-visible spectrome- Solomon, S., Sanders, R. W., Carroll, M. A., and Schmeltekopf, A.

ters in June 1996, J. Atmos. Chem., 32, 281-314, 1999.

Roscoe, H. K., Van Roozendael, M., Fayt, C., du Piesanie, A,
Abuhassan, N., Adams, C., Akrami, M., Cede, A., Chong, J.,

L.: Visible and near-ultraviolet spectroscopy at McMurdo sta-
tion, Antarctica, 5. Diurnal variation of OCIO and BrO, J. Geo-
phys. Res., 94, 11393-11403, 1989.

Clmer, K., Friess, U., Gil Ojeda, M., Goutail, F., Graves, R., Struthers, H., Kreher, K., Austin, J., Schofield, R., Bodeker, G.,

Griesfeller, A., Grossmann, K., Hemerijckx, G., Hendrick, F.,

Herman, J., Hermans, C., Irie, H., Johnston, P. V., Kanaya, Y.,

Kreher, K., Leigh, R., Merlaud, A., Mount, G. H., Navarro,

M., Oetjen, H., Pazmino, A., Perez-Camacho, M., Peters, E.,

Johnston, P., Shiona, H., and Thomas, A.: Past and future simu-
lations of NG from a coupled chemistry-climate model in com-
parison with observations, Atmos. Chem. Phys., 4, 2227-2239,
doi:10.5194/acp-4-2227-2002004.

Pinardi, G., Puentedura, O., Richter, A., Schnhardt, A., Shaigan-Thompson, A. M., Witte, J. C., Oltmans, S. J., Schmidlin, F. J.,

far, R., Spinei, E., Strong, K., Takashima, H., Vlemmix, T.,
Vrekoussis, M., Wagner, T., Wittrock, F., Yela, M., Yilmaz, S.,
Boersma, F., Hains, J., Kroon, M., Piters, A., and Kim, Y. J.: In-
tercomparison of slant column measurements opNH@d Q, by
MAX-DOAS and zenith-sky UV and visible spectrometers, At-
mos. Meas. Tech., 3, 1629-164®i:10.5194/amt-3-1629-2010
2010.

Rothman, L. S., Jacquemart, D., Barbe, A., Chris Benner, D., Birk,
M., Brown, L. R., Carleer, M. R., Chackerian Jr. C., Chance, K.,
Coudert, L. H., Dana, V., Devi, V. M., Gamache, R. R., Goldman,

A., Jucks, K. W., Maki, A. G., Massie, S. T., Orphal, J., Perrin,

Logan, J. A., Fujiwara, M., Kirchhoff, V. W. J. H., Posny, F.,
Coetzee, G. J. R., Hoegger, B., Kawakami, S., Ogawa, T., For-
tuin, J. P. F., and Kelder, H. M.: Southern Hemisphere Additional
Ozonesondes (SHADOZ) 1998-2000 tropical ozone climatology
2. Tropospheric variability and the zonal wave-one, J. Geophys.
Res., 108(D2), 82440i:10.1029/2002JD002242003.

Vandaele, A. C., Hermans, C., Simon, P. C., Carleer, M., Colin,

R., Fally, S., Merienne, M.-F., Jenouvrier, A., and Coquart, B.:
Measurements of the NCabsorption cross section from 42 000
cm~1 to 10000 cnt! (238-1000 nm) at 220 K and 294 K, J.
Quant. Spectrosc. Ra., 59, 171-184, 1997.

A., Rinsland, C. P., Smith, M. A. H., Tennyson, J., Tolchenov, Vandaele, A. C., Fayt, C., Hendrick, F., Hermans, C., Humbled,

R. N., Toth, R. A., Vander Auwera, J., Varanasi, P., and Wagner,
G.: The Hitran 2004 molecular spectroscopic database, J. Quant.

Spectrosc. Ra., 96, 139-204, 2005.
Rozanov, A., Rozanov, V., Buchwitz, M., Kokhanovsky, A., and
Burrows, J. P.: SCIATRAN 2.0. A new radiative transfer model

for geophysical applications in the 175-2400 nm spectral region,

Adv. Space Res., 36(5), 1015-1019, 2005.

Sarkissian, A., Pommereau, J.-P., and Goutail, F.: Identification of
polar stratospheric clouds from the ground by visible spectrome-
Van Roozendael, M., Peters, P., Roscoe, H. K., De Backer, H.,

try, Geophys. Res. Lett., 18, 779-782, 1991.

Sarkissian, A., Roscoe, H. K., Fish, D., Van Roozendael, M., Gil,

F., Van Roozendael, M., Gil, M., Navarro, M., Puentedura, O.,
Yela, M., Braathen, G., Stebel, K., Tarnkvist, K., Johnston, P.,
Kreher, K., Goutalil, F., Mieville, A., Pommereau, J.-P., Khaikine,
S., Richter, A., Oetjen, H., Wittrock, F., Bugarski, S., Friel3, U.,
Pfeilsticker, K., Sinreich, R., Wagner, T., Corlett, G., and Leigh,
R.: An intercomparison campaign of ground-based UV-Visible
measurements of N) BrO, and OCIO slant columns. Methods
of analysis and results for NQJ. Geophys. Res., 110, D08305,
doi:10.1029/2004JD005423005.

Jones, A. E., Bartlett, L., Vaughan, G., Goutail, F., Pommereau,

M., Chen, H. P, Wang, P., Pommereau, J.-P., and Lenaoble, J.: J.-P., Kyb, E., Wahlstrom, C., Braathen, G., and Simon, P. C.:

Ozone and N@ AMF for zenith sky spectrometer: Intercom-
parison of calculations with different radiative transfer model,
Geophys. Res. Lett., 22,1113-1116, 1995.

Validation of ground-based visible measurements of total ozone
by comparison with Dobson and Brewer spectrophotometers, J.
Atmos. Chem., 29, 55-83, 1998.

Sarkissian, A., Vaughan, G., Roscoe, H. K., Bartlett, L. M., Van Roozendael, M., Loyola, D., Spurr, R., Balis, D., Lam-

O’Connor, F. M., Drew, D. G., Hughes, P. A., and Moore,

D. M.: Accuracy of measurements of total ozone by a SAOZ

bert, J.-C., Livschitz, Y., Valks, P., Ruppert, T., Kenter, P.,
Fayt, C., and Zehner, C.: Ten years of GOME/ERS-2 total

ground-based zenith-sky visible spectrometer, J. Geophys. Res., ozone data — The new GOME data Processor (GDP) version

102(D1), 1379-1390, 1997.
Savastiouk, V. and McElroy, T.: The effect of change of BP

4: 1 Algorithm description, J. Geophys. Res. 111, D14311,
doi:10.1029/2005JD006372006.

to DBM ozone absorption cross-sections on total ozone fromVaughan, G., Roscoe, H. K., Bartlett, L. M., O’Connor, F,

Brewer, ICAGO Ozone Theme Meeting, Geneva, Switzerland,

available at: http://igaco-03.fmi.fifACSO/presentatiai2910/
ground-based/OTM010 Savastiouk.pdf23—25 March 2010.
Scarnato, B., Staehelin, J., Peter, T.,0fer, J., and 8bi,

R.: Temperature and slant path effects in Dobson and Brewer

Sarkissian, A., Van Roozendael, M., Lambert, J.-C., Simon, P.
C., Karlsen, K., Kaestad Hoiskar, B. A., Fish, D. J., Jones, R. L.,
Freshwater, R., Pommereau, J.-P., Goutail, F., Andersen, S. B.,
Drew, D. G., Hughes, P. A., Moore, D., Mellgvist, J., Hegels, E.,
Klupfel, T., Erle, F., Pfeilsticker, K., and Platt, U.: An intercom-

total ozone measurements, J. Geophys. Res., 114, D24303, parison of ground-based UV-visible sensors of ozone ang,NO

doi:10.1029/2009JD012342009.

J. Geophys. Res., 102, 1411-1422, 1997.

Shettle, E. P.: Models of aerosols, clouds, and precipitation for at-Veefkind, J. P., de Haan, J. F., Brinksma, E. J., Kroon, M., and

mospheric propagation studies, in: NATO AGARD Conference
Proceedings No. 454: Atmospheric propagation in the UV, vis-
ible, IR and mm-region and related system aspects, Neuilly sur
Voigt, S., Orphal, J., Bogumil, K., and Burrows, J. P.: The temper-

Seine, France, 1989.

Solomon, S., Schmeltekopf, A. L., and Sanders, R. W.: On the in-

Atmos. Chem. Phys., 11, 5975995 2011

Levelt, P. F.: Total ozone from the Ozone Monitoring Instru-
ment (OMI) using the OMI DOAS technique, IEEE T. Geosci.
Remote, 44(5), 1239-1244, 2006.

ature dependence (203-293 K) of the absorption cross-sections

www.atmos-chem-phys.net/11/5975/2011/


http://dx.doi.org/10.5194/amt-3-1629-2010
http://igaco-o3.fmi.fi/ACSO/presentations_2010/ground-based/OTM_2010_Savastiouk.pdf
http://igaco-o3.fmi.fi/ACSO/presentations_2010/ground-based/OTM_2010_Savastiouk.pdf
http://dx.doi.org/10.1029/2009JD012349
http://dx.doi.org/10.5194/acp-4-2227-2004
http://dx.doi.org/10.1029/2002JD002241
http://dx.doi.org/10.1029/2004JD005423
http://dx.doi.org/10.1029/2005JD006375

F. Hendrick et al.: NDACC/SAOZ UV-visible total ozone measurements 5995

of Oz in the 230-850 nm region measured by Fourier-transform Wellemeyer, C. G., Bhartia, P. K., Taylor, S. L., Qin, W., and Ahn,

spectroscopy, J. Photochem. Photobiol. A, 143, 1-9, 2001.
Wagner, T., Burrows, J. P., Deutschmann, T., Dix, B., von Friede-

burg, C., Frie3, U., Hendrick, F., Heue, K.-P., Irie, H., lwabuchi,

H., Kanaya, Y., Keller, J., McLinden, C. A., Oetjen, H., Palazzi,

C.: Version 8 Total Ozone Mapping Spectrometer (TOMS) Al-
gorithm, in: Proceedings of the Quadrennial Ozone Symposium
2004, Athens, Greece, edited by: Zerefos, C., ISBN 960-630-
103-6, 635-636, 2004.

E., Petritoli, A., Platt, U., Postylyakov, O., Pukite, J., Richter, Ziemke, J. R., Chandra, S., Duncan, B. N., Froidevaux, L., Bhar-

A., van Roozendael, M., Rozanov, A., Rozanov, V., Sinreich,
R., Sanghavi, S., and Wittrock, F.: Comparison of box-air-
mass-factors and radiances for Multiple-Axis Differential Opti-
cal Absorption Spectroscopy (MAX-DOAS) geometries calcu-
lated from different UV/visible radiative transfer models, At-
mos. Chem. Phys., 7, 1809-1888j:10.5194/acp-7-1809-2007
2007.

Weber, M., Lamsal, L. N., Coldewey-Egbers, M., Bramstedt, K.,
and Burrows, J. P.: Pole-to-pole validation of GOME WFDOAS
total ozone with groundbased data, Atmos. Chem. Phys., 5,
1341-1355¢0i:10.5194/acp-5-1341-2008005.

www.atmos-chem-phys.net/11/5975/2011/

tia, P. K., Levelt, P. F., and Waters, J. W.: Tropospheric ozone
determined from Aura OMI and MLS: Evaluation of measure-

ments and comparison with the Global Modeling Initiative’s

Chemical Transport Model, J. Geophys. Res., 111, D19303,
d0i:10.1029/2006JD007082006.

Atmos. Chem. Phys., 11, 59952011


http://dx.doi.org/10.5194/acp-7-1809-2007
http://dx.doi.org/10.5194/acp-5-1341-2005
http://dx.doi.org/10.1029/2006JD007089

