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Abstract. The long-term evolution of stratospheric ozone tween SAGE Il and HALOE shows larger, but insignifi-
at different stations in the low and mid-latitudes is in- cant drifts. The RMS of the drifts of lidar and SBUV(/2)
vestigated. The analysis is performed by comparing theis 0.22 and 0.27 % yr', respectively at 20-40 km. The av-
collocated profiles of ozone lidars, at the northern mid-erage drifts of the long-term data sets, derived from vari-
latitudes (Meteorological Observatory HohenpeilRenbergous comparisons, are less th#f.3 % yr 1 in the 20-40 km
Haute-Provence Observatory, Tsukuba and Table Mountaimltitude at all stations. A combined time series of the rela-
Facility), tropics (Mauna Loa Observatory) and southerntive differences between SAGE Il, HALOE and Aura MLS
mid-latitudes (Lauder), with ozonesondes and space-borneith respect to lidar data at six sites is constructed, to ob-
sensors (SBUV(/2), SAGE II, HALOE, UARS MLS and tain long-term data sets lasting up to 27 years. The rela-
Aura MLS), extracted around the stations. Relative dif- tive drifts derived from these combined data are very small,
ferences are calculated to find biases and temporal driftsvithin 0.2 % yr 1.

in the measurements. All measurement techniques show
their best agreement with respect to the lidar at 2040 km,

where the differences and drifts are generally withis %

and +£0.5%yr 1, respectively, at most stations. In addi- 1 Introduction

tion, the stability of the long-term ozone observations (li-

dar, SBUV(/2), SAGE Il and HALOE) is evaluated by the The discovery of the Antarctic ozone holEafman et a.
cross-comparison of each data set. In general, all lidars and989 and the understanding of the negative impacts of ozone

SBUV(/2) exhibit near-zero drifts and the comparison be-depleting substances (ODS) on the evolution of the ozone
layer led to the creation of international treaties (Vienna
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Convention, in 1985, Montreal Protocol, in 1987), which to Backscatter UltraViolet (SBUV(/2)), Stratospheric Aerosol
a large extent, have phased out production and emission adnd Gas Experiment (SAGE) Il, Halogen Occultation Exper-
harmful chlorofluorocarbons. The analysis of stratosphericiment (HALOE), Microwave Limb Sounder (MLS) on board
ozone trends in the wake of declines in the abundances athe Upper Atmosphere Research Satellite (UARS) and Aura
ODSs in the stratosphere is currently the focus of strato-and Global Ozone Monitoring by Occultation of Stars (GO-
spheric ozone research. Statistical studies of ozone conteMOS)] and 3 ground-based (lidar, ozonesondes and Umkehr)
in the upper stratosphere have revealed a strong decreaszone data sets was performed at one of the NDACC Ii-
ing trend until the mid-1990s and a levelling off after 1996, dar stations, located at Haute-Provence Observatory (OHP)
consistent with the decreasing trend in upper stratospheri¢Nair et al, 2011). The study showed that the considered data
HCI (Reinsel et al.2002 Newchurch et aJ.2003 WMO, sets agree well with the lidar observations, showing an aver-
2007 Jones et al.2009 Steinbrecht et al20093. A study  age bias of less tha#0.5 % in the 20—40 km altitude range.
by Steinbrecht et ak2006 found upper stratospheric ozone All measurements are stable, and their relative drifts are esti-
trends of about-6, —4.5 and—8 % decade! at northern  mated to be withint0.5 % yr1 in this altitude range.
mid-latitude, subtropics and southern mid-latitude stations, The present work extends this study to other NDACC li-
respectively before 1997. After 1997, changes in the trendslar stations located in the tropical and mid-latitude regions.
by about 7, 7 and 11 % decadewere evaluated at the re- We focus on NDACC lidar stations providing long-term
spective stations. and continuous ozone measurements, namely the northern

In the lower stratosphere too, studies have shown a negmid-latitude stations of Meteorological Observatory Hohen-
ative trend until the mid-1990s and a positive trend after-peilRenberg (MOHp: 47.8WN, 11.02 E), OHP (43.93N,
wards at selected low and mid-latitude regiowar(g et al, 5.7 E), Tsukuba (36.00N, 140.0% E) and Table Moun-
2008 Zanis et al. 2006. These studies suggest that the de- tain Facility (TMF: 34.50 N, 117.70 W), the tropical station
crease in ozone depletion between 18 and 25km is consissf Mauna Loa Observatory (MLO: 19.50l, 155.70 W)
tent with the reduction in stratospheric chlorine and bromineand the southern mid-latitude station of Lauder (4593
amounts, whereas below 18 km the increase in ozone is mosit69.70 E). The data quality is checked by intercompar-
likely driven by changes in atmospheric transport. In a re-ing different ozone observations at each station. Lidar pro-
cent study,Dhomse et al(2006 found that the rapid in- files and ozonesonde data (if available nearby), as well
crease of Northern Hemispheric total ozone is due to the efas satellite profiles sampled near the stations are utilised
fect of enhanced residual circulation during the recent yearsfor this. The ozonesonde observations at Tateno (3606
which is also confirmed in a study byarris et al.(2008. 140.13 E) and Hilo (19.72N, 155.07 W) are considered
Several studies (for e.§Veatherhead and AndersazD06 for the comparisons with other observations at Tsukuba and
reported that an understanding of ozone recovery to the preMLO, respectively. Space-borne data sets include those from
1980 levels is possible only after differentiating the effects SBUV(/2), SAGE Il, HALOE, UARS MLS and Aura MLS.
of transport, temperature, and solar cycle on observed ozone This article is organised in the following way: the in-
changes. Hence, an accurate evaluation of ozone trends amibduction is followed by the data description of lidar,
an understanding of the factors playing important roles in theozonesondes and satellite observations in Sect. 2. The
increase or decrease of ozone are necessary to evaluate the efethodology used for the analyses is presented in Sect. 3.
ficiency of the Montreal Protocol for the preservation of the Section 4 discusses the average biases, the stability evalua-
ozone layer. This evaluation depends largely on the qualitytion of 0zone measurements using relative drifts, the tempo-
and continuity of the measurements used for the studies. Beral evolution of the combination of older and newer satellite
cause instrument stability is essential to derive statisticallydata sets and the drifts derived from the combined data. The
significant ozone trends, a consistent evaluation of 0zone obfinal section concludes with the findings from the study.
servations is crucial for the estimation of trends and the pre-
diction of ozone evolution in the future.

The Network for the Detection of Atmospheric Compo- 2 Data sets
sition Change (NDACC) is an international network set up
in 1991. NDACC relies on worldwide measurement stations2.1 Lidar
with various instruments designed initially for the simulta-
neous monitoring of atmospheric parameters involved in theThe lidar is an active remote sensing instrument based
ozone depletion issue. Recently, NDACC has broadened iten the interaction between laser radiation and the atmo-
scope with the monitoring of atmospheric compaosition in sphere. According to the atmospheric parameter to be
the free and upper troposphere and the mesosphere. One ofeasured, lidar systems use various light-matter interac-
the main goals of NDACC is the validation of space-basedtions, such as Rayleigh, Mie and Raman scattering, ab-
observations. For that purpose, a careful evaluation of thesorption or fluorescence. The lidar stations considered in
stability of NDACC ground-based measurements is neceseur study use the Differential Absorption Lidar (DIAL)
sary. In this context, a thorough analysis of 6 satellite [Solartechnique for measuring stratospheric ozone. It provides

Atmos. Meas. Tech., 5, 13011318 2012 www.atmos-meas-tech.net/5/1301/2012/



P. J. Nair et al.: Stability of ozone measurement systems 1303

range-resolved measurements with high vertical resolutiorother stations are considered for the analysis. AdNair
(Schotlang 1974). The technique requires the simultaneous et al. (2011), here also we have used the OHP ozone lidar
emission of lidar radiation at two wavelengths characterisedprofiles re-analysed using National Center for Environmen-
by a different ozone absorption cross-section. For all stationstal Prediction (NCEP) temperature data and using Bass and
the ozone-absorbed wavelength used is 308 nm, emitted frorRaur (BP) ozone cross-sectiozodin-Beekmann and Nair
a Xenon Chloride excimer laser. The reference wavelengtl2012. Because the ozone cross-section is sensitive to tem-
varies at each station between 353 and 355nm based operature, a trend of 1 K decadecan induce an ozone trend
its generating method. A Raman cell filled with hydrogen of about 0.2 % decadé (Godin-Beekmann et al2003.
is used for obtaining 353 nm, while the third harmonic of Note thatWMO (2011 has reported a temperature trend of
a Nd: YAG laser provides light at 355 nm. The ozone num-about 1.5 K decadé in the middle and upper stratosphere.
ber density is computed from the difference in the slope of
the logarithm of the range-corrected returned signals. Mea2.2 Ozonesondes
surements are performed during nighttime under clear sky
conditions. In the presence of strong aerosol loading, addiOzonesonde measurements are characterised by a higher
tional backscattering contaminates the Rayleigh signals. Irvertical resolution £0.2km) compared to other measure-
such conditions, measurements use lidar signals originatingnents. The main ozonesonde types are Brewer-Mast (BM)
from the vibrational Raman scattering of the laser radiation(Brewer and Milford 1960, electrochemical concentration
by atmospheric nitrogenMcGee et al. 1993. The vibra-  cell (ECC) Komhyr, 1969 and Japanese ozonesonde (KC)
tional Raman signals are backscattered at the wavelengthi&obayashi and Toyamd969. The measurement principle
332 and 385/387 nm corresponding to the Rayleigh wave-of sondes is that ambient air is pumped into a chamber con-
lengths 308 and 353/355 nm, respectively. taining a potassium iodide (KI) solution, where it becomes
Ozone DIAL systems have been making routine oper-oxidised by ozone and a current is produced. In the Japanese
ations at MOHp, OHP, Tsukuba, TMF, MLO and Lauder KC sondes, the concentration of potassium bromide (KBr)
since 1987, 1986, 1988, 1988, 1993 and 1994, respectivelys higher than that of Kl and it plays an auxiliary role for
These lidar systems and their ozone retrieval methods arthe above reaction. The amount of ozone in the air sample
similar. The main difference is in the choice of the refer- can be derived from the measurement of the electron flow to-
ence wavelength. Most lidar stations use 355 nm as the refgether with the air volume flow rate delivered by the sonde
erence wavelength except MOHp and Lauder lidar, whichpump. There are different types of ECC sondes depending
use 353 nm over the whole period, and TMF and MLO li- on the manufacturing company, i.e. Science Pump Corpo-
dars used this configuration until 2000 and then changed t@ation (SPC) and Environmental Science Corporation (EN-
355nm (eblanc and McDermid2000. Other differences SCI). Several studies (e.gohnson et 12002 Smit et al,
among the lidars are in the receiving data acquisition sys2007) revealed that the ENSCI sondes overestimate ozone by
tem and the number of channels used to detect the dynamical5 % below 20 km and 5-10 % above 20 km as compared to
range of the lidar signals. For that, the Rayleigh signals areéSPC-6A sondes, when both sondes operate with 1 % KI full
splitinto high and low energy channels to retrieve ozone pro-buffer cathode solution. Also, the BM sondes underestimate
files in the upper and mid-lower stratosphere, respectivelyozone by 10 %, while the ECC sondes with 1% KI cathode
For instance, at OHP, the receiving system had 2 acquisitiorsolution overestimate ozone by 5% compared to that with
channels until 1993. It was then modified to accommodate0.5 % Kl (Stibi et al, 2008. Similarly, the KC sondes under-
6 channels (4 at 308, 355nm; 2 at 332, 387 nm) in 1994 estimate ozone by 10 % above 50 hBaghler et al.2008.
which improved the observational capacity of the lidar sys- Generally, correction factors (CFs) are used to screen the
tem (Godin-Beekmann et al2003. Similar 6 channels are sonde profiles Tiao et al, 1986. It is the ratio of total
used to measure ozone at Tsukubatérov et al.2009 and  ozone provided by a nearby column measuring instrument
Lauder Brinksma et al.2000. However, only 2 receiving to the sum of total ozone integrated up to the burst level of
channels (2 at 308, 353 nm) are used at MOBfeihbrecht sonde measurements and a residual total ozone value evalu-
et al, 20098 and 8 channels at TMF (4 at 308, 332 nm; 4 at ated above that leveLfgan et al. 1999. The profiles hav-
355, 387 nm) and MLO (3 at 308, 332 nm; 5 at 355, 387 nm).ing CF 0.8-1.2 for ECC and KC and 0.9-1.2 for BM sondes
The precision of ozone lidar measurements degrades witlare considered of good qualit$PARG 1998 and are se-
height, with values of 1% up to 30 km, 2-5% at 40 km and lected in this study. The ECC sonde measurements have an
5-259% at 50 km. uncertainty of about:(5-10) % and provide accurate mea-
The altitude range of most ozone lidar measurements isurements up te-32km (Smit et al, 2007. Ozone sound-
between the tropopause and 45-50 km, except at Tsukub@gs performed at MOHp, OHP, Tateno, Hilo and Lauder are
where the highest altitude was 40km in the beginning ofconsidered here.
the observation period and decreased~85km in 2002 The BM sondes manufactured by the Mast Keystone
and ~30km in 2010. Data from the starting year of ob- Corporation have been used at MOHp since 196ti(-
servations until 2010 for OHP and Tsukuba and 2011 forbrecht et al.1998. They employ a bubbler consisting of an

www.atmos-meas-tech.net/5/1301/2012/ Atmos. Meas. Tech., 5, 13@1§ 2012



1304 P. J. Nair et al.: Stability of ozone measurement systems

electrochemical cell filled with 0.1 % buffered Kl solution, VIZ radiosonde was used until 1989 and then Vaisala RS80,
in which cathode and anode wires are immersed. The uncercoupled with a TMAX interface. Here, ozonesonde data are
tainty of BM sondes is better than 5% in the stratospherenot normalised with total column ozone data, but the data
The radiosonde type was changed from VIZ to Vaisala RS80from the sondes containing 1% solution are multiplied by

in 1996. The BM ozonesonde profiles are normalised by totaD.9743 to put them on the BP scale for Dobson column mea-
column data. We used the BM ozonesonde profiles in 1987-surements, because the BP cross sections affect the Dobson
2011 for this study. data, on which ozonesonde calibrations are baBeddker

At OHP, the ECC ozonesondes with 1 % buffered Kl cath- et al, 1998. Corrections are applied to the ozonesonde val-
ode sensor solution were used for measuring ozone fronues above 200 hPa to account for pump efficiency degrada-
1991 onwards. Type 5A sondes manufactured by SPC weré&on. The integrated ozone profile is compared to the total
flown from 1991 to 1997 and 1Z series sondes by ENSClcolumn of ozone measured by Dobson spectrophotometer at
afterwards. The ozonesondes were coupled to Vaisala RS80auder, and the uncertainty is typically less than 5%. ECC
radiosondes through a TMAX interface until 2007 and thenozonesonde measurements from SPC-5A, 6A and ENSCI in
to Modem M2K2DC radiosondes through an OZAMP in- 1994-2009 are analysed here.
terface. We follow the approach described Nair et al.

(2011 for analysing the OHP ozonesonde data except thaR.3 Space-based observations

the ozone partial pressure from the ECC Modem sondes

(from June 2007 to the present) was now reprocessed frorfhe SBUV(/2) instruments include the original SBUV
the current and the pump temperature. The ECC ozonesondaunched on the NASA (National Aeronautics and Space Ad-
profiles in 1991-2010 are utilised for the analysis. ministration) NIMBUS-7 satellite in 1978 and the SBUV/2

The KC type ozonesondes, manufactured by Meiseiinstruments deployed on the NOAA (National Oceanic and
Electric Company, are used at Tateno (hereafter termed\tmospheric Administration) — 9, 11, 14, 16, 17, 18 and
as Tsukuba ozonesondes) from January 1968 to Noveml9 series of satellites from 1984 onwards. The nadir mea-
ber 2009 and ECC sondes thereafter. The KC68, KC79 andurement technique is employed to measure ozone profiles
KC96 were used in 1968-1979, 1979-1997 and from mid-from the backscattered UV radiation (250-340 nm). The lat-
1997 to 2009, respectively. They are based on a carbonitudinal coverage of the measurements i§ 8880 N, and
iodine ozone sensor, an electrochemical cell containing platthe vertical range is 18-51 knBlartia et al. 1996. The
inum gauze as cathode and carbon as anode immersed in &ng-term measurement uncertainty~8 % (DelLand et al.
aqueous neutral KI/KBr solutiorF(ijimoto et al, 1996). In 2004). The vertical resolution of V8 data is 6-8 km, and the
1979, the double-chambered electrochemical cell was modihorizontal resolution is 200 knBpartia et al.2004). We use
fied to a single cell. The KC79 and KC96 sondes, normalisedv8 ozone column measurements from NIMBUS-7, NOAA-
to ozone total column data, are used here for the period 19889, 11, 16 and 17 in 1985-2007 for this studshyfin et al,
2009. 2009.

ECC sondes made by SPC-4A, 5A and 6A, and ENSCI 1Z SAGE Il on the Earth Radiation Budget Satellite (ERBS),
and 2Z models have been used for measuring ozone at Hilprovided long-term ozone observations from October 1984
in 1991-2010. These are connected to Vaisala RS-80-15 typt August 2005. Ozone profiles are derived using the solar
radiosondes using the interface boards En-Sci V2C for all 2Zoccultation technique by measuring limb transmittances in
sondes, TMAX for all 5A, 6A and 1Z sondes and an analogseven channels between 385 and 1020 nm that are inverted
data system for 4A sondes. The data acquisition is made uaising the onion-peeling approach. SAGE Il measured about
ing the “Strato” version (V) 7.2 progranvpmel, 2002. The 800 profiles per month, with less sampling in summer months
cathode sensor solution was switched from 1% KI bufferedat tropical and mid-latitudes. The spatial coverage ranges
to 2% KI unbuffered in 1998 and was again changed to 1 %from 80° S to 8G N from month to month. The vertical range
Kl buffered in 2005. The integrated ozone column is com- of the ozone profiles is 10-50 km with a vertical resolution
pared to measurements with a Dobson spectrophotometeof ~1km and a horizontal resolution of 200 km. The ozone
but normalisation is not performelEPeters et a|1999. In measurements have an uncertainty-&f% at 20-45 km and
our analysis the CF is calculated from the ratio of the Dob-5-10 % at 15-20 km. The ozone number density profiles re-
son ozone column to the sonde ozone column provided irtrieved as a function of geometric altitudes processed by the
the data files. The ECC ozonesonde measurements in 199346.2 algorithm {Vang et al.2006 for the period 1984—-2005
2010 are used for this study. Hereafter, Hilo ozonesondes arare used here.
referred to as the ozonesondes at MLO. HALOE on UARS was put into orbit in September 1991,

At Lauder, ECC ozonesondes with 1% KI cathode solu-and operated for 14 years, until 2005. It also measured limb
tion concentration were flown from 1986 to 1996 and havetransmittances from the 9.6 um ozone band utilising the solar
been using 0.5% KI from 1996 to the present. SPC-4A, 5Aoccultation technique, and the onion-peeling procedure for
and 6A series of sondes were used in 1986—1989, 1990-19%e inversion. The latitudinal coverage of the measurements
and 1995-1996, respectively, followed by ENSCI-1Z. Theis 80° S—80 N over the course of one year. The vertical range
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of the ozone profiles is 15—-60 km with a vertical resolution of  ozonesondes ‘ ‘ ‘ ‘ -
(a) Total Number of Profiles

~2.5km and a horizontal resolution of 500 kRw(ssell et al. 8000F | ] ) i N i

1993. Uncertainty of the ozone measurements is about 10% SACE!  ©9%9]

at 30-64 km and-30 % at 15 km Briihl et al, 1996. The 4000

ozone volume mixing ratio (VMR) profiles V19 for 1991~  UARSVLs 20000 |

2005 are used for the analysis. 300 " [ Number of nearest profiles
MLS was launched on UARS in 1991 and its succes- 2500( I I . ]

sor aboard Aura in 2004. Both instruments measure ther- 1500J1 ]

mal emissions from rotational lines of the measured species 1

through the limb of the atmosphere. The®Siclination of o %L u I i L I L ‘ l ]

the UARS orbit allowed MLS to observe from 34én one £ 1000 (¢ Number of coincidences with lidar 1

side of the Equator to 80n the other. The profiles retrieved a 800y

from 205 GHz have a vertical range of 15-60 km with a reso- 5 o |

lution of ~3—-4 km and a horizontal resolution of 300 km. The S oo I I |

estimated uncertainty of a single profile is 6 % at 21-60 km E 1000 : : : : : :

and 15% at 16-20kmL{vesey et al. 2003. Aura MLS gool (@ Number of coincidences with SBUV(/2) |

has better spatial coverage (vertically and horizontally) than 6001 |

UARS MLS, as well as improved resolution. The latitudinal 400+ |

coverage of the measurements i$ 8282 N. Ozone mea- 200t “ L ]

surements retrieved from 240 GHz have a vertical range of 500 —2 : : : : :

about 10-73km and a vertical resolution of 2.5-3 km in the a00| (&) [jNumber of coincidences with SAGE Il |

stratosphere. The along-track resolution~800—450 km, 3001 I

and the estimated uncertainty is about 5-10 % at 13—-60 km. 200f I

Data characterisation and validation of Aura MLS V2.2 data 100¢ L L rﬂ L ﬂﬂ I

can be found in the works byroidevaux et al(2008; Jiang 250 ‘ —— = :

etal.(2007) andLivesey et al(2008. The ozone VMRS from a0 () yNumber of coincidences with HALOE |

UARS MLS V5in 1991-1999 and Aura MLS V3.3 in 2004— 1507 M

2011, screened as suggested in the V3.3 validation report, are 1007

used here. 50f n ﬂ

0—
MOHp OHP Tsukuba TMF MLO Lauder

2.4 Stability issues of long-term data sets Station

Long-term stability is one of the key issues we are inter-Fig. 1. (a) Total number of profiles of all data sets at various sta-
ested in this paper. All instruments have different charactertions, (b) the total number of profiles considering one measurement
istics in this respect. For the ozonesondes, changes in sonder day,(c) the total number of coincidences of different observa-
types, manufacturing and sonde preparation are unavoidabiéons with lidar, and the total number of coincidences of the long-
in practice, and may affect the long-term stability on the term measurements (lidar, SBUV(/2), SAGE Il and HALOE) with
time scale of years to decades. The long-term stability ofl® SBUV(/2).(€) SAGE Il and(f) HALOE as references.
SBUV(/2) data critically depends on maintaining accurate
spectral calibrations over the lifetime of one or more in-
struments. Solar occultation instruments like SAGE Il and
HALOE are less prone to drifts, because in their measurernq ayerage bias and relative drift of different long- and
ments they directly compare reference data taken outside thgn ot term data sets are analysed with respect to the ozone
atmosphere with data at various slant paths through the afjgar measurements in order to evaluate their consistency and
mosphere. However, accurate pointing and accounting fogapiity. The lidar stations, the respective locations and other
Rayleigh scattering can be crucial, as is the long-term stagpserations considered for the analysis are listed in Table
bility of filter wavelengths and bandpasses. Lidars shouldrne sateliite data are extracted around the stations using spa-
have very good long-term stability, because their differen-iig| criteria of+-2.5° latitude and5° longitude of each sta-
tial absorption measurement is self-calibrating in principle. sion for SBUV(/2), UARS MLS and Aura MLS, angt5° lat-
Itis differential in wavelength, determined very accurately iy ,qe and+10° longitude for the solar occultation measure-
by lasers, and differential in range, which is measured exents (SAGE Il and HALOE) due to their relatively lower
tremely accurately by electronic clocks. sampling. The total number of measurements of all obser-
vational techniques at the lidar stations and the number of
coincidences obtained by all data sets from different compar-
isons are displayed in Fid. The top panel shows the total

3 Data analysis

www.atmos-meas-tech.net/5/1301/2012/ Atmos. Meas. Tech., 5, 13@1§ 2012



1306 P. J. Nair et al.: Stability of ozone measurement systems

Table 1. Various NDACC lidar stations, their locations, the period of observations of lidar and the analysis period and type of ozonesondes
[Electrochemical Concentration Cell (ECC), Japanese KC and Brewer-Mast (BM)] used in this study are given. The satellite data sets utilised
for the study, their retrieval version and analysis periods are also noted.

Station Location Period Sonde type Instrument Version Period
Latitude Longitude Lidar Ozonesondes
MOHp 47.8 N 11.0E 1987-2011  1987-2011 BM SBUV(/2) V8 1984-2007
OHP 43.9N 57E 1985-2010 1991-2010 ECC SAGE I V6.2 1984-2005
Tsukuba 36.ON 140.CE 1988-2010  1988-2009 KC HALOE V19 1991-2005
TMF 345N 117.7W 1988-2011 - - UARS MLS V5 1991-1999
MLO 19.5°N 155.6 W 1993-2011  1993-2010 ECC Aura MLS V3.3 2004-2011
Lauder 450S 169.7E 1994-2011  1994-2009 ECC

number of ozone profiles measured by each observation tech-auder lidar provides fewer collocations since it started oper-
nique above the stations. Regarding the ground-based meation in 1994, about 8 years after the MOHp and OHP lidars.
surements, about 2000 lidar profiles are available at MOHp;Then, the analysis is performed by the cross-comparison of
OHP, TMF and MLO for the analysis. The Tsukuba and long-term data sets such as lidar, SBUV(/2), SAGE Il and
Lauder lidars measured nearly 600 and 1000 profiles, respeddALOE with respect to SBUV(/2), SAGE Il and HALOE
tively during the study period. The number of sonde mea-as references. Figuréd, e, and f display the number of
surements is larger at MOHp-B000) compared to those of collocated profiles of these long-term measurements with
OHP (870), Tsukuba (1100), MLO (860) and Lauder (1500) SBUV(/2), SAGE Il and HALOE as references, respectively.
during the analysis period. As expected, SBUV(/2) and HALOE provide the highest and

Among the satellites, SBUV(/2) and Aura MLS provide the lowest number of collocated profiles, respectively, with
maximum number of measurements8000) during their  respect to all other measurement techniques.
analysis period of 23 and 8 years, respectively. They measure
nearly the same number of profiles at all regions irrespective3-1 ~ Relative differences and mean biases
of latitude. On the other hand, UARS MLS, SAGE Il and _ i ) )
HALOE show a clear latitudinal dependence with fewer ob- I 0rder to quantify the bias of various data records with re-
servations by SAGE Il and HALOE at all stations. The so- SPect to lidar, the difference in time series is computed. As
lar occultation measurements (SAGE Il and HALOE) take the obs_ervmg period Qflldars is dlf_ferent for various sFatlons,
more observations above %@titude in both hemispheres the period of comparisons also differs. The comparison pe-
(e.g. MOHp, OHP and Lauder) and less measurements diods of ozonesondes depend_on the availability of both_ll-
other stations. On the contrary, UARS MLS yields more pro- dz_ar a_nd sonde (_jata at the station. In the case of comparison
files at stations situated below 3Tatitude (e.g. Tsukuba, ywth lidar, the difference between collocated measurements
TMF and MLO) and fewer profiles at other stations. Gen- IS computed as
erally, UARS MLS provides more measurements between o Meagi, j) — lidar(, j)
34°S to 34 N because of the UARS yaw manoeuvres as20sL(, j) = lidarG. ) x100% 1)
stated in Sect. 2.3. Normally, satellite measurements yield '
more than 1 measurement a day. So in order to be coherenthere i = coincident day, andj =altitude or pressure.
with the ground-based measurements, only one observatiofMeas” denotes SBUV(/2), SAGE II, HALOE, UARS MLS,
per day is considered and is illustrated in panel (b) of Eig. Aura MLS and ozonesondes.

The analysis is performed using the coincident ozone pro- The mean bias of each measurement technique is then cal-
files of various data sets. Coincidences are determined usingtlated by averaging the relative differences over the respec-
spatial grids similar to those applied for the data extractiontive coincident periods with each lidar.
mentioned previously, with a time difference maximum of -
+12h. In order to get a clear idea about the bias and drift of ZAO3'-("])
various time series, different types of comparisons are perAQOz () = —————— (2)
formed at each station. First, various data sets are compared NG)
to the lidar measurements. Figure shows total number of  \yhere A5, () is the average ozone difference awd;) is
coincidences of all measurement techniques with respect tghe number of collocated profiles at altitugle
the ozone lidar. Among the lidars, the Tsukuba lidar provides The standard error of the bias is determined as
the fewest coincidences due to its comparatively lower mea- .
surement frequency. Compared to the stations abovisl/AR) on(j) = o) (3)

VN()
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whereo (j) is the standard deviation of the relative differ- outliers are very few in number, less than 5 in total for a sta-
ences at altitude. tion during the entire analysis period.
The estimation of drifts of satellite data requires an evalua-
tion of the stability of the reference measurements, the lidar8.3 Data conversion
in this study. The stability of lidar data is analysed by com-
paring lidar ozone with SBUV(/2), SAGE Il and HALOE as The comparison is performed by converting all data to ozone
references and by estimating the relative drifts. To comparenumber density as a function of geometric altitude, except for
the drift of lidar measurements with that of other long-term SBUV(/2). Lidar and SAGE |l data are given in these units,
observations, the relative drifts of SBUV(/2), SAGE Il and and ozone partial pressures from sondes and VMRs from
HALOE ozone data are estimated by the mutual comparisotHALOE and MLS are converted to number density using the
(taking each of them as the reference) in a similar way. Forpressure-temperature (7) data provided in the respective
instance, the comparison with SBUV(/2) as the reference idata files. The sondes use the PTU (pressure-temperature-
performed as humidity) data measured using the radiosondes coupled to
. .. the ozonesondes. SAGE Il and HALOE provide the inter-
Meadi, /) — SBUY((Z)(I’J) x100% (4) polated NCEPp/T data, whereas MLS retrieves/ T data
SBUV(/2)(i, ) independently. In order to account for the vertical resolution
with “Meas” as lidar, SAGE Il and HALOE. The same proce- 0f MLS ozone, these are compared by integrating the higher
dureis repeated for the Comparisons with respect to SAGE |reSO|Uti0n lidar prOﬁleS within &1.5 km altitude band with

AOzg(i, j) =

and HALOE: respect to each MLS altitude level, and then both lidar and
.. .. MLS data are interpolated to the mean MLS altitude calcu-
AOss(i, j) = Meadi, j) — SA.GI.E G, /) x 100% (5) lated for the comparison period, until 30 km. Above 30 km
SAGE I, /) both lidar and MLS have similar vertical resolution, and thus
where “Meas” is lidar, SBUV(/2) and HALOE and the comparison is done by interpolating lidar data to MLS
o o altitudes. Comparison between SAGE Il and HALOE is also
AOsnG, j) = Meadi, j) — HALQE(” D 100% (6)  done in the same way, using number density profiles on geo-
HALOEC(, j) metric altitudes by converting HALOE ozone VMRS to num-
where “Meas” is lidar, SBUV(/2) and SAGE II. ber density. ) ) )
SBUV(/2) provides ozone information as both VMRs and
3.2 Slope and standard deviation partial columns in Dobson Unit (DU), from which partial

ozone columns are used here. Contrary to other comparisons,

The drift between the measurements is computed from thehe partial ozone columns of SBUV(/2) on pressure levels
estimation of the slope of the monthly averaged differenceare retained and ozone data from the compared instrument
time series, using a simple linear regression. The standardre converted to ozone column in DU. The resulting ozone
deviation g5) of the slope is computed using the same equa-values are then added above the respective pressure levels
tion (taken fromPress et a).1989 as used inNair et al.  and are interpolated logarithmically to the SBUV(/2) pres-
(2011). In addition, autocorrelation is calculated for all data sure levels. Then, ozone in the adjacent layers is subtracted to
sets with a one month lag and is found to be withi@.3 in determine the partial ozone column in each SBUV(/2) layer,
the 20—40 km altitude range. Then, the standard deviation isvhich are used for finding the relative differences. Even if
calculated using the equation given Brederick(1984) that the comparisons are performed on pressure levels, the results
makes use of the autocorrelation term. The standard deviaare presented on geometric altitudes for the comparison with
tions estimated from both the equations are found to be verpther measurement techniques too. For that, the approximate
similar. Hence, the ones estimated frétress et al(1989 altitudes corresponding to the SBUV(/2) mid-pressure lev-
are discussed in this study. els are calculated. As altitude—pressure conversion always

The derived drift is considered to be significant if the slope induces some bias between the measurements; special care
is greater than twice the standard deviation of the slopeis needed for its use.
Generally, a longer time series with continuous and suffi- In a previous workair et al, 2011), we used NCEP data
cient number of profiles is needed to determine accuratdor converting ozone lidar number densities to ozone partial
drifts and to reduce standard deviation to a large extent. Theolumns for comparing with SBUV(/2) at OHP. It showed
presence of outliers will also result in incorrect drifts, and drifts of about 0.5 % yr®, which is larger than that estimated
hence they are removed from the analysis. For example, oun this study, for the comparison between SBUV(/2) and lidar
analysis excludes ozonesonde profiles with values of abouabove 30 km. In a similar studijcLinden et al.(2009 also
1x10*moleculescm?® at OHP. In addition, for SAGE Il  referred to an anomalous temperature trend above 30 km for
and HALOE, the relative differences exceed 200 % at alti-the comparison between SBUV(/2) and SAGE Il. Therefore,
tudes below 17 km and at 45 km for some profiles. Those al4in this study we tookp/ T data from Arletty Hauchecorng
titudes are also removed from the analysis. However, thes&@998, to convert ozone number density from lidars and
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SAGE Il or VMR from HALOE to ozone partial column ozonesondes SAGE Il UARS MLS

to compare with SBUV(/2) data. Arletty is an atmospheric

model that makes use of the European Centre for Medium

Range Weather Forecasts (ECMWF) meteorological analysis

and the Mass Spectrometer-Incoherent Scatter—1990 (MSIS- 35

90) atmosphere modeHgdin 1991 for deriving atmo- 30

spheric profiles. The MSIS-90 model data are based on the

Middle Atmospheric Program (MAP) Handbookabitzke 25

et al, 1985 tabulation of zonal averagg/T data below <20

72.5km and the NCEPR/T data below 20 km. Arletty used G 15| —

the ECMWF data up to 30 km and the MSIS-90 above 30 km = 45 [Tyr -

until 1998 and the ECMWF data for all altitudes thereafter. < 40

In order to demonstrate which temperature data are useful

for the analysis, trends in the NCEP and Arletty tempera-

ture data at MOHp are calculated using a simple linear re- 30

gression. The NCEP temperature shows insignificant trends oz

of less than—1K decade! below 30km and about-1 to

—2Kdecade? in the 30-40 km altitude range over the pe-

riod 1987—2009. However, temperature trends derived from 2 -

the ECMWF data are withig-1 K decade?® at 15-30 km in -10.0 10 ~10 0 10

19872009 and at 31-43km in 1999-2009 and are also in- Relotive Deviation (%)

significant. On the other hand, the temperature data fronkig. 2. vertical distribution of the average relative differences of the

the MSIS-90 model show insignificant trends of less thancoincident ozone profiles of different data sets with various lidar

—0.5K decade’ above 30 km in 1987-1998. measurement%%z 100x m‘?‘%m)]. The dashed and dotted

. . . laar
The comparison between various lidars and the nearby,eica lines represent 0 asell0 %, respectively, and the error bars

ozonesondes is performed using the normalised sonde preworrespond to twice the standard error.

files (ozone profiles multiplied by the CF). It should be noted

that the BM sondes at MOHp and KC sondes at Tsukuba are

already provided after normalisation, whereas the ECC son- ) .

des at OHP and MLO are not normalised. So in our analysis# Reésults and discussion

we have multiplied the CF to the OHP and MLO sondes to

find the relative difference and drift. 4.1 Average biases: comparison with lidar

In short, though we follow similar comparison statistics as measurements

Nair et al.(2011), there are some major changes in this study.

While Nair et al.(2011) performed only one type of compar- Figure2 displays the vertical distribution of average relative

ison, with respect to lidar observations, this study uses foudifferences between coincidences of different observations

different types of comparison statistics (lidar, SBUV(/2), and lidar measurements for various stations. The consistency

SAGE Il and HALOE as references) to find the drift in the of ozone measurements can easily be judged from these

measurements and thus the instrument stability. The averagmean differences. Different measurements show generally

drift is computed to present the global picture of the esti-a very small bias in comparison to the lidar data, withih%

mated instrumental drift. Further, the Aura MLS data arein 20-40 km, except UARS MLS at OHP and Lauder. A very

compared to lidar in a different way to compensate for theconsistent behaviour in the relative differences is shown by

lower vertical resolution of the lidar above 30 km. Also, Ar- all observations at TMF above 21 km except SBUV(/2) be-

letty p/T data are used instead of NCEER? T data for the  tween 30 and 40 km. At MLO also all observations display

unit conversions. Therefore, there are significant improve-a similar bias. The root mean square (RMS) of mean biases

ments in the analysis presented in this study to find the relain the 20—40 km altitude range is calculated for all measure-

tive difference, bias and drift. ments to see which instrument agrees well with the lidar. It is
found that among the satellite measurements, HALOE yields
the lowest (2.41%) and UARS MLS the highest (3.63 %)
RMS values when averaged over the stations. It suggests that
the HALOE ozone shows the best while the UARS MLS
ozone exhibits the least accordance with all lidars. Similarly,
the average of these RMS values of all observations esti-
mated at each station shows the smallest value (2.45 %) at
OHP and the largest value (3.65 %) at Tsukuba.

43[MoHp 4P ST sukubal

km)

e

u
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Generally, the differences are larger in the upper strato- correction factor NOT-APPLIED correction foctor APPLIED
sphere (above 40 km) compared to those in the middle strato-
sphere (20—40km), but are smaller than those observed in 1
the lower stratosphere (below 20 km). Yet, they do not ex-
ceed+7 % in most cases. These large biases above 40 km are
likely due to the relatively lower precision of the ozone lidar
above 40 km. However, smaller biases are observed with re-
spect to TMF lidar measurements, which implies that these
measurements are very powerful and are less noisy even in
the upper stratosphere.

Comparatively larger differences observed below 18 km
are mostly due to the large ozone variability in the lower
stratosphere. It is noted that the tropopause varies frdM ‘ 3
to ~15km depending on the season at MOHp, OHP and 10 0 10 -10 0 10
Lauder, and from~12 km in winter to~18 km in summer (sondes—lidar)/lidor (%)
at Tsukuba and TMF, whereas it is located between 16 and ) )
20 km at MLO. Because of the elevated tropopause in all sea-'9- 3- The average bias of sonde measurements, without (left

- anel) and with (right panel) multiplying the profiles by the correc-
sons, the analysis excludes the measurements below 21k : ’ o

N ion factor, obtained for the comparison with lidar at MOHp, OHP,

at MLO' Near the tropopause the ozone variability ',S IargeSt’Tsukuba and MLO. The dotted vertical line represents 0%, and the
which can be the reason for the observed large differencegy or pars correspond to twice the standard error.
for all measurements below 18 km at Tsukuba and TMF. Be-
sides, as in our analysidiang et al(2007) also showed some
high bias for Aura MLS with the OHP, TMF and MLO li-  application of correction factor
dars in the lower stratosphere, which could be due to the up-

per troposphere/lower stratosphere (UT/LS) oscillations. InaAs mentioned in Sect2.2, the CF is used to screen the
addition, it is a more difficult region to retrieve for satellite sonde profiles at MOHp, OHP, Tsukuba and MLO. So we
measurements. investigate the differences in the estimated biases in terms
Large deviations are found at Tsukuba particularly in 15—0f CF. Therefore, the normalised BM and KC sonde pro-
17 and 40-42km, as seen Tatarov et al.(2009. These files are divided by the CF to remove the scaling. FigBire
are possibly due to the fewer coincidences with Tsukubashows the average biases obtained for the comparison be-
ozone lidar measurements. The large positive deviationsween lidar and non-normalised (left panel) and normalised
found for UARS MLS below 20km at all stations can be (right panel) sondes. The non-normalised BM (at MOHp),
due to the poorer retrieval of UARS MLS. This pOSitiVG KC (at Tsukuba) and ECC (at OHP) sondes provide |arger
bias near 100 hPa was also found in the comparison betweefias compared to the respective normalised sondes. How-
SAGE Il and UARS MLS at all latitudesL{vesey et al.  ever, the non-normalised ECC sondes at MLO yield smaller
2003. Aura MLS shows very small deviations above 20 km bjas than that of the normalised sondes. The non-normalised
even though a slight negative bias-e5 % is found at OHP  sondes consistently underestimate ozone at all altitudes at
and MLO above 38km. At MLO, it is mainly generated MOHp and OHP. Nevertheless, the non-normalised KC son-
from the MLS temperature data used for the conversion Ofdes at Tsukuba overestimate ozone above 21 km and un-
MLS ozone VMR to number density. This negative differ- derestimate below 21 km. Hence, the normalised KC son-
ence above 38km (3-1.46 hPa) was already showliaing  des show comparatively larger negative bias below 21 km. In
etal.(2007) when compared to lidar and Boyd et al(2007)  general, multiplication of the CF reduces the bias except at
for the comparison with microwave radiometer (MWR) at MLO. Besides, the differences between these comparisons,
MLO. Similarly, the differences of SAGE Il and Aura MLS in terms of CF, are not as large for ECC sondes as compared
with the MWR show positive deviations in the upper strato- to the BM and KC sondes. In addition, the ozonesondes at
sphere at LauderBpyd et al, 2007), which is same as ob-  MOHp show slightly larger bias above 29 km in both cases,
tained in our comparison for SAGE Il and Aura MLS with which is largely due to the inadequate correction of decreas-

the Lauder lidar. Lower negative deviations of Aura MLS at ing pump efficiency in the low pressure regioseinbrecht
OHP above 40km, in contrast to the higher bias shown inet al, 1998 2009.

Nair et al.(2011), imply that differences in vertical resolu-
tion can play a significant role in the determination of ozone4.2 Relative drifts
biases of different instruments.

OHP
|l Tsukuba

Altitude (km)

Monthly mean difference time series of the compared data
sets are used to evaluate drifts in the ozone measurements,
because they are less noisy compared to the daily differences.
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ozonesondes SAGE I lidar — SBUV(/2) lidar — SAGE II lidar — HALOE
‘ HALOE ‘ } ‘ ‘ ‘ ‘ 45 i T T T_7Z T T " ~
45 MOHp — OHP Tsukubo (0)
40 L S ] " ] 407 ‘
35 ] - € 35} :
X3 < y
> ol g (1
—~ 25 7 2 MOHp
£ ] = 25/0H° bi
=20 ﬁ — e DN
g 15 e — 201 |
= 45 Ty IMF i—Lauder 15 Lauder |
< ] L L L
40 | -150 15 -150 15 -150 15
35 ! % Relative Drift (%/yr)
30 %% DN Fig. 5. The drifts of various lidars for the comparison with
25 i r ] (a) SBUV(/2), (b) SAGE Il and (c) HALOE as references
0 ZJ‘T = By 100x "darrigf"ef). The error bars correspond to the 95 % confidence
= 1 == interval of the slope.
15 T L i e
-1.5 0 15 -1.5 0 1.5 -15 0 1.5

Relative Drift (% .
elotive Drift (%/yr) some altitudes at MOHp, TMF and MLO. The RMS of the

Fig. 4. Vertical distribution of the slopes evaluated from the monthly drifts calculated in the 20-40km altitude range shows the
averaged difference time series of all observations with the lidarsmallest value (0.27 % yt) for SBUV(/2) and the largest
measurements at various regioékOOx m?ﬂilrlﬂ) The error  (1.36%yr 1) for Aura MLS. The station average of the RMS

bars represent twice the standard deviation of the slope. The dash&@lues of all measurement techniques provides the lowest
vertical line represents 0%Y#, and the dotted vertical lines repre- Value (0.29 %yr?) at OHP and the highest (2.27 %) at
sent+1.5%yr 1. Tsukuba.
Aura MLS shows relatively larger negative drifts at MOHp

and TMF above 30 km. In order to understand these negative
Also, there are possibilities of non-linear drifts for the satel- drifts, we analysed the raw ozone time series (i.e. by consid-
lite measurements due to the degradation, particularly forering all observations irrespective of the coincident profiles)
SBUV(/2). But in our analysis, for consistency, a simple lin- from various observations (SBUV(/2), SAGE Il, HALOE,
ear regression is applied to these time series and the drift iS¥ARS MLS and ozonesondes), including Aura MLS and li-

derived from the slope value of the regression. dar, at MOHp and TMF. From the ozone anomaly time se-
ries, it is found that the ozone anomaly computed from the
4.2.1 Comparison with ozone lidar as reference MOHp ozone lidar measurements agrees well with those es-

timated from the above mentioned data sets until 2007. Con-
Lidars are used as the reference for Figwhere drifts are  versely, an increase in ozone anomaly is found above 30 km
estimated for the data set samples from SBUV(/2), SAGE Il,since 2007 compared to that evaluated prior to 2007 for li-
HALOE, Aura MLS and ozonesondes. UARS MLS is ex- dar data at MOHp. A similar result is also found for TMF
cluded from the drift estimation since it is not considered ozone lidar measurements, i.e. an increase in 0zone anomaly
as good for ozone trend studies because of the change @f 2008 and 2009 compared to the ozone anomalies com-
instrument set-up in 1997 due to the failure of one ra-puted from TMF lidar in other years above 30 km. Never-
diometer for the independept/ T retrievals. Generally, the theless, the ozone anomalies of Aura MLS do not show any
relative drifts are less tharr0.5%yr ! at 20-40km and discontinuity and exhibit a similar pattern over the analysis
most of them are insignificant too. However, some signif- period. Therefore, the significant negative drift of the Aura
icant drifts are observed at some altitudes for SAGE Il atMLS data above 30 km at MOHp and TMF can be due to
OHP and MLO, for HALOE at OHP, TMF and MLO, for the high ozone values of lidar measurements at these stations
SBUV(/2) at TMF and MLO and Aura MLS at MOHp and in the specific years. However, more comparisons with addi-
TMF. As we have seen for the biases, drifts are larger belowtional data sets are necessary to find an exact reason for these
20 and above 40km. Among the long-term measurementgdifferences.
SBUV(/2) and ozonesondes provide the smallest drift with Note that the drift in the measurement differences may not
respect to all lidars. Aura MLS exhibits comparable drifts entirely be due to the measurement uncertainties of the com-
to those of SAGE Il and HALOE even though it has only parison data sets, as the reference data can also contribute
eight years of measurements and the drifts are significant a@b it. Therefore, accurate diagnosis of the stability of the
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Fig. 6. (a) The drifts of HALOE in comparison with SAGE Il 30t Jt d = F I/ '
as reference (100x %) at various stations. 25 ﬁ7 it éf—\ ]
(b) The drifts of SBUV(/2) with SAGE Il as reference 20l % z i A | It
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Fig. 7. The mean drifts estimated for the long-term data sets with

reference data is a prerequisite in drift studies; hence, the St%espect to other long-term measurements as references. The error

- . . . . . . ars represent twice the average of the standard deviations of the
bility of lidar time series is evaluated in the following section. . . :
slopes obtained from different comparisons.

4.2.2 Comparison of lidar with SBUV(/2), SAGE Il and

HALOE as references L .
above 20km. At TMF, it is more or less scattered and is

The stability of ozone lidar measurements at various staless than0.5%yr* except at 21-22 and 29-34km. At
tions is checked by finding their drifts in comparison with MLO, the drlftg are Iarger. as the coincidences are available
other long-term data sets such as SBUV(/2), SAGE IIfor 4 years (mid-1999-mid-2003) only. Even though these
and HALOE. The derived drifts of all lidars considering drifts are larger compared to those of lidar and SBUV(/2),
SBUV(/2), SAGE Il and HALOE as references are shown they are insignificant and are compatible with the no-drift
in Fig. 5a, b and c, respectively. Generally, all lidars exhibit hypothesis, but the uncertainty is too large to detect small
very small drifts (within+0.2 %yr1) with SBUV(/2), but ~ drifts. o
some of these are significant at MOHp (at 30, 32, 42 and Figure6b and c represent the relative drifts of SBUV(/2)
45km), Tsukuba (at 26 and 32km), TMF (at 32, 42 and With SAGE Il and HALOE as references, respectively. The
45km) and MLO (at 30, 32 and 42 km). The drifts with re- relative drifts of SBUV(/2) with SAGE Il are very small,
spect to SAGE Il and HALOE are slightly larger, but most of @nd most of them are close to zero irrespective of the sta-
them are not significant except the ones at 20-22, 25, 38 anHons. Similarly, the comparison of SBUV(/2) with HALOE
39 km with SAGE Il at MLO. The RMS of the drifts of lidar  €xhibits drifts of less thant0.5%yr*. The SBUV(/2)-
in the 20-40 km altitude region, averaged over the stations>AGE Il comparison yields smaller drifts than those between
excluding Tsukuba is about 0.16, 0.34 and 0.42 %8ywith ~ SBUV(/2) and HALOE. The former comparison yields
respect to SBUV(/2), SAGE Il and HALOE, respectively. To around=-0.1%yr- in 20-44km, while the latter leads to
corroborate these results, the drifts of other long-term mea@00Ut0.2%yr* at 21-25, 30-42km and0.5%yr * at -
surements SBUV(/2), SAGE Il and HALOE are estimated in 45 km at all stations. The importance is t.h'at even if thg drifts
a similar manner and are described in the following section. &€ very small, some of these are significant — particularly
in the upper and middle stratosphere. These results are very
4.2.3 Comparison of SBUV(/2), SAGE Il and HALOE similar to those mentioned iNazaryan et al(2005 and
Nazaryan et al(2007), who compared SBUV/2 (NOAA-
As mentioned earlier, the relative drifts of SBUV(/2), 11,16) with SAGE Il and HALOE, respectively in the lati-
SAGE Il and HALOE are evaluated by comparing them to tude bands of 50-4(, 10-20 N, 30-40 N and 40-50N.
each other. Figuréa shows the relative drifts of HALOE at In the same manne€unnold et al(2000 calculated drifts
various stations with SAGE Il as reference. The drifts arebetween SBUV and SAGE and found drifts 0.5 % yr!
of about+0.5% yr1 at MOHp, OHP, Tsukuba and Lauder, in the tropical and mid-latitude regions.
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Fig. 8. Temporal evolution of the bias-removed monthly averages of the relative differences of SAGE Il, HALOE and Aura MLS with ozone
lidar at MOHp (left panel), OHP (middle panel) and Tsukuba (right panel). The dashed horizontal line represents 0 %.

From Figs.5 and®6, it is obvious that the comparison be- 4.2.4 Average of the drifts of long-term measurements
tween SBUV(/2) and all other long-term measurements pro-

vides near-zero drifts (OI’ no drlftS) at all stations and at all In Order to Summarise orto Compare g|oba”y the magnitude
altitudes. Here, the comparison is performed using partiabf the drifts of different measurement techniques obtained
ozone columns on SBUV(/2) pressure levels, which reducegrom various comparisons, the means of the drifts are com-
the ozone Varlablllty Moreover, the coincidences betweerbuted for each data set at each station and are presented in
SBUV(/2) and other measurements provide a continuousrig. 7. For example, the drift of the lidar shown at each sta-
time series (or the coincidences are available in all monthgjgn is the average of its drifts (shown in Fif) obtained
considered over the time period). These reasons contribute tgom the comparisons with SBUV(/2) (Edl), SAGE I
the smaller drifts. (Eg. 5) and HALOE (Eq.6) as references. Similarly, the
Shortly, the comparison between SAGE Il and HALOE mean drift of SBUV(/2) is the average of the drifts obtained
produces larger drifts with each other, but their comparisonfrom the comparisons with lidar (Eq), SAGE Il (Eq.5)
with SBUV(/2) and lidar yields comparatively small drifts. and HALOE (Eq6) as references and similarly for SAGE II
Therefore, the large drift obtained for the comparison be-and HALOE. In a similar way, the standard deviation corre-
tween SAGE Il and HALOE does not imply that these mea- sponding to the mean drift of each measurement technique is
surements are unstable for the long-term study. It indicategomputed by averaging the standard deviations of each drift
that Comparison of similar tEChniqueS haVing alow measurégpptained from different Comparisons_ Itis just a way to rep-
ment frequency does not provide a clear picture of the stabilyesent the standard deviation and does not show the signifi-
ity of the data. cance of the drift.
Generally, as found in the previous comparisons, all data
sets show small drifts of arourg.2 % yr-1 in the 18—45 km
altitude range and the measurements are stable too. SAGE I
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Fig. 9. Same as FigB, but at TMF (left panel), MLO (middle panel) and Lauder (right panel).

and HALOE ozone at MLO show slightly larger drifts be- SAGE Il, HALOE and Aura MLS, with respect to lidar data,

cause of the lack of coincidences in most of the years. Beloware removed from the corresponding time series of relative

18 km, the large ozone variability near the tropopause playglifferences at each station. Because of the differences in

a pivotal role in deciding the magnitude of the differences. vertical resolutions of SAGE Il, HALOE and Aura MLS,
the combined data sets are made available at specific ref-

4.3 Combined data: SAGE Il, HALOE and Aura MLS erence altitudes (18, 21, 25, 30, 35 and 40km). The rela-
tive differences at these altitudes are calculated by averag-

In general, the 8-year data record of Aura MLS yields com-ing ozone number density withia2 km of the altitudes (e.g.

parable drifts to the long-term measurements with respect td 8=+ 2 km). The features of the combined time series are de-

most of the ozone lidar measurements except with MOHpscribed in Sec4.3.1, and the drifts derived from these com-

and TMF ozone lidars above 30km. So Aura MLS can bebined data are discussed in Sec8.2

considered as a strong candidate for extending the observa-

tions of SAGE Il and HALOE. Here, we assess the possi-4.3.1 Time series

bility of using Aura MLS as a successor of SAGE Il and

HALOE for ozone trend studies in the low and mid-latitude Figure 8 shows the bias-corrected combined time series at

regions. The combined data sets are computed from the reMOHp (left panel), OHP (middle panel) and Tsukuba (right

ative differences between the lidar data and SAGE Il orpanel). At MOHp and OHP, small differences ©4{5-7) %

HALOE measurements until August 2004, and Aura MLS are observed for SAGE Il and HALOE in 19-23, 23-27, 28—

observations from September 2004 until the end of the re32 and 33—-37 km. Aura MLS shows very small deviations

spective coincident periods. Before combining data sets obf less thant-5% in these altitudes at both stations. At 16—

entirely different observational techniques, a correction 0of20 and 38-42 km, differences are relatively largedQ %)

bias with respect to lidar measurements needs to be appliedor SAGE Il and HALOE and are less thah7 % for Aura

For this, the average biases over the coincident periods ofMLS. Even if the Tsukuba time series is characterised by
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SAGE Il/Aura MLS  HALOE/Aura MLS +0.2% yr 1. However, SAGE Il/Aura MLS drift at Lauder
ASpTT T T shows around+0.2%yr ! at 21, 25, 30 and 35km and
! ! gggp arounct0.3 andt0.48 % yr! at 18 and 40 km, respectively.

401 ]

Tsukuba These large values are due to the fact that the first two mea-
surements in the beginning of the period show slightly larger
difference for SAGE Il versus lidar (as shown in F&). The
removal of those two measurements results in a very small
drift of less thant0.2 % yr-! over the whole range (shown
as dashed lines in the left panel of Fif). At Tsukuba, drifts

are relatively larger at some altitudes compared to that at
other stations. Generally, the combined data show insignif-
icantly small drifts. It indicates that the combination of these
satellite observations can be a potential long-term data set for
the evaluation of long-term ozone trends in the stratosphere,
even though Aura MLS shows significant drifts with lidars at
some stations above 30 km.

(o]
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o
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Fig. 10. The drifts evaluated from the combined time series of
SAGE Il with Aura MLS (left) and HALOE with Aura MLS (right)
at various stations. The dashed green line in the left panel represents Conclusions
the drift of SAGE Il/Aura MLS at Lauder estimated after removing
the first two measurements. The error bars represent twice the stalxn extensive analysis of stratospheric o0zone measurements
dard deviation of the slope. The dotted vertical lines represent 0 angyt different NDACC lidar stations (MOHp, OHP, Tsukuba,
+0.4%yr L. TMF, MLO and Lauder) is performed in this study. The
diagnosis is done by comparing various long- and short-
term satellite observations of SBUV(/2), SAGE II, HALOE,
relatively fewer data and large discontinuities, smaller dif- UARS MLS and Aura MLS as well as ozonesonde measure-
ferences are observed. At MOHp, a decreasing tendency iments at the respective stations.
observed in the relative differences of Aura MLS from 28—  The relative difference (or bias) of all measurement tech-
32 km onwards, which can be due to the increase in ozon@iques is found by comparing them with respect to lidar mea-
lidar measurements after 2007, as discussed in &&cl. In surements in their respective coincident periods. All mea-
addition, at MOHp, a clear seasonal difference is also seesurement techniques (satellites and sondes) agree well with
for the comparison with Aura MLS at 38—-42km showing all lidars, with average biases of less thah %, in the 20—
positive deviation in the winter, indicating that the Aura MLS 40 km range. In order to detect ozone trends on the order of
ozone is slightly higher than that of MOHp lidar in that sea- a few % decade!, stability of long-term measurements is es-
son. sential. This is particularly important for long-term ground-
Figure9 displays the bias-corrected combined time seriesbased and satellite sensors, which may be subject to some
at TMF (left panel), MLO (middle panel) and Lauder (right degradation during their lifetime. Therefore, in this study we
panel). At MLO, the relative differences are less theh%. examine the stability of each measuring system by investigat-
In the tropics, the ozone variability is very small compared toing the magnitude of the drifts. This is attained first by com-
that of high latitudes, which explains the smaller differencesparing all measurements with respect to lidars, which yields
at MLO. At TMF and Lauder, Aura MLS shows differences drifts of less thant0.5%yr1 at 20-40 km for most obser-
of £5% at all altitudes except at 16-20km, and SAGE Il vations. Aura MLS with 8 years of observation also shows
and HALOE exhibit about:10 % deviation except at 16— drifts that are comparable to those of the long-term data sets
20 km, where the differences exce£@0 %. At TMF, Aura  at all stations except at MOHp and TMF above 30 km. Be-
MLS exhibits negative differences in 2008 and 2009 from [ow 20 and above 40 km, relative differences and drifts are
28-32 km onwards, which can be due to higher lidar ozondarger, mostly due to discontinuity in the time series, smaller
during the period as compared to other years, as mentionedzone values or higher uncertainty of ozone observations in

in Sect4.2.1 these altitude regions. In addition, in the lower stratosphere
larger atmospheric variability at the mid-latitude stations and
4.3.2 Relative drifts of the combined time series a higher tropopause at the tropical station also contribute to

the observed large biases and drifts.
FigurelOpresents the relative drifts estimated from the com- A successful evaluation of biases and drifts depends on
bined time series (as shown in Figsand9) of SAGE Il and  the stability of the reference data, and hence the drifts of
Aura MLS (left panel), and HALOE and Aura MLS (right ozone lidar measurements with respect to the longer data
panel) at various stations. The drifts are generally withinsets SBUV(/2), SAGE Il and HALOE are estimated. The
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relative drifts of lidar are nearly zero at most altitudes. Sim- Branch for providing SAGE Il data, and the collaborative institutes

ilarly, the drifts of SBUV(/2), SAGE Il and HALOE are es- of the NASA Langley Research Center for maintaining HALOE

timated by comparing them with each other. Comparison bedata. The data used in this publication were obtained as part of

tween SAGE Il and HALOE shows drifts with maximum the NDACC and are publicly available (sb#p://www.ndacc.orj

of +0 5%yr1 in 20-45km, whereas the comparison of The data used in this effort were acquired as part of the activities
y S . . f NASAs Science Mission Directorate, and are archived and

SBUV/(/2) with lidar and SAGE Il produces near-zero drifts. © Lo

Becau(se)of successive instrumenas SBUV/(/2) provides dail distributed by the Goddard Earth Sciences (GES) Data and Infor-

¥nation Services Center (DISC). The Japanese ozonesonde data

global measurements over the whole period with a Iargeare archived from JMA, World Ozone and Ultraviolet Radiation

number of collocated profiles, and thus a very accurate evalpaia Centre (WOUDC). Retrieved 21 September 2011, from
uation of drift of the data is performed. So a sufficient num- ntp:/mww.woudc.orgThis work was supported by a funding from
ber of continuous profiles is an important factor for deduc-the GEOMON (Global Earth Observation and Monitoring of the
ing accurate drifts with meaningful statistics. The average ofatmosphere) European project.

the drifts of long-term measurements obtained from various

comparisons is withia0.2 % yr- in 20-45 km. Therefore, Edited by: A. Richter

the long-term measurements considered here are stable at t'
respective latitude bands.

As the various ozone measurement techniques yield co
sistent results, it is useful to combine different ozone mea-
surements to establish a long-term data set for further anal
yses and trend studies. Hence, a bias-corrected combine ..
time series is constructed using the relative differences of
SAGE Il and HALOE, with respect to lidar data, with those The publication of this article is financed by CNRS-INSU.
of Aura MLS and estimated the relative drifts. It shows drifts
of less thant0.2 % yr-! at most altitudes for all the consid-
ered latitude bands. So the combination of the older data Set??eferences
SAGE Il and HALOE, with Aura MLS can be used for the
estimation of long-term ozone trends.

INSU

Institut national des sciences de I'Univers
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