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Abstract. The study presents the climatological character-Keywords. Atmosphere composition and structure (Mid-
istics of stratospheric ozone observed over Reunion Islandile atmosphere — composition and chemistry) — Meteorol-
using in-situ (ozonesonde and SAOZ) and satellite (UARS-ogy and atmospheric dynamics (Climatology; Middle at-
HALOE, SAGE-Il and TOMS) measurements. It uses co- mosphere dynamics; Tropical meteorology; Instruments and
localised ozonesondes (from September 1992 to Februartechniques)
2005) and SAOZ measurements (from January 1993 to De-
cember 2004), SAGE-II data from October 1984 to February
1999 (15 years), HALOE data from January 1991 to Febru- 1 Introducti
ary 2005 (15 years), and NIMBUS/TOMS data from Jan- — 'ntroduction
uary 1978 to December 2004 (27 years). The satellite mea- : . , .
-Ozone plays an important role in the earth’s radiation bud-
surements correspond to overpasses located nearby Reunign . - . )
) . ) get by preventing UV radiation from penetrating the earth’s
Island (22 S; 58 E). The height profiles of ozone concen- : o
. . atmosphere. The stratosphere is a region in the earth atmo-
tration obtained from ozonesonde (0.5-29.5km) show Iesss here which exhibits maximum ozone concentration and
bias in comparison with the HALOE and SAGE-Il measure- P

ments. Though, the satellite (HALOE and SAGE-II) mea- helps to prevent UV radiation from pe_netratl_ng the atmo-
surements underestimate the tropospheric ozone, they are i here and the earth surface (see review article by Staehe-
' I et al., 2001). On the other-hand, the troposphere ozone

good agreement for the heights above 15km. The bias be- : .
. -concentration acts as an atmospheric pollutant and leads to
tween the measurements and the normalized ozone profilé . i
. global warming. Therefore, understanding ozone concentra-
constructed from the ozonesonde and SAGE-II satellite meaz o . .
tion variations in the stratosphere and troposphere height re-
surement shows that the SAGE-II measurements are more. . . .
. gions is of great importance to the research community.
accurate than the HALOE measurements in the lower strato* There are different remot nsing instruments o orovid
sphere. The monthly variation of ozone concentration de- ere are ditierent remote sensing instruments to provide

. vertical ozone profil h trometers, ozoneson
rived from ozonesonde and HALOE shows a nearly annual ertical ozone profiles, such as spectrometers, ozonesondes,

: : : : : . _“lidars, etc. Ozonesondes are recognized to be an effective
cycle with a maximum concentration during winter/spring 9

and minimum concentration during summer/autumn months.tOOI for measuring ozone in the troposphere and part of the

The time evolution of total column ozone obtained from stratosphere (Beekman et al., 1994; Logan, 1999). Logan

TOMS, SAOZ and the one computed from ozonesonde an41999) investigated the ozone variation in the lower strato-
SAGE-,II exhibits similar behaviour with analogous trends Sphere using ozonesonde data from the northern hemisphere
as abové The TOMS variation displays a higher value ofand observed that the amount of ozone decreases between

total column ozone of about 3-5DU (10%) in comparison the_tropopau;etﬁncit 100hPa fror:n .Mr‘;itm:; t? Septertnblerczjggc;co
with the SAOZ and the integrated ozone from ozonesondd"! 'NCrease in the tropopause height. —ujiwara et al. ( )
and SAGE-II. provided the seasonal variations of troposphere ozone over
Indonesia (Watukosesk, 7.5; 112.6 E) using 5 years of
ozonesonde measurements. The seasonal variations showed
Correspondence tov. Sivakumar an enhanced ozone-mixing ratio during dry season (August-

(svenkataraman@csir.co.za) November), in comparison with the other seasons which is
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2322 V. Sivakumar et al.: Ozone climatology and variability

most likely caused by biomass burning. Their results aretive and dynamical processes, a strong positive correlation
in accordance with the observations made over the equatdsetween total ozone and lower stratospheric temperatures
rial eastern pacific, Cristobal, Galapagos {(®9 89.6 W) exists. Ziemke and Chandra (1999) discussed the signifi-
by Shiotani et al. (2002). A review by Staehelin et al. (2001) cance of biomass burning in generating seasonal and zonal
addressed that the satellite and ground-based measuremeitsomalies in total ozone over tropics using 20 years of to-
show no significant ozone trends in the tropics but signifi-tal ozone mapping spectrometer (TOMS) data. Their study
cant long-term negative trends of 2-4 % in the northern andllustrated an annual cycle with a maximum ozone concentra-
southern mid-latitudes. Brinksma et al. (2002) observed antion during September and October fron? Mbto 15° S. The
nual trends in troposphere-stratosphere ozone variation udiomass burning was found to occur at different times for
ing five years of ozone measurements from lidar, ozonesondaorthern and southern hemispheres. However, recent stud-
and satellite data over a mid-latitude station, Laudef @5 ies based on three-dimensional atmospheric chemistry and
170 E). They have observed high concentrations during win-transport models suggest that photochemical ozone forma-
ter. Using Southern Hemisphere ADditional OZonesondetion due to biomass may be less important (Lelieveld and
(SHADOZ), Thompson et al. (2003b) presented the tropo-Dentener, 2000; Marufu et al., 2000; Moxim and Levy, 2000;
sphere ozone climatology using 3 years of ozonesonde obse€handra et al., 2002).
vations for different stations over southern hemisphere. The It is apparent from all the above recent studies that there
observations are concentrated especially over tropics/sulis considerable interest within scientific community to study
tropical station and noticed a maximum ozone concentratiorthe substantial decrease/increase in stratosphere/troposphere
during the winter/spring period. ozone. Over tropical and sub-tropical regions, the ozone

Although the ozonesonde measurements are precise faneasurements are very few, especially in the southern hemi-
the troposphere and lower stratosphere height regions, thegphere (WMO, 1999, Staehelin et al., 2001), though it has
are unable to provide a global picture (Barnes et al., 19853 significant contribution in the global climate change. Re-
Tiao et al., 1986). On the other hand, satellite measureunion Island (21S; 55 E) is located over southern sub-
ments provide a global coverage with very low frequencytropics and is influenced by a number of atmospheric per-
of observation requirements for a particular site. The Halo-turbations, such as cyclone, Inter Tropical Convective Zone
gen Occultation Experiment (HALOE) on UARS and Strato- (ITCZ) passages, strong jet streams etc, where the study on
spheric Aerosol and Gas Experiment (SAGE) provide a rel-ozone variations play an important role in addressing dif-
atively better estimation of ozone with good vertical res- ferent aspects of the climate. In this study, we report on
olution, even at tropospheric altitudes, though less in fre-the climatological characteristics of stratospheric ozone over
quency of observations for a given site. Lu et al. (1997) com-Reunion Island (21S; 55 E) using in-situ ozonesonde data
pared HALOE, SAGE-Il and ozonesonde data from Northern(13 years) and its comparison with UARS-HALOE data (15
hemisphere (Payerne; 4618, 6.95 E) and Southern hemi- years). The study also attempted to validate the SAOZ mea-
sphere (Lauder; 45:(, 169.68 E and Macquarie Island; surements taken over Reunion Island by comparing with total
54.8'S, 158.98E). Their studies suggested that HALOE, ozone measurements from TOMS and those obtained by inte-
SAGE-II and ozonesonde measurements are in good agregrating ozonesonde and SAGE-II data (hereafter OAS). The
ment; especially above 20 km. Bhatt et al. (1999) concludedpaper is organized as follows; Sect. 2 provides a brief sketch
that HALOE is providing accurate ozone profile in the lower on data used; Sect. 3 presents the climatological results ob-
stratosphere whilst the correction for aerosols interferenceained from ozonesonde and HALOE, comparison between
is well characterized and when there is no cirrus layers dethe ozone measurements from ozonesonde and HALOE,
tected. Newchurch et al. (2000), using SAGE-I/Il data for temporal evolution of ozone and anomalies between the mea-
longer period of about 20 years (1978-1998), noted thasurements and comparison of total column ozone measure-
the maximum decline in ozone trends occurred-d0 km. ments from TOMS and SAOZ; Sect. 4 summarizes and con-
The studies further evidenced a large negative trends presegtudes the results. In addition, an appendix is included and
for the extra-tropics £1.0%/year) compared to the tropics it provides the monthly mean climatological value of ozone
(—0.6%lyear). Dorokhov et al. (2002) stated that the comparconcentration and standard deviation over Reunion Island for
ison between satellite and ground-based measurements p&he height region from ground to 30 km.
mits a better understanding of the characteristics and weak-
ness of each data set.

Besides, height profiles of ozone, the total columns of2 Data
ozone have been studied by various researchers. Chandra
et al. (1996) presented the mid-latitude total ozone trends ir2.1 Ozonesonde data
the northern hemisphere and noticed that they are influenced
by inter annual variability which is associated with dynam- The radiosonde accompanied with Electrochemical Concen-
ical perturbations in the atmosphere during the winter andtration Cell (ECC) is used for measuring height profiles of
spring months. They also estimated that due to both radiaezone from sea level to about 30 km. The radiosondes were
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launched twice a month from September 1992 to December

1999 and once a week from January 1999 to at-present. The = 50 3 B Ozonesonde
recorded 0zone measurements are converted to concentre:S 7° q g o
tions (mol/cn?) and used for the present study. The data s 603 7 ste
has also been collected regularly on both SHADOZ and Net- 2 5,3 7 a1 m
work for Detection of Atmospheric Composition and Change -8 o E
(NDACC) programmes. More details about the data and « 3
quality of ozonesonde measurements are found in the liter- © 30_5
ature (Fujiwara et al., 2000; Thompson et al., 2003a, b) and_cg 20—
also specifically for the Reunion ozonesonde measurement: g ,, 3
(Baldy et al., 1996; Randriambelo et al., 2000 and Sivakumar Zs 3
0— 5

etal., 2006). J'F M AMUIJ T A S OND

We use 13 years of ozonesonde data gathered from Month

September 1992 to February 2005 and the height region from

ground to 30 km. The monthly distributions of data are pre-rig. 1.  Histogram represents the monthly distribution of

sented in the Fig. 1 (grey colored bars). ozonesonde, HALOE and SAGE-Il satellite data used for the
present study and for the period from 1992 to 2005.

2.2 HALOE-UARS satellite data

HALogen Occultation Experiment (HALOE) was launched

on the Upper Atmosphere Research Satellite (UARS) spacevapour. Extensive validation efforts were made to verify the
craft on 12 September 1991, as a part of the Earth Sciencaccuracy of these measurements and the data sets are now
Enterprise (ESE) program. The experiment uses solar occularchived and available for general scientific use. More de-
tation to measure the vertical profile of minor constituentstails on SAGE-II data could be found in Attmannspacher et
(O3, H20, NOy, HCI, HF, NO, and CHj), aerosol concentra- al. (1989) and Cunnold et al. (1989).

tions and temperature with a height resolution of 3.7 km for .
ons and temperature a height resolution of 3 o SAGE-II ozone measurements for the height range from

an instantaneous field of view of 1.6 km at the earth limb. X
It uses the atmospheric transmission measurements in th%‘5 km to 70.5km and for the period from October 1984

2.8um CO; band for the retrieval of ozone mixing ratio. 10 February 199915 years) IS used, here. The overal_l
; . . - , constructed monthly mean profiles are used to merge with
The retrieval method applies a simple “onion-peel” proce-

dure to stabilize the height profile at top and bottom. The ob-dally ozonesonde measurement, so that the ozone profiles
. ' : extend from 0.5km to 70.5km, and also to allow for the
tained ozone profiles are accurate for the height range from

10 km to 90 km, with a possible error of 5 to 10%. More de- computation O.f the cprresponding total cqumn; of ozone.
tails about HALOE data analysis and quality are discussed(rqunnlz%r:g;/ distributions of data are presented in the Fig. 1
in the following literature (e.g., Russell et al., 1993, Ran- )

del et al., 1995, Hihl et al., 1996, Cunnold et al., 1996,
Natarajan and Callis, 1997, Grooss et al., 1999 and Roo
et al., 2000; Remsberg et al., 2001) and can be cited a
http://haloedata.larc.nasa.gov/home/index.gitg

The present study uses 15 years (September 1991 g5 5, 0ne Mapping Spectrometer (TOMS) measures the
February 2005) of data (version 19), acquired during the pasgq,| 4;0ne content of the Earth's atmosphere. The instru-
sage c_)f HALOE sqtelllFe over Reumqn (23'055) E). W'Eh ment was first launched on the Nimbus 7 Spacecraft in 1978
latitudinal and !on_g|tu_d|nal discrepancies-bb an_di25 " _followed by Meteor and Earth Probe. The nominal uncertain-
The monthly distributions of data are sketched in the Fig. 1. of TOMS o0zone data vary from 1 to 3%. Further details
(shaded bars). on the TOMS data are availableldtp://toms.gsfc.nasa.gov/
adeos/adeos.htrahd McPeters et al. (1993).

4 TOMS satellite data

2.3 SAGE-II satellite data

We use data corresponding to Reunion site @155 E)
Stratospheric Aerosol and Gas Experiment Il (SAGE-II) wasobtained from TOMS for the period from July 1996 to De-
initiated into the Earth Radiation Budget Satellite (ERBS) cember 2004 and the earlier data obtained from NIMBUS-7
in October 1984. The instrument uses the solar occultatiorfrom January 1978 to June 1996. The data is used to normal-
technigue to measure attenuated solar radiation of the Earthize the ozone profiles by integrating the ozone measurements
limb. The transmittance measurements are inverted using thitom ozonesonde and SAGE-II data (OAS) and also to make
“onion-peel” approach to yield 1-km vertical resolution pro- a comparison with SAOZ and the total ozone obtained from
files of aerosol extinction, ozone, nitrogen dioxide and waterOAS.

www.ann-geophys.net/25/2321/2007/ Ann. Geophys., 25, 23234-2007
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Daily TOMS data
over Reunion

Daily SAGE-II ozone
data for the height range
from 0.5 km to 70.5 km

Daily ozonesonde data
for the height range
from 0.5 km to 30 km
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3 Results

3.1 Normalized ozone profile

A height profile of ozone is constructed for the height re-

Step down the height gion from 0.5 km to 70.5 km by combining ozonesonde and
resolution into 1 km . . .

T SAGE-II measurements which are normalized with total col-

Monthly mean Monthly mean

I umn ozone from TOMS data. Such profile has been used as
Merging with SAGE-II . .
gives OAS” profile a reference for comparing with the other measurements. The
| routine adopted to derive the normalized profile is as follows;
Calculating th . . . .
intig;:eén(?zo;e — Daily ozonesonde data is stepped down into 1 km height
jrl resolution.
a0 between the | — Using 15 years (October 1984 to February 1999) of
Nomaone= SAGE-II data, the monthly mean ozone profiles are ob-
(NF) tained for the height region from 0.5 km to 70.5 km.
l — Similarly, the monthly mean total ozone values for Re-

Reconstructing the
ozone profile by
multiplying the OAS
profile by NF
= Normalized ozone

profile — The ozonesonde and SAGE-II monthly mean pro-

files (OAS) are merged appropriately for each pro-
file, at 3km down to maximum height extended by
the ozonesonde, taking into account the measurement
error at the higher heights. The SAGE-II monthly
mean profiles are correspondingly selected based on
the ozonesonde observational date. The merging region
(3 km) uses the mean ozone concentrations from SAGE-
Il and ozonesonde.

union Island are derived from 27 years of TOMS mea-
surements (from January 1978 to February 2005).

Fig. 2. Flow diagram represents the procedure followed to ob-
tain the normalized ozon profile. OAS refers to the combined
ozonesonde and SAGE-II profile.

2.5 SAOZ data

The Syséme d’Analyse par Observatiorédithale (SAOZ)
instrument is a broad-band (290-640 nm) spectrometer and — The above constructed OAS profiles are individually
has undergone various developments since 1988 (Pom- integrated in order to retrieve the corresponding total
mereau and Piquard, 1994). The earlier documents on inter-  0zone in terms of Dobson units. The normalization fac-
comparison with different instruments evidenced that the  toris defined as the ratio of the OAS total ozone to the
spread in ozone line-of-sight amount is better than 1% (Pom-  corresponding monthly mean TOMS values.

mereau and Piquard, 1994; Hoffman et al., 1995; Vaughan et
al., 1997; Roscoe et al., 1999). The vertical columns of ozone
are obtained from the line-of-sight columns and air-mass fac-
tor (AMF), using the following relationship;

— Thus, the normalized ozone profile for the height region
from 0.5km to 70.5km is derived by multiplying the
OAS profile by normalization factor.

(OS(SIanD n OS(ref)) The above explai_ned steps_are demonstrated in a simplified
(1) flow chart (see Fig. 2). It is also noted here that the cal-
AMF culated normalization factor for the complete datasets from
Where, Qe is the reference ozone spectrum obtainedozonesonde, SAGE-Il and TOMS data, is found to vary from
from the spectrometer on a clear day at low solar zenith an4.02 to 1.09 with an overall standard deviations-@*.02.
gle. Line-of-sight ozone is identified as slant ozone column
Osslany and is derived from a spectral band of 100 nm wide 3.2 Height profile of mean ozone
centered at 510 nm. Real-time and re-analysis SAOZ pro- . ] ) )
grams use the standard AMF which is calculated from radia1€ight profiles of mean ozone concentrations obtained from
tive transfer model. The value of AMF is found to vary with ©Zonesonde, HALOE and SAGE-Il measurements are pre-
latitude and is typically about 1.2% (ref. Sarkissian, 1092). Sented in Fig. 3. This figure illustrates the accuracy of
Here, the total columns of ozone obtained by SAOZ from 9Z0ne measurements obtained from ozonesonde (in-situ),

January 1993 to December 2004 are used for comparisohfALOE and SAGE-II satellite data. It also validates the
with both TOMS and the integrated ozone from OAS. ozone measurements and illustrates the respective instrumen-
tal error and relative measurement differences. Here, the

ozonesonde measurements corresponds to the height region

OB(vert) =

Ann. Geophys., 25, 2322334 2007 www.ann-geophys.net/25/2321/2007/
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from 0.5km to 29.5 km and the HALOE and SAGE-II satel-
lite data range from 0.5km to 70.5 km. Since the height res-
olution of the SAGE-Il measurements is 1 km, the HALOE
and ozonesonde data has also been stepped downto 1 kmre
olution for uniformity. Utilizing the above data, the overall
mean ozone profiles are constructed, individually for each
instrument irrespective of the year and month.

Figure 3a displays the height profiles of ozone concen- E
trations obtained from ozonesonde, SAGE-II and HALOE. A i G s B R RS AR SRR ARRRNE
The figure is SUperimpOSEd with the h6|ght prOﬁle of nor- Ozone Concentration ( mol.cm™) Measuremental Error ( % )
malized ozone concentrations which were obtained by the
above illustrated method. Few differences in values are nofig. 3. (a)Height profile of overall mean ozone concentration ob-
ticed due to different instruments and techniques. The noriained from ozonesonde, SAGE-Il and HALOE. The figure is su-
malized ozone profiles illustrate a very close agreement beperimposed with a normalized ozone concentration obtained from
tween the ozonesonde and SAGE-II satellite data, indicatingzonesonde and SAGE-I(b) Height profile of relative percent-
that the measurements are consistent. The normalized ozor@@e of bias in the ozone concentrations measured by ozonesonde,
profile is in accordance to the ozonesonde measurements pACE-!l and HALOE with respect to the normalized ozone profile.
the lower troposphere and with SAGE-II and HALOE pro- The percentage of b|a§ is the ratio be_tween the difference in ozone
files in the stratosphere up to about 40km. Above 40 km,values and the normalized ozone profile.
the SAGE-Il and HALOE measurements indicate very lit-
tle discrepancy in the ozone measurements. The maximum
0zone concentrationy4.5x 1022 mol/cn® is displayed by all ~ higher bias of about 10-12% is noticed in the upper tro-
the instruments at-26 km. It also shows a small difference Posphere and lower stratosphere height region (18-32km).
in the estimated ozone concentration by instrument, sAGE-Such differences are also remarkably less in comparison with
Il and HALOE show similar values and are3% higher than ~ day to day variations (standard deviation). Whereas, both
the ozonesonde. It is also clear from the Fig. 3a that SAGEIhe satellite (HALOE and SAGE-I) measurements demon-

Il and HALOE are underestimating the ozone values in thestrate almost the same magnitude of relative difference and
lower tropospheric height region (below 10 km), as expecteds more than 40% in the lower troposphere. However, the bias
from the satellite instruments which measure from top to bot-iS lower and of almost the same magnitude in the stratosphere
tom and the error increases downward in the troposphere (seeight region {- above 20 km). The satellite and ozonesonde
also Fig. 3b). Relatively, the SAGE-II measurements pro-measurements exemplify a high difference in the ozone mea-
vide a reasonable comparison with ozonesonde above 12 kigirement in the lower stratosphere (18-32km) with maxi-
when compared to the HALOE which are in agreement abovenum differences of-6% at~24 km.

18 km. The earlier reports on SAGE-Il measurement illustrated

The relative percentage of deviation (bias) in the ozonethat the error in ozone retrieval rapidly increases up to
measurements by ozonesonde, HALOE and SAGE-II withapproximately 40% at 10km (McCormick et al., 1989;
respect to the normalized ozone profile is calculated usingBrinksma et al., 2000) which is in accordance with the re-

(b)

70 70

—+— Ozoneson:
HALOE
©  SAGE-

60 e

60 —
50 4 50
40 - e, 40

30 ooz 30

Height (km )

20 -

i

104

1
o b b b b b

the following expression: sult presented here. Brinksma et al. (2000) concluded that
(Ostn0n — Os0000) th_e SAGE-Il ozone measurements become less consistent
O3(biag = 5 % 1000 2 with decreasing altitude. The inter-comparison study by Lu
3(non et al. (1997) also provided similar results by showing the
Where, “Guxx)" refers to the ozone measurements from difference between HALOE and ozonesonde. These differ-
ozonesonde, HALOE or SAGE-II. ences were found to be10-20% in the 15-20 km altitude

The calculated bias in ozone measurements is presenta@nge,~10% in the 20-25 km altitude range, and—10%
in Fig. 3b. In other words, it displays the relative differ- in the 25-30km altitude range. Analogously, Cunnold et
ences/uncertainty in the ozone measurements. The figural. (2000) expressed a resembling result, when they com-
substantiates the underestimation of 0.zone measurements pared the ozonesonde data with SAGE-Il and found that
the lower troposphere by HALOE and SAGE-II. It shows SAGE-II values are~20-30% larger than the ozonesonde
that the ozone measurements in the troposphere obtainedhlues in the 12-15km altitude range. Their observation
from ozonesonde are having a lower bias than those obtainedoncluded that the SAGE-II overestimation is due to aerosol
from HALOE and SAGE-II. Just below the 0zone maximum loading in the stratosphere height region and measuremen-
height, SAGE-II shows the highest bias while ozonesondetal uncertainties. In addition, the very low relative differ-
reveals the lowest one. ence in ozonesonde data may be due to the lower accuracy of

The ozonesonde measurements illustrate that the bias ithe ozone sensor in the stratosphere height region. Few pub-
within 4-6% in the lower troposphere height region and alished results on the accuracy of ozonesonde noted that the

www.ann-geophys.net/25/2321/2007/ Ann. Geophys., 25, 23234-2007



2326 V. Sivakumar et al.: Ozone climatology and variability

gion is not distinguishable, but mostly, it exhibits an annual
variation with maximum and minimum ozone concentrations
during spring/winter and autumn/summer, respectively. In
the Upper troposphere, the obtained seasonal variation is in
agreement with the earlier reported troposphere ozone clima-
tology over Reunion with high- and low-ozone concentra-
tions during spring and autumn (Randriambelo et al., 2000
and Thompson et al., 2003b). The result from southern mid-
latitude station, Lauder (455, 170 E) also observed the an-
nual cycle in upper troposphere ozone densities and stated
that due to ozone production by photochemistry and the min-
imum ozone during winter is due to low solar radiation (Fu-
jiwara et al., 2000). They also stated that the local dynami-
cal activities such as, monsoon circulations, equatorial grav-
ity waves, Kelvin waves and planetary waves may enhance
the troposphere ozone concentrations. The seasonal varia-
tion of Reunion stratospheric ozone illustrating increase in
spring (see Fig. 4a) might be related to wave propagation
into the stratosphere (when winds are westerly). The rela-
tion between the ozone concentration and QBO phase (east-
erly/westerly) are delineated in detail in the Sect. 3.6. Fur-
ther, the Fig. 4a exemplifies the width of the maximum ozone
concentration region~4.5x 102 mol/cn?) which is broad

and becomes thinner by September.

The ozone variability in terms of percentage of deviation
is presented in Fig. 4b. The percentage of deviation is cal-
culated in terms of ratio between the standard deviation and
Fig. 4. (a) Height-Month-mean ozone concentration plot &by the respective monthly mean ozone value. Broadly, the ob-
percentage of deviation obtained from ozonesonde measurementtained seasonal variations in terms of deviations are in the
The percentage of deviation is the ratio between the obtained stanrange from 0 to 15%. A very low deviation of less than 5% is
dard deviation and the respective monthly mean value. recorded for all the months in the height region from 25 km

accuracy of ECC sonde 5% in the stratosphere region to 28 km. High deviations of about10—-15% are obtained in

(Beekman et al., 1994; Komhyr et al., 1995: WMO, 1998; the height region from 15 to 21 km. This height region (15 to
Logan, 1999). ' ’ ' ' ' ' 21 km) is corresponding to the 0zone tropopause where much

variability in o0zone concentration is expected (Sivakumar et
3.3 Seasonal variation of ozone from ozonesonde data  al., 2006). Above, in the middle stratosphere, the percentage

of deviation is found to be low and a very low deviation (near
Since the objective of the paper is to present the stratosphert® 0%) is seen from 25km to 28 km over all the months. It
ozone climatology and its variability at a subtropical site may relate to the less fluctuation in ozone concentrations at
(Reunion Island), the monthly mean ozone variations arethis height range.
presented for the height region from 15km to 30km. The Moreover, it is known that variability of stratospheric
monthly mean ozone values are obtained by grouping theozone depends on chemical and dynamical processes. In-
ozonesonde data in terms of month and irrespective of theleed, with regard to Reunion geographical position in
year. We also segregated the ozonesonde data by subjectitige southern subtropics, nearby dynamic barriers, such as
qualitative analysis (i.e., withid=20). Hence, the data has tropopause and subtropical barrier, ozone in the strato-
better accuracy and the obtained monthly mean profiles arsphere is expected to show high variability due to dynam-
away from the unusual spectacular events (like, high ozonécal processes such as stratosphere-troposphere exchanges
during STE, cyclone, planetary wave breaking). and meridian exchanges between the stratospheric tropical

Figure 4a displays the monthly mean variations of ozonereservoir and mid-latitudes, as reported by Baray et al. (1999,

concentration obtained from ozonesondes for the height re2000), Bencherif et al. (2003), Portafaix et al. (2003) and
gion from 15 km to 30 km. The vertical ozone variations are Semane et al. (2006). Both of these transport mechanisms
in the range from 0.510'2 to 4.5x 102 mol/cn?. The ozone  (vertical transport through the tropical tropopause and isen-
concentration increases gradually to a maximum in the heightropic transport nearby the southern subtropical barrier) may
range from 24 to 28 km, and then decreases, as expected. The induced by gravity waves and Rossby planetary waves
annual or semi-annual variation at any particular height re-breaking.

Height ( km )

Month
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3.4 Seasonal variation of ozone: HALOE data

The archived 15 years (January 1991 to February 2005)
of ozone measurements from HALOE satellite overpasses
nearby Reunion Island (285, 55 E) is grouped in terms of
months irrespective of the year. Thereafter the corresponding
monthly mean ozone concentrations and the respective rela-
tive standard deviations are derived and presented in Fig. 5a
and b. The monthly distribution of data used for constructing
the mean ozone value is displayed in the Fig. 1. Figure 5a

Heigh

8 9 10 11 12

6 7
Month

+1000 ©)

represents the monthly variation of ozone, nearly similar as
depicted from the ozonesonde measurements (Fig. 4a). Here
too, the high ozone value is displayed in the height region
from 24 km to 28 km. Generally, the monthly variations are
surements. It could be due to the height resolution of the
HALOE data which is high (has an initial vertical resolu-
tion of ~3.7km). Further, the difference in HALOE and RN
ozonesonde measurement may be due to the HALOE over-
21
Above 27 km, the estimated ozone concentrations are higher
than the ozonesonde measurements. A more detailed sig- .
nificance of differences in the ozone measurements between
ozonesonde and HALOE are sketched in the following sec-
Figure 5b renders the obtained standard deviation from
HALOE measurements. The percentage of deviations is PreEig. 5. Same as Fig. 4 but for the HALOE satellite data
sented in-terms of ratio between the obtained standard devi-
ation and the corresponding monthly mean ozone value. The
deviations are large for height region from 15km to 20 km, ments
particularly from 15km to 18 km. The deviation is rela-
tively high during January, April, July and November. At The percentage of difference between the measured ozone
and above 20km, the deviations are smaller in comparisoroncentrations is obtained from ozonesonde and HALOE ob-
magnitude of the deviation~0-5%) which is noted above respect to the ozonesonde observations, i.e.
21km, as illustrated by ozonesonde measurement, further
proves the accuracy of both instruments. The observed large (OS(Sonde _ OS(Haloe))
deviation in the lower height region, from 15km to 18 km O3(bias = o)
3(Sonde
HALOE (also see Fig. 3b). Itis consistent with the report by Figure 6 represents the obtained percentage of difference be-
Borchi etal. (2004) revealing that the HALOE measurementsyeen the ozonesonde and HALOE measurements. It shows
are not reliable for tropical upper troposphere, especially bethat for aimost all the months, the differences vary fre@0
low 22km. This is also true for the SAGE-Il measurementso, to +60 % with positive and high values between 15km
HALOE ozone mixing ratio may have measurement errors ofnormalized profile, as depicted in Fig. 3b, showing the low
about 30% at 100 hpa and about 8% at 1 hpa pressure levelgccuracy of HALOE ozone measurements in the upper tro-
An earlier study on quality of HALOE ozone measurementsposphere. Lu et al. (1997) compared ozone measurements
in the stratosphere reveals that the uncertainty in measurgrom ozonesonde, SAGE-II and HALOE. They found a sim-
ozone concentrations retrieval and remove aerosol interferepitomized an increase in relative differences with respect to
ence (Bhatt et al., 1999). ozonesonde with decreasing altitude. The differences were
found to be high in the height region from 15 and 20 km.
It might be due to different techniques followed by satellite

found to be smooth in comparison to the ozonesonde mea-

pass location which has the discrepanciesbf and+25°.

tion (see Sect. 3.5). 1T 2 3 4 5

deviations are found to be in the range from 0 to 35%. The3_5 Difference between ozonesonde and HALOE measure-

with the ozonesonde deviation (Fig. 4b). The similarity inthe seryations. The percentage of difference is calculated with

may be due to the lower accuracy of ozone estimation by

(Morris et al., 2002). Biihl et al. (1996) determined that the and 17.5km. It further confirms the result obtained from the

ments is due to the forward model which is used to correcfjjar kind of difference in the measurements. Their result
and ozonesonde. Also, their observations illustrated that the
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HALOE data obtained by version 18 is better than that ob-
tained by version 17. We have used version 19 of HALOE
data, which may further improved the estimation.

Height (km )
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3.6 Monthly evolution of ozone and its relation with QBO

The monthly mean ozone concentrations for the period
from 1992 to 2004 have been derived from ozonesonde and
HALOE data. The height-time cross-section of monthly
mean ozone concentrations from ozonesonde and HALOE S R e sy Py
measurements are displayed in Fig. 7a—b and their corre- Month

sponding percentages of difference with respect to the over-

all monthly mean values are presented in Fig. 7d and eFig. 7. (a—b)Height-time-Monthly evolution of ozone concentra-
The HALOE measurements are presented for the 15-45 knfions obtained from the ozonesonde and HALOE measurements,
height region while the ozonesonde measurements are givel§) QBO phase illustrated from the zonal mean wind over equator
between 15- and 30-km. Generally, the mean ozone con(d_e_)the ozone anomalies with respect to the overall monthly mean
centration from ozonesonde and HALOE are increasing Withobtgmed from the ozonesonde and HALOE measurements for the
height from 15 to 24 km and then decreases above 27 km'f.)enoGI from January 1992 to December 2004.
The high ozone concentration is displayed frerB1 km to

27 km with localized maximum value at about 27 km. In
comparison to the ozonesonde measurement, the HALOHEoD the relative satellite low resolution, and (4) to the possi-
satellite measurements show modest difference in ozone corble aerosol interference ingd¥alues retrieval. It is also evi-
centrations values less thatb%. The low ozone values ob- dent from the Fig. 6 that the HALOE under estimates ozone
tained from ozonesonde at higher height regions could beoncentration in the upper troposphere. Though there are
due to lower measuremental accuracy and the accuracy ingap in the measurements during some years/month and for
creases with decrease in height. The monthly evolutions othe ozonesonde and HALOE, both clearly display descend-
ozone concentration represent annual oscillation with maxing/ascending trends of in the 20-30 km height region. Such
imum and minimum during May and December months. variations are clearer from HALOE measurements than from
It is also apparent from the figure that the monthly varia- ozonesonde and it might be caused by quasi-biennial oscilla-
tions of HALOE ozone values are not much different for tion (QBO) modulation. In order to compare the monthly
the height region from 18 to 21 km when compared with themean ozone values and the ozone anomalies with quasi-
height region between 24 and 27 km. This may be relatecbiennial oscillation (QBO) structures, the zonal mean wind
to (1) the fact that satellite measurements are made followdata for the corresponding period is plotted in Fig. 7c. We
ing a downward scan (from top to bottom), (2) to the cor- use zonal wind data obtained at an equatorial site Singapore
responding uncertainty increases with decreasing height, (3j1.30° N; 103.85 E). The zonal wind data over equator is

Height (km )
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generally accepted as a representative of the QBO structure
and applied by the researchers (see Naujokat, 1986). The as-_
cending/ descending structure of ozone by ozonesonde mea-z ™
surements are found to be related to the easterly/westerly
phase of QBO in some years. The years 1999 and 2004, in- RN A R R D B A i
dicate the descending structure of ozone with westerly phase P S e R
of QBO. The year 1998 illustrates the ascending structure of __(b)
ozone with easterly phase of QBO. For all the other years, =.
the structure is not very clear from the ozonesonde measure- :

T)

Ozone
2

% a7 = = PR
ment. Itis almost similar for the HALOE measurements, but £ = .t G
due to non-availability of ozone data for intermittent months ~ ~ G VRS (P (VR U RGO UGS DR g R Jpv
in a year, it is not easy to investigate. T -::Wt . 4) wsoomo oo

The percentage of deviations or anomalies is obtained for
each _individual month from the monthly mean ozone yal- Fig. 8. (a)Monthly mean evolution of integrated ozone values ob-
ues with respect to the corresponding monthly climatologicaliained for the period from 1992 to 2004 by TOMS, OAS and SAOZ
values of ozone. With increasing height, the percentage ofneasurements(b) The normalized percentage of difference ob-
anomalies is less and highly reduced-@4 km, also both the  tained from OAS and SAOZ measurements with respect to TOMS.
HALOE and ozonesonde measurements show less bias val-
ues within+10%. Both Ozonesonde and HALOE measure-
ments show positive/negative deviations for the heights be45%. The total ozone follows an easy-to-spot annual cy-
low/above 21 km. It is also clear from the figure that the ob- cle with a maximum during spring (September—October) and
served high anomalies below 21 km are concurrent with thea minimum by early winter (May). Such seasonal varia-
mentioned high deviation in the monthly mean ozone valuetions are consistent with other reported results for southern
as demonstrated from Fig. 4b. Further, the positive/negativdiemisphere sites (Logan and Kirchhoff, 1986; Fishman et
percentage of deviations of ozone might be in connectioral., 1990; Kirchhoff et al., 1991; Kim and Newchurch, 1996;
to the QBO with westerly/easterly phases. It is clearer forFujiwara et al., 2003).
the HALOE measurements than the ozonesonde measure- The ozonesonde measurement during the initial period
ments. The earlier report from SHADOZ data by Thompsonfrom September 1992 to December 1993 shows low ozone
et al. (2003b) observed that the stratospheric ozone profilesoncentrations (see Fig. 8a). It is also noted from Fig. 8b
do exhibit QBO cycle. (TOMS-OAS differences) that during 1992-1995 there is a

It is also apparent from the figure that neither HALOE nor quite regular decrease. Taking into account the latitudinal
SAGE-II satellite data do not undertake the local-disturbingspread of Pinatubo aerosols, notably in the Southern Hemi-
event (like, convection activities, cyclones and etc.,), whichsphere, and their effects on ozone in the stratosphere, one can
perturb highly the ozone concentrations. Since, the main obspeculate that ozone profiles recorded at Reunion highlight
jective of the paper is to provide a picture of the climatolog- the ozone reduction due to Pinatubo aerosol loading.

ical variation of ozone with height, we have not discussed The SAOZ total ozone measurements nearly follow that
these events in detail. of TOMS, but the values are less than TOMS and OAS. The

absence of SAOZ values during September 1996 to August
3.7 Total ozone and comparison with TOMS and SAOZz 1997 is due to technical changes: software and spectrome-
measurements ter upgrade. The TOMS observation is found to be higher
than the SAOZ and the in-situ observations are in agreement
Here, the integrated ozone columns have been obtainewith earlier documented result from southern high latitudes
from the normalized (the combined ozonesonde and SAGE{Newchurch et al., 2000; Kita et al., 2000; Bodeker et al.,
Il measurement) ozone profile. The total ozone time-serie®001; Masserot et al., 2002). Earlier works indicated that
are presented in Fig. 8a and the relative percentages of dithe TOMS measurements are approximately 1% higher than
ferences with respect to the TOMS values are shown inthe average of 30 northern mid-latitude ground-based sta-
Fig. 8b. The relative percentage of difference is calculatedtions and the discrepancy is higher at southern mid-latitudes
for SAOZ and the integrated ozone from OAS with respect(WMO, 1999).

to the TOMS data, i.e., Newchurch et al. (2000) and Masserot et al. (2002) found
a significant excess of total ozone of 10-15DU in TOMS
(O3(To|v|s) - Og(xxx)) measurement during cloudy conditions and also investigated
Os(bias = O *1000 the incorrect tropospheric ozone climatology, dynamical and
3(TOMS) :

chemical influences, instrument calibration error and the al-
The monthly variations in total ozone obtained from the nor-gorithm assumption could be the reason for observed excess
malized profiles (OAS) are mostly closer to TOMS within in TOMS total ozone.
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The Fig. 8b illustrates that the percentage of difference isand TOMS) measurements. The ozone measurements by
within £10% and shows that OAS is in better agreement withozonesonde, HALOE and SAGE-II are in agreement with
TOMS than SAOZ, except the post-Pinatubo period (earlytheir stated level of uncertainties. The largest relative dif-
1992 to 1993. During the initial period of time from 1992 ferences between the satellite and ozonesonde measurements
to 1994, the OAS expresses a high negative bias more thaare found in the height region from 15km to 20km, sug-
~10% (i.e., the TOMS value is higher than the OAS values)gesting the underestimation of ozone by HALOE in the tro-
and later we find a nearly positive bias. Comparatively, theposphere height regions. Unambiguously, both ozonesonde
SAOZ measurements display difference in the range®f and HALOE satellite measurements revealed the maximum
8% for most of the cases. The overall mean difference be-and minimum ozone concentrations during the spring/winter
tween TOMS and OAS is-2 DU and for TOMS and SAOZ and the autumn/summer months, respectively. Such depicted
is ~4DU. Thereby, it is evident that the OAS is in better monthly variations of ozone at heights above and below
agreement with TOMS than SAOZ. This is in accordance26 km are found to illustrate an opposite cyclic behaviour of
with the statements mentioned in a review article by Stae-maximum and minimum ozone concentrations. The relative
helin et al. (2001) and a report by Pommereau and Goutaitlifference between the HALOE and ozonesonde measure-
(1988) that the SAOZ measurements are better in the poments, demonstrates a positive/negative values for heights
lar regions than in the equator, as it does not require direcbelow/above 20 km. The monthly temporal variation of the
solar radiation and the visible absorption by ozone is muchozone concentration for the height region from 15-30 km
less temperature dependent than UV absorption. A comparashows descending/ascending trends and which are in rela-
tive study between SAOZ and other techniques reported thation to the easterly/westerly QBO phase. The time evolu-
SAOZ is clearly 10-15 DU lower than other techniques andtion of total column ozone obtained from TOMS, SAOZ,
attributed the differences to the used AMF's factors (Vaughanozonesonde and SAGE-II (OAS), follows an annual cy-
et al., 1997; Sarkissian et al.,, 1997). The TOMS ozonecle with maximum during May-June months. Relatively,
measurement illustrating high values of 1-2 DU with OAS the total column ozone by TOMS displays a high value in
is in good agreement with the earlier result from WMO (see comparison with the SAOZ and the integrated ozone from
WMO, 1999) where they found that TOMS measurement isozonesonde and SAGE-Il. The measured OAS total column
1-2% higher in southern low- and mid-latitude regions (Stae-ozone values are in better agreement with TOMS than SAOZ.
helin et al., 2001). The above realized results are found to be in better agree-
ment with other reported results for southern hemisphere’s
mid- and high-latitude stations. The added appendix at the
end provides the monthly mean ozone concentration and its

. . - §tandard deviation for Reunion, which can be further consid-
We presented the general climatalogical characteristics o .
ered as a monthly representative one.

stratosphere ozone for a southern sub-tropical site (Re-
union Island, 21S; 55 E) using large databases of in-situ
(ozonesonde and SAOZ) and satellite (HALOE, SAGE-II

4 Summary and concluding remarks
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Appendix A

Ozone value for Reunion

Table Al. Monthly mean & 102 mol/cn®).

Height Jan Feb March Aprii May June July Aug Sep Oct Nov Dec
(km)

1 0.43 0.44 0.45 053 057 067 066 063 068 0.64 053 047
2 0.44 0.47 0.47 054 058 067 069 070 070 0.67 056 0.56
3 0.57 0.60 0.57 059 059 067 066 076 083 084 077 0.71
4 0.70 058 0.67 071 058 067 069 084 086 095 093 0.79
5 0.62 0.61 0.68 066 061 067 067 083 086 095 0.89 0.86
6 0.63 0.66 0.67 069 057 067 066 086 083 091 0.83 0.86
7 0.62 0.64 0.63 064 057 065 073 069 076 081 085 0.74
8 0.68 058 0.54 0.60 057 058 070 068 072 0.82 0.81 0.68
9 0.64 059 0.49 054 053 052 059 063 070 0.78 0.74 0.68
10 0.47 0.47 0.44 049 052 053 054 057 064 069 072 0.60
11 0.48 0.40 0.39 047 046 049 047 046 056 051 058 0.52
12 0.38 0.37 0.38 045 045 045 036 044 053 055 053 043
13 0.39 0.37 0.38 042 040 042 035 039 042 048 050 0.46
14 0.39 0.41 0.38 041 037 042 040 040 039 051 050 0.40
15 0.42 0.45 0.45 040 039 043 039 044 041 049 049 043
16 0.45 0.39 0.45 043 039 048 049 052 048 050 052 0.49
17 0.52 0.52 0.49 050 044 049 055 062 066 0.63 0.62 0.55
18 0.82 0.79 0.72 0.67 065 069 072 081 097 096 098 0.89
19 1.37 131 1.28 1.23 120 143 146 156 171 172 161 155
20 201 182 191 198 192 208 223 238 247 259 254 238
21 274 255 252 268 257 295 307 3.00 295 3.15 3.04 3.07
22 3.32 310 3.16 3.07 313 339 360 373 349 371 355 3.46
23 3.78 3.70 3.62 369 385 380 4.08 4.11 382 4.14 406 3.98
24 409 412 4.07 420 421 438 443 454 437 446 439 431
25 434 441 4.39 450 442 444 454 443 435 452 445 4.39
26 437 4.44 4.46 445 445 438 433 424 424 438 438 4.45
27 436 431 4.43 436 435 421 399 390 391 423 424 432
28 408 410 4.6 397 405 371 358 349 357 385 4.04 4.04
29 3.78 382 3.76 362 345 325 340 3.16 328 3.68 3.64 3.58
30 3.28 345 332 321 296 273 292 280 300 326 333 3.27

www.ann-geophys.net/25/2321/2007/

2331

Ann. Geophys., 25, 23234-2007



2332 V. Sivakumar et al.: Ozone climatology and variability

Table A2. (b) Standard deviation{10'2 mol/cn®).

Height Jan Feb Mar Aprii May June July Aug Sep Oct Nov Dec
(km)

1 0.07 0.07 0.07 006 004 005 006 003 003 0.06 0.09 0.09
2 0.05 007 005 007 003 0.04 005 0.07 0.06 0.05 0.07 0.09
3 0.10 0.10 0.07 0.10 0.07 0.06 0.09 0.16 0.10 0.06 0.08 0.13
4 0.12 006 0.09 0.08 007 008 011 0.08 0.13 0.06 0.07 0.14
5 0.10 010 0.1 o012 0.07 0.09 0.07 011 012 0.05 010 0.12
6 0.12 0.10 0.10 0.0 0.07 0.10 0.08 0.09 0.13 0.05 0.10 0.08
7 0.09 012 0.09 006 006 011 0.09 0.10 0.13 0.06 0.07 0.12
8 0.11 010 0.07 005 008 0.08 0.06 0.07 010 0.08 0.06 0.13
9 0.10 010 0.09 0.08 0.08 0.08 0.08 0.06 009 0.08 0.08 0.11

10 0.11 0.09 0.07 005 014 0.09 0.09 009 0.09 010 0.03 0.11
11 0.11 0.08 0.04 008 009 006 0.07 010 0.07 0.13 0.05 0.10
12 0.08 009 008 011 0.12 0.05 0.07 0.04 0.07 0.06 0.04 0.07
13 0.08 008 0.08 009 009 005 0.06 006 0.08 0.08 0.08 0.09
14 0.08 006 0.07 004 006 005 005 0.08 0.04 004 0.03 0.08
15 0.06 005 0.07 006 004 005 006 0.06 005 0.05 0.04 0.08
16 0.07 004 0.04 005 004 005 0.08 0.04 0.05 0.07 0.05 o0.07
17 0.08 0.06 0.07 007 003 0.07r 0.07 009 0.07 008 0.12 0.09
18 009 009 011 009 006 0.11 0.10 0.06 0.15 0.11 0.11 0.14
19 021 015 0.13 011 006 020 023 019 0.08 0.13 011 0.19
20 019 011 015 023 016 036 027 028 024 022 021 0.32
21 0.15 015 0.13 019 018 034 024 027 034 027 023 0.26
22 0.20 013 0.13 012 017 036 014 028 031 0.26 0.22 0.28
23 019 014 014 012 022 022 024 030 038 0.19 0.16 0.20
24 0.22 019 016 0.17 024 013 021 016 031 0.16 0.16 0.18
25 0.18 011 0.15 014 014 013 013 0.13 015 0.14 012 0.18
26 0.16 011 0.7 017 015 0.22 022 0.16 015 0.15 0.10 0.15
27 0.16 010 0.3 015 017 020 025 0.18 0.15 0.23 0.11 0.14
28 0.15 016 0.16 028 021 0.27 0.18 0.15 0.18 030 0.13 0.18
29 0.17 014 020 029 033 0.17 029 009 021 0.27 016 0.17
30 0.15 015 021 025 028 0.18 030 0.06 036 0.27 0.22 0.20
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