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RESUMEN

Se estudian las características climatológicas del ozono sobre Irene, Sudáfrica (25.5º S, 28.1º E) con la ayuda 
de observaciones satelitales y de campo. El objetivo principal de este trabajo es, por lo tanto, analizar la 
variabilidad vertical de la distribución de ozono sobre Irene. Se utilizan mediciones de sonda de ozono y de 
la mesosfera-termosfera baja realizadas con la sonda para medición de microondas en la zona atmosférica 
limítrofe (Microwave Limb Sounder, MLS) del satélite Aura en el periodo 2004-2007. Las mediciones del 
MLS se recolectan cuando el instrumento pasa sobre Irene. Los perfiles verticales de ozono se obtienen 
mediante sondas de ozono y tienen buena concordancia con los obtenidos del MLS a una altitud de 15 km y 
superior. La mayor concentración de ozono se encuentra en la región comprendida entre los 23 y 27 km. La 
variación mensual de la concentración de ozono medida tanto por sondas como por el MLS muestra máximos 
y mínimos durante la primavera y el verano, respectivamente. En la primavera, las concentraciones de ozono 
medidas por sonda son de 4.5 × 1012 moléculas cm–3, en tanto que las medidas por el MLS son de ~4.1 × 1012 
moléculas cm–3. Se encontró una diferencia en el rango de 0.4 × 1012 a 0.8 × 1012 moléculas cm–3 en todas 
las estaciones excepto en el invierno, cuando la diferencia fue de 0.6 × 1012 a 0.9 × 1012 moléculas cm–3.

ABSTRACT

In this investigation, the climatological characteristics of ozone over Irene (25.5º S, 28.1º E) are studied with 
the aid of both ground-based and satellite observations. The principle aim of this work is therefore to examine 
the variability of vertical ozone distribution over Irene. Ozonesonde measurements and satellite measurements 
in the mesosphere-lower thermosphere region from the Microwave Limb Sounder (MLS) onboard the Aura 
satellite and it measures for the period 2004-2007 are employed in this study. The MLS satellite measurements 
are collected when it overpasses Irene. The vertical ozone profiles are obtained from ozonesondes and the 
MLS and are found to be in good agreement from a 15 km altitude and above. Maximum ozone concentra-
tion is found in the altitude between 23-27 km. The monthly variation of ozone concentration measured by 
ozonesondes and MLS show maximum and minimum concentrations during spring and autumn, respectively. 
During spring, the maximum ozone concentration measured by ozonesonde is 4.5 × 1012 molecules cm–3 
while that measured by the MLS instrument is ~4.1 × 1012 molecules cm–3. A difference in the range of 
0.4 × 1012 to 0.8 × 1012 molecules cm–3 was obtained for all seasons except during winter, when the difference 
was in the range 0.6 × 1012 to 0.9 × 1012 molecules cm–3. 
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1.	 Introduction
Since 1985 it has been shown that total column 
ozone (TCO) has decreased by about 30 DU over 
southern mid-latitudes (Bodeker et al., 2001); thus, 
the number of studies investigating trends and mea-
surement of TCO have greatly increased. In order 
to study ozone variability and climatology over 
time, researchers have used different instruments 
and measurement techniques at various geographic 
locations. Ozonesondes have proven to be the most 
effective instrument for both tropospheric and lower 
stratospheric ozone measurement (Diab et al., 2004). 
However, a review of Barnes et al. (1985) showed 
that although ozonesondes provide effective and 
precise ozone measurements, they do not provide 
global coverage. The limitation of ozonesondes may 
be complemented with satellite measurements, which 
provide global coverage but at a low frequency of 
observation for a selected geographical location. 
More recently, Ziemke et al. (2011) studied the global 
climatology of tropospheric and stratospheric ozone 
using Ozone Monitoring Instrument (OMI) as well as 
Microwave Limb Sounder (MLS) measurements by 
combining six years of measurements from October 
2004 to December 2010. They validated the satellite 
measurements with ozonesonde measurements from 
the World Ozone and UVR Data Centre (WOUDC) 
and Southern Hemisphere Additional Ozonesondes 
(SHADOZ) sites. Their integrated ozone values over 
the troposphere and stratosphere compared to satellite 
and ozonesonde measurements showed good agree-
ment, especially at low and mid-latitudes. However, 
a difference of about 5 DU over high latitude regions 
was noted. The climatological results over 20º S to 
25º S and 25º S to 30º S latitude bands demonstrate 
annual variations with maximum values recorded 
during September and October, respectively.

Over an adjacent subtropical location, Sivakumar 
et al. (2007) presented measurements for ozone cli-
matology and variation in the stratosphere at Reunion 
Island (21º S; 55º E) using in situ measurements from 
ozonesondes (from September 1992 to February 
2005) and Système D’Analyse par Observations 
Zénithales (SAOZ) data (from January 1993 to De-
cember 2004). Their results revealed that ozonesonde 
measurements were higher when compared to data 
form the Stratospheric Aerosol and Gas Experiment 
(SAGE II) and the Halogen Occultation Experiment 

(HALOE), which showed a deviation of ~3% in the 
lower troposphere. Their seasonal ozone variation 
showed a springtime maximum in an altitude range 
between 24-28 km. They also obtained the propor-
tional difference between measurements from HA-
LOE and ozonesondes, which corresponded to ±5% 
when ozonesonde data was taken as the reference. 
The result of their comparison of monthly ozone 
data from the Total Ozone Mapping Spectrometer 
(TOMS) and the normalized ozone profiles obtained, 
showed agreement within ±5 %. They noted low 
values between 1992 and 1995, which they attributed 
to the spread of aerosols in the Southern Hemisphere 
from the Mount Pinatubo eruption which occurred on 
June 15, 1991. The results presented in this study for 
Irene are compared to results over Reunion Island, 
a southern subtropical site. Apart from the above 
observations, there are few studies over Irene, which 
concentrate mainly on the troposphere (Diab et al., 
2004; Clain et al., 2009). Diab et al. (2004) presented 
vertical tropospheric ozone distributions and found an 
increase of ~10 ppbv in surface ozone except during 
summer months. They attributed this increase to the 
effect of increased anthropogenic sources during win-
ter. The climatology of tropospheric ozone over Irene 
and Reunion was discussed by Clain et al. (2009) 
with measurements from ozonesondes, LIDAR and 
aircraft. They indicated that tropospheric ozone over 
Irene was influenced by biomass burning as well as 
stratospheric-tropospheric exchange in an altitude 
range between 4-16 km. 

The research presented in this work is organized 
in two parts. First, the climatological and vertical 
variability of ozone over Irene (25.5º S; 28.1º E), 
South Africa, is investigated. This is followed by a 
study of TCO variations for this location. Irene is 
uniquely situated due to the availability of vertical 
ozone profiles as a result of the regular launch of 
combined radiosondes with ozone sensors (generally 
referred as ozonesondes). Furthermore, Irene is also 
a component of the SHADOZ network (Thompson 
et al., 2003a, b). 

Irene is located between the two highly indus-
trialized cities of Pretoria and Johannesburg in the 
subtropical region of the Southern Hemisphere (its 
geolocation is illustrated in Fig. 1). Semane et al. 
(2006) conclude that it is an area of interest due to 
the observation of high and low latitude influences 
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attributed to transport processes; they observed an un-
usual stratospheric ozone decrease over Irene in May 
2002. In this study, the role of isentropic transport of 
polar and tropical air masses was investigated and it 
was found that the unusual stratospheric decrease was 
due to the isentropic transport of air masses both in 
the lower and middle stratosphere. Like other South-
ern Hemisphere locations, Irene displays Southern 
Hemisphere tropospheric ozone seasonality, namely, 
an austral spring maximum. This behavior is different 
from other ozonesonde stations in the African tropics 
such as Ascension and Brazzaville (Diab et al., 2004).

2.	 Instruments and data
2.1 Ozonesondes
An ozonesonde is a balloon-borne instrument at-
tached to a meteorological radiosonde. Ozonesondes 
contain electrochemical concentration cells (ECC), 
which consist of an electrochemical cell with two 
half cells made of teflon serving as the cathode and 
anode chamber. Both cells contain potassium mesh 
electrodes and are immersed in a potassium iodide 
solution of different concentrations. The two cham-
bers are connected by an ion bridge to provide an 

ion pathway and to prevent the mixing of the cath-
ode and anode electrolytes. When the ECC senses 
ozone, it reacts with the potassium iodide solution 
and produces a weak current that is proportional to 
the concentration of ozone in the sampled air.

Irene became part of the SHADOZ program in 
1998 (Thompson et al., 2003a, b) and since then an 
average of two measurements per month have been 
recorded over the intervening years. Ten years of 
ozonesonde data collected over Irene from 1998 to 
2007 (archived on the SHADOZ website (http://croc.
gsfc.nasa.gov/shadoz) are used in the present study. 
During this study period ozonesondes are launched 
twice per month. Due to financial limitations, no 
launches took place from January-October 1998, 
February 2004, January 2006, July-November 2006, 
June 2007, and November 2007, while some months 
had a single launch. Due to further financial crises, 
measurements were stopped in 2007 and resumed in 
September 2012. All ozonesonde data used for this 
study are filtered to within 2σ (standard deviation) 
for better quality. Data whose standard deviations 
are more or less than the range selected for this study 
are not used. However, future research is planned 
to address these anomalous (high or low) ozone 
measurements. 

2.2. Microwave Limb Sounder (MLS) instrument 
measurements
MLS is one of the four instruments onboard the Aura 
satellite. It has three objectives, namely to track 
stability of the stratospheric ozone layer, provide 
better climate change predictions and improve un-
derstanding of global air quality. MLS measurements 
of atmospheric parameters include temperature, 
humidity, cloud cover, water vapor and ice levels, 
all of which are recorded during both day and night. 
The MLS instrument uses spectral bands in the mil-
limeter and submillimeter wavelength regions with 
spatial resolution performed along the suborbital 
track, and it varies depending on the parameter to be 
measured. MLS has improved the understanding of 
the ozone depletion process by critical monitoring the 
stratosphere when the atmosphere is saturated with 
chlorine. It has also helped in monitoring climate 
change through the investigation of both season-
al-to-inter-annual and long-term variability of both 
tropospheric and stratospheric ozone. Comparison 

Irene
Reunion

604020

Longitude (W-E)

0–20

–40

–20

0

La
tit

ud
e 

(S
-N

)

20

40

Fig. 1. Geographical location of Irene (South Africa) and 
Reunion. 
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between MLS data measurements and balloon-borne 
instruments shows a difference in values of ~5 to 10% 
(Froidevaux et al., 2006). It should be noted that the 
accuracy of MLS measurements is approximately 
5% (see also Livesey et al., 2008).

In this study, vertical ozone profiles for ~4 years 
(August 2004-December 2007) are employed. The 
relevant data is obtained from the Aura archive for 
Irene’s geographical co-ordinates corresponding to 
the latitude and longitude ranges of 25.885-25.873º 
S and 28.213-28.234º E. Further information on 
MLS can be obtained from the website http://mls.jpl.
nasa.gov/index-eos-mls.php. In a method analogous 
to ozonesonde measurements, MLS data have also 
undergone qualitative analysis and data outside ±2σ 
are not used for the present study.

2.3. Comparison of MLS and ozonesonde data sets
The data used for analysis of combined ozone 
variations are taken from ozonesonde and MLS 
measurements for the years 2004-2007, since only 
these years have common profile measurements, 
i.e., Irene ozonesonde data is available from 1998 to 
2007 while MLS Aura data is available from 2004 
to 2013. Therefore, the only overlap period for the 
combined data sets is 2004-2007. The ozone values 
from the two data sets are combined and averaged to 
determine the monthly mean ozone variability. The 
combined data set has allowed the construction of 
a mean ozone profile for an altitude range between 
0-70 km. However, the results presented in this 
work are focused on the tropospheric (0-15 km) 
and stratospheric (15-30 km) regions. The monthly 
mean ozone values obtained (0-70 km) and their 
corresponding standard deviation are tabulated and 
presented in Appendix 1.

3.	 Results and discussion
The vertical profile variation and climatology of 
ozone over Irene is examined using both ground-
based and satellite observations. The height profile 
is divided into two altitude regions, namely tropo-
spheric ozone (0-15 km) and stratospheric ozone 
(15-30 km). Ozone measurements in the altitude 
range between 0-4 km are referred to as surface 
ozone for the purposes of this study. The obtained 
results from the above analysis are presented in the 
following subsections.

3.1. Monthly climatology of tropospheric ozone de-
termined from ozonesonde data
To characterize monthly ozone climatology, ozone-
sonde data over Irene are combined and their average 
mean of corresponding months (irrespective of years) 
is determined. Figure 2a shows monthly mean ozone 
for an altitude range between 0-15 km. Variations in 
vertical ozone concentrations range from 0.5 × 1012 

molecules cm–3 to 2.5 × 1012 molecules cm–3. The 
presence of larger amounts of surface ozone com-
pared to ozone at higher altitudes can be attributed to 
increasing urban industrialization (Diab et al., 2004). 
Increase in the number of industries, coupled with 
growing population, vehicular activities as well as 
human activities have all contributed to an increase 
in the production of surface ozone.

Above 4 km a decline in ozone concentration is 
noted, mainly attributed to surface deposition of the 
ozone formed and fast titration by species emitted 
from the surface. There is however an increase in 
ozone concentration above 12 km as this altitude cor-
responds to the tropopause, where dynamic processes 
are expected to occur. In terms of tropospheric ozone 
seasonality, minimum ozone concentration is found 
to be in May. This corresponds to the season of low 
maritime air masses conveyed across the continent in 
relation to mid-latitude westerly waves, as reported by 
Diab et al., 2004. These authors demonstrated an ozone 
maximum during spring in both the lower and upper 
troposphere and attributed this maximum to biogenic 
(vegetative and microbial) emissions, lightning pro-
duction, photochemical sources and most importantly 
biomass burning. It is noted that the biomass burning 
period over Irene (June-October) is mostly distributed 
from north to south (10º to 20º and a more easterly 
direction at 25º; Dlamini et al., 2013). This could be 
a possible reason for the observed ozone maximum in 
spring (August-October) in the southern hemisphere. 

Figure 2b shows the monthly standard deviation 
for tropospheric ozone. The vertical variations in 
deviation range from 0.05 × 1012 to 0.6 × 1012 mol-
ecules cm–3. This result indicates that there is not 
much variability for altitudes up to a few kilometers 
above ground level, which could be partly due to the 
measurement limitations of the ozonesonde.

A maximum standard deviation with an average 
value of ~0.4 × 1012 molecules cm–3 is observed 
in July which corresponds to the beginning of the 

http://mls.jpl.nasa.gov/index-eos-mls.php
http://mls.jpl.nasa.gov/index-eos-mls.php
http://mls.jpl.nasa.gov/index-eos-mls.php
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biomass burning season over South Africa. Average 
standard deviation for an altitude below 3 km cor-
responds to ~0.4 × 1012 molecules cm–3 in July. The 
high deviation observed during the month of July 
might be due to various factors, such as the decreased 
frequency of data used. Furthermore, the station also 
may be influenced by long range transport including 
the local biomass burning peak period. However, 
the observed standard deviation is small compared 
to the measured mean ozone concentration (see Fig. 
2a) by ozonesondes, revealing a high accuracy of 
this instruments.

3.2. Monthly climatology of stratospheric ozone de-
termined from ozonesonde data
In this section, stratospheric ozone climatology and 
its variability over Irene is presented. Figure 3a 

shows the monthly mean variation of ozone for an 
altitude between 15 and 30 km. As discussed earlier, 
monthly mean values are obtained by grouping the 
ozonesonde data in terms of months irrespective of 
the year of measurement and their corresponding 
calculated mean. Vertical ozone concentrations vary 
from 1 × 1012 to 5 × 1012 molecules cm–3 for the alti-
tude range of 15-30 km. Ozone concentrations for an 
altitude range between 15 and 18 km correspond to 
~1 × 1012 to 2 × 1012 molecules cm–3 and increases 
to ~2 × 1012 to 4 × 1012 molecules cm–3 between 18 
and 21 km. A maximum ozone concentration of 4.5 
× 1012 molecules cm–3 is found in an altitude range 
between 22 and 27 km. Above 27 km, ozone con-
centrations decrease as expected. A maximum ozone 
concentration is recorded during spring (increasing 
from late winter) while the minimum is measured 
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during the summer/autumn months. An earlier study 
over Reunion (21º S, 55º E) concluded that such 
seasonal ozone variations agreed with the Quasi-Bi-
ennial Oscillation (QBO) phase (easterly/westerly) 
Sivakumar et al. (2007). Thompson et al. (2007) 
stated that variations in the zonal wave number also 
influence the enhancement of ozone during spring and 
could also be partly due to transport and re-circulated 
ozone from African biomass burning regions. There 
are also pronounced mid-latitude influences due to 
stratospheric-tropospheric ozone injection during 
winter (Thompson et al., 2003a).

The monthly standard deviation for Irene is pre-
sented in Figure 3b; values are found to be in the 
range from ~0.1 × 1012 to ~0.8 × 1012 molecules 
cm–3. A low standard deviation is recorded for the 
altitude range where maximum ozone concentration 
is measured for all months, which agrees with the 

results obtained over Reunion (Sivakumar et al., 
2007). Maximum standard deviations are obtained 
in an altitude range between 17 and 21 km, which 
corresponds to the tropopause where A large devi-
ation is expected due to occurring dynamical and 
chemical processes (Sivakumar et al., 2007, 2011; Jun 
and Hui-Jun, 2010). As determined previously, the 
standard deviation is found to be higher during July.

3.3 Monthly variations of stratospheric ozone deter-
mined from MLS measurements
Similarly to the analysis performed using ozone-
sonde data, MLS ozone measurements over Irene 
are analyzed for a 10-yr period. The data are grouped 
according to the month (irrespective of the year) 
and their corresponding means are calculated. The 
monthly mean obtained for MLS data is smoother 
when compared ozonesonde data (Fig. 4a). This 
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may be due to the reduced height resolution of MLS 
data. The maximum ozone concentration is found to 
be in an altitude range between 22 and 28 km and is 
~4 × 1012 molecules cm–3. This value is lower than 
ozonesonde measurements for the same altitude 
range, which agrees with earlier published results on 
global ozone climatology for the 25-30º S latitude 
range (Ziemke et al., 2011). 

Apart from the above-mentioned observation, 
there are no significant differences between ozone 
levels recorded by MLS and ozonesonde for strato-
spheric altitudes; however, the actual differences are 
described in section 3.4. Jiang et al. (2007) observed 
a similar pattern in MLS and ozonesonde mea-
surements over southern and northern hemisphere 
regions (particularly in the 20-30º S latitude range). 
Figure 4a shows that ozone concentration decreases 
above 28 km, as expected. However, low ozone 
values recorded during winter months need to be 
explored in detail.

The monthly standard deviation for MLS data is 
presented in Figure 4b. Over an altitude range between 
15-30 km, deviations in molecule concentration vary 
from between 0.1 × 1012 to 0.6 × 1012 molecules cm–3. 
A maximum standard deviation of ~0.4 × 1012 mole-
cules cm–3 is observed in August in an altitude range 
between 18-20 km, which lies just above or closer 
to the tropopause height for Irene (Sivakumar et al., 
2010). This is a region where maximum deviation is 
expected. It is also inferred from Figure 4b that there 
is a shift of a month for observed maximum standard 
deviation between ozonesonde data (maximum in July) 
and MLS data (maximum in August).

3.4 Comparison of ozonesonde and MLS Aura data
Figure 5 shows the differences in percentage between 
ozone concentrations measured by ozonesonde and 
the MLS instrument, which were calculated by sub-
tracting ozone measurements recorded by MLS from 
the values obtained by ozonesonde. The results show 
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very low differences between measurements, except 
at stratospheric altitudes where a maximum differ-
ence in ozone concentration is noted. Mostly, values 
vary by –10 to –15% for altitudes below 23 km. For 
an altitude range between 23-30 km, differences in 
percentage values are positive and mostly within 
10-15%. The discrepancies between data sets may 
be attributed to difference in instrumentation, time 
overlap of measurements between ozonesonde and 
MLS instrument, and the method of ozone retrieval. 
It should be noted that Froidevaux et al. (2006) found 
that the accuracy in MLS measurements is reduced 
by about 5% in the lower stratosphere. 

3.5 Comparison between MLS and ozonesonde 
height profiles
As discussed earlier, annual mean ozone values are 
obtained by compiling all the years of data, irre-
spective of the month. The altitude range considered 
for comparison of MLS and ozonesonde data is 
15-30 km. The length of compared data is limited 
to 4 yr (2004-2007), as this is the total period of 
the overlapped data set, as described in Section 2.3. 
Although MLS measurements are recorded for an 
altitude range from 10 to 60 km, values between 15 
and 30 km are used for comparison with ozonesonde 
measurements. Figure 6a shows the mean annual 
profile obtained from both ozonesonde and MLS. 
In general, ozone concentrations for 2004 and 2005 
measured by ozonesonde are higher than those 
measured by MLS. It is also noted that ozonesonde 
measurements in 2004 were much higher than data 

recorded in 2005, a trend which is also observed in 
MLS measurements. The cause of this increase over 
a 1-yr period needs to be examined. As expected, 
maximum ozone concentrations are observed in an 
altitude range between ~22-27 km. Above 27 km, 
ozone concentration decreases with an increase in 
altitude. The MLS profile replicates the same strato-
spheric ozone profile, namely a gradual increase from 
the tropopause to a ~27 km altitude.

To further examine yearly variations, mean ozone 
concentrations for 2006 and 2007 from ozonesonde 
and MLS were computed and are shown in Figure 6b. 
The results of ozone concentration variations with 
change in altitude agree with those shown in Fig-
ure 6a, except that stratospheric maximum has 
moved up by 1 km to an altitude range between 
23-28 km. For both MLS and ozonesonde measure-
ments, overall ozone concentration in 2007 is found 
to be higher than that recorded in 2006. These results 
are in partial agreement with a study by Ziemke and 
Chandra (2012), who reported the recovery of ozone 
levels over the last decade and attributed this finding 
to the stability of atmospheric chlorine and bromine 
concentrations. It is possible to attribute their find-
ings to such factor, however further data is needed to 
quantify the level of ozone recovery in the last decade. 

3.6 Monthly variations of stratospheric ozone by 
combined MLS and ozonesonde observations
Mean monthly values are obtained by grouping 
both MLS and ozonesonde data over the altitude 
range from 15 to 30 km for the period 2004-2007. 
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Measurements are grouped by month, irrespective 
of the year. The calculated monthly mean values are 
presented in Figure 7a. The vertical ozone variation 
varies from 1 × 1012 to 5 × 1012 molecules cm–3. There 
is no significant variation in ozone concentration 
between 15 and 18 km as obtained earlier from both 
instruments separately (see Figs. 3 and 4). Ozone 
concentrations in this altitude range vary between 
1 × 1012 to 4.5 × 1012 molecules cm–3. For the alti-
tude range between 18-21 km, a steady increase in 
stratospheric ozone is observed from 1.5 × 1012 to 
2.5 × 1012 molecules cm–3. A maximum ozone concen-
tration is recorded in the altitude range from 23 to 27 km 
with spring ozone concentration corresponding to 

~4.7 × 1012 molecules cm–3. During autumn, a low 
ozone concentration of 3.5 × 1012 molecules cm–3 is 
recorded, with a very similar concentration obtained 
during summer. All four seasons replicated the same 
altitude variation with respect to maximum ozone 
concentration, as measured by ozonesonde and MLS. 
Above 28 km, ozone concentration decreases with 
increasing altitude.

The monthly standard deviation obtained from 
the combined ozonesonde and MLS measurements 
is presented in Figure 7b. Over the 15-30 km alti-
tude region, variations are in the range 0.1 × 1012 to 
0.5 × 1012 molecules cm–3. This range of varia-
tion is selected to illustrate the measured standard 
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Fig. 6. Height profile of mean annual ozone obtained from ozonesonde and 
MLS (a) for 2004-2005, and (b) for 2006-2007.
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deviation. The obtained standard deviation is very 
close to the earlier determination of individual devi-
ation observed by MLS and ozonesonde. In general, 
the standard deviation is further smoothened due to 
the addition of both instrument data sets. A maximum 
standard deviation is obtained in the an altitude range 
between 17-21 km, corresponding to 0.45 × 1012 mol-
ecules cm–3. The lower height in this altitude range 
(~17 km) corresponds to the height of the tropopause, 
which can vary from 14 to 18 km over Irene. This 
variation in tropopause height is dependent on both 
season and atmospheric dynamics (Sivakumar et al., 
2011; Jun and Hui-Jun, 2010). Biomass burning may 
also be responsible for the observed high standard 
deviation in July as this is the start of the biomass 
burning season in the southern hemisphere tropics 
(Sivakumar et al., 2006).

Using the above combined MLS and ozonesonde 
data, the mean monthly vertical ozone profile has 

been constructed for an altitude range from 1 to 
70 km. The calculated monthly mean ozone concen-
trations and corresponding standard deviations (at 
a resolution of 1 km) are tabulated in Appendix 1.

3.7 Comparison between ozonesonde measurements 
in Irene and Reunion
This section compares ozonesonde measurements 
over Irene and Reunion, as they are adjacent southern 
subtropical sites. As discussed earlier, ozonesonde 
data from 1992-2005 were used for an analysis of 
their climatology. Though ozonesonde launching 
in Irene commenced in 1998 compared to 1992 in 
Reunion, these two locations may still be used for a 
valid comparison of their climatology and variabil-
ity. Both stations displayed the well-documented 
ozone springtime maximum and autumn minimum, 
as observed in the southern subtropics. The vertical 
profile of maximum ozone concentration for both 

Fig. 7. (a) Monthly mean stratospheric ozone and (b) their corresponding stan-
dard deviation, obtained from a combined concentration of SHADOZ and MLS 
measurements for the 15-30 km altitude range (2004-2007).
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stations is quite similar. For Reunion during spring, 
maximum ozone concentration was recorded in 
the altitude range between 24-28 km, while for 
Irene, a springtime maximum was found between 
22-27 km. A maximum ozone concentration of 4.5 
× 1012 molecules cm–3 was recorded in Reunion 
with a very close agreement to corresponding values 
measured over Irene. The reasons for these variations 
have been discussed in Section 3.2. As illustrated 
by the comparison of measurements over Reunion 
and Irene, it can be concluded that for adjacent 
southern subtropical sites, similar climatology and 
variability can be expected. The seasonal variation in 
stratospheric ozone over Reunion is linked to wave 
propagation into the stratosphere when westerly 
winds occur. A low standard deviation was observed 
above the altitude range where a maximum ozone 
concentration was found, and is attributed to less 
ozone fluctuations in this region. A maximum stan-
dard deviation was observed at both stations in the 
tropopause region (15-21 km). The stratosphere-tro-
posphere exchanges as well as meridian changes 
are expected to likely be the source of high standard 
deviation in the tropopause region.

4.	 Summary
The research presented in this work focuses on 
troposphere-stratosphere ozone climatology and 
its variability from ground-based and satellite 
observations over Irene for the period 2004-007. 
Ozonesonde data archived in SHADOZ for the 
period 1998-2007 are compared to profile mea-
surements from the MLS instrument for the period 
2004-2013. Based on the above results, this research 
is summarized as follows:

Mean annual ozonesonde data showed an in-
crease in ozone concentration with altitude. The 
region of maximum ozone concentration is found 
in the altitude range between 22-27 km, which 
corresponds to the expected stratospheric ozone 
maximum. The MLS has identified maximum 
ozone concentrations in the altitude range be-
tween 21-26 km (1 km lower than ozonesondes). 
Measurements from ozonesondes and MLS 
showed an increase in ozone concentration of 
1 × 1012 to 2 × 1012 molecules cm–3 with an increase in 
altitude range from 15-18 km to 18-21 km. The ozone 
concentration corresponding to the stratospheric 

maximum was found to be 4.5 × 1012 molecules cm–3. 
Irene, like other Southern Hemisphere stations 
agrees with the well-established and documented 
spring maximum and autumn minimum of both total 
column and stratospheric ozone.

Low values of monthly standard deviations cor-
respond to periods when maximum ozone concentra-
tions were recorded. Maximum standard deviations 
were observed at attitudes between 17-21 km, a 
region that corresponds to the tropopause height. 
Observed deviations could be related to a number 
of factors, including the duration of local biomass 
burning period, long-range transport, and a reduced 
number of ozonesonde measurements. 

Differences between ozonesonde and MLS 
measurements were calculated. A small difference 
between these two data sets was noted, except for 
measurements at altitudes corresponding to the strato-
spheric ozone maximum. Differences in percentage 
were found to vary, mostly within ±10%, showing 
a higher variation above 20 km, which could be 
related to an error associated with ozonesonde mea-
surements at altitudes above 20 km. The results of 
this climatology showed consistent agreement with 
earlier results and the documented variation over the 
Southern Hemisphere.

Comparison of adjacent southern subtropical sites 
showed similar climatology for both the stratospheric 
maximum and minimum values, which is linked to 
wave propagation into the stratosphere. A maximum 
standard deviation for both stations was observed in 
the tropopause, likely due to stratosphere-troposphere 
exchange as well as meridian exchanges.
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Appendix 1. Monthly mean (× 1012 molecules cm–3) ozone concentrations and their corresponding standard deviations 
over Irene for the altitude range between 1-70 km (2004-2007). 

Height 
(km)

Jan Feb Mar April May June July Aug Sep Oct Nov Dec

1 1.330 1.030 1.080 0.805 0.801 0.852 0.984 0.949 1.110 1.030 1.060 1.130
2 1.260 1.040 1.020 0.836 0.804 0.890 1.040 1.090 1.200 1.150 1.100 1.130
3 1.200 0.938 0.923 0.727 0.695 0.720 0.984 0.982 1.080 1.080 0.978 1.020
4 1.200 0.933 0.849 0.689 0.633 0.732 0.950 0.868 0.945 1.030 0.952 0.954
5 1.210 0.905 0.812 0.644 0.582 0.714 0.911 0.777 0.867 0.973 0.895 0.876
6 1.160 0.917 0.797 0.606 0.550 0.655 0.889 0.704 0.819 0.893 0.816 0.881
7 1.110 0.851 0.802 0.535 0.474 0.608 0.841 0.736 0.800 0.832 0.814 0.813
8 1.110 0.811 0.808 0.504 0.463 0.576 0.812 0.682 0.773 0.788 0.758 0.762
9 1.080 0.746 0.770 0.456 0.441 0.550 0.806 0.657 0.706 0.780 0.735 0.714

10 0.766 0.707 0.629 0.625 0.605 0.684 0.654 1.050 1.230 1.230 1.180 1.200
11 0.558 0.557 0.510 0.516 0.499 0.589 0.577 0.963 1.050 1.050 0.966 0.958
12 0.483 0.478 0.465 0.476 0.467 0.514 0.542 0.817 0.913 0.945 0.891 0.850
13 0.470 0.413 0.40 0.436 0.452 0.450 0.499 0.692 0.837 0.852 0.842 0.800
14 0.437 0.440 0.419 0.446 0.468 0.505 0.533 0.883 0.927 0.895 0.851 0.770
15 0.424 0.473 0.509 0.469 0.534 0.585 0.569 0.990 1.060 0.972 0.868 0.773
16 0.704 0.698 0.707 0.682 0.801 0.840 0.812 1.430 1.690 1.550 1.400 1.260
17 1.010 0.988 0.918 0.963 1.060 1.150 1.220 2.220 2.480 2.400 2.210 1.900
18 1.700 1.680 1.620 1.690 1.810 2.020 2.220 3.570 3.760 3.710 3.550 3.040
19 2.450 2.380 2.360 2.410 2.640 2.990 3.160 4.630 4.860 4.70 4.560 4.090
20 3.140 3.050 3.000 3.040 3.300 3.750 3.780 5.470 5.740 5.460 5.280 4.960
21 3.560 3.480 3.420 3.480 3.660 4.120 4.040 5.950 6.120 5.870 5.660 5.450
22 3.850 3.810 3.790 3.830 3.860 4.130 3.990 5.940 5.970 5.890 5.780 5.680
23 4.060 4.050 4.080 4.070 3.930 3.960 3.850 5.690 5.670 5.780 5.780 5.820
24 3.980 4.010 4.050 3.970 3.730 3.620 3.600 5.210 5.280 5.490 5.560 5.650
25 3.710 3.770 3.800 3.620 3.390 3.200 3.270 4.600 4.810 5.070 5.190 5.280
26 3.370 3.420 3.440 3.200 3.050 2.860 3.000 4.120 4.410 4.690 4.820 4.880
27 2.940 2.970 2.940 2.700 2.640 2.510 2.690 3.650 3.940 4.220 4.300 4.350
28 2.740 2.740 2.700 2.490 2.420 2.340 2.470 3.390 3.660 3.930 3.980 4.040
29 2.490 2.470 2.420 2.240 2.180 2.130 2.210 3.090 3.340 3.580 3.610 3.660
30 2.170 2.140 2.090 1.950 1.910 1.890 1.900 2.730 2.960 3.150 3.150 3.170
31 1.920 1.880 1.830 1.730 1.710 1.670 1.650 2.430 2.640 2.770 2.750 2.760
32 1.660 1.630 1.590 1.530 1.520 1.470 1.440 2.150 2.320 2.390 2.360 2.370
33 1.420 1.400 1.370 1.350 1.350 1.290 1.250 1.890 2.010 2.030 1.990 2.000
34 1.210 1.190 1.180 1.180 1.190 1.140 1.100 1.660 1.730 1.720 1.670 1.680
35 1.010 1.000 1.000 1.020 1.030 0.997 0.950 1.420 1.450 1.420 1.360 1.380
36 0.830 0.834 0.846 0.865 0.887 0.870 0.821 1.200 1.190 1.160 1.100 1.120
37 0.689 0.688 0.709 0.730 0.757 0.754 0.708 1.000 0.972 0.933 0.884 0.905
38 0.567 0.570 0.592 0.610 0.636 0.641 0.604 0.816 0.784 0.748 0.708 0.726
39 0.467 0.472 0.493 0.509 0.534 0.544 0.514 0.665 0.632 0.601 0.568 0.582
40 0.384 0.391 0.410 0.422 0.446 0.458 0.435 0.537 0.507 0.482 0.455 0.464
41 0.322 0.330 0.346 0.354 0.371 0.385 0.369 0.438 0.415 0.396 0.374 0.379
42 0.272 0.280 0.293 0.298 0.310 0.323 0.314 0.359 0.341 0.327 0.309 0.312
43 0.229 0.239 0.248 0.252 0.259 0.271 0.266 0.295 0.280 0.270 0.256 0.257
44 0.197 0.207 0.213 0.215 0.219 0.228 0.227 0.245 0.234 0.227 0.215 0.216
45 0.166 0.175 0.179 0.180 0.184 0.190 0.190 0.202 0.192 0.188 0.178 0.178
46 0.140 0.148 0.148 0.150 0.153 0.157 0.158 0.165 0.157 0.154 0.146 0.146
47 0.115 0.122 0.120 0.121 0.125 0.126 0.128 0.130 0.125 0.122 0.116 0.117
48 0.093 0.098 0.095 0.096 0.099 0.100 0.102 0.100 0.097 0.094 0.090 0.091
49 0.074 0.075 0.073 0.074 0.076 0.077 0.080 0.074 0.072 0.070 0.068 0.069
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Appendix 1. Monthly mean (× 1012 molecules cm–3) ozone concentrations and their corresponding standard deviations 
over Irene for the altitude range between 1-70 km (2004-2007). 

Height 
(km)

Jan Feb Mar April May June July Aug Sep Oct Nov Dec

50 0.062 0.061 0.061 0.061 0.063 0.064 0.066 0.060 0.058 0.056 0.055 0.056
51 0.514 0.051 0.050 0.050 0.052 0.053 0.055 0.048 0.047 0.045 0.045 0.045
52 0.043 0.043 0.042 0.043 0.044 0.045 0.047 0.039 0.039 0.037 0.037 0.037
53 0.037 0.037 0.037 0.037 0.039 0.040 0.041 0.034 0.033 0.032 0.032 0.032
54 0.032 0.032 0.033 0.033 0.035 0.036 0.036 0.030 0.029 0.027 0.028 0.028
55 0.026 0.026 0.026 0.027 0.028 0.029 0.029 0.024 0.023 0.022 0.023 0.022
56 0.025 0.025 0.025 0.026 0.027 0.028 0.027 0.022 0.021 0.021 0.022 0.021
57 0.024 0.024 0.025 0.026 0.027 0.028 0.027 0.021 0.021 0.021 0.021 0.021
58 0.023 0.024 0.025 0.027 0.028 0.027 0.026 0.021 0.021 0.022 0.021 0.021
59 0.024 0.024 0.026 0.027 0.029 0.028 0.027 0.021 0.021 0.022 0.021 0.021
60 0.024 0.024 0.026 0.028 0.030 0.030 0.027 0.022 0.021 0.022 0.021 0.021
61 0.025 0.025 0.026 0.029 0.031 0.031 0.028 0.022 0.021 0.023 0.022 0.022
62 0.026 0.025 0.025 0.029 0.029 0.023 0.028 0.023 0.021 0.015 0.022 0.022
63 0.027 0.024 0.024 0.029 0.026 0.022 0.028 0.022 0.021 0.014 0.023 0.023
64 0.031 0.024 0.024 0.029 0.023 0.020 0.028 0.022 0.021 0.014 0.023 0.024
65 0.045 0.014 0.023 0.001 0.008 – – 0.021 0.018 0.001 0.051 0.001
66 0.053 0.017 0.033 0.001 0.011 – – 0.018 0.020 0.001 0.061 0.001
67 0.061 0.021 0.044 0.001 0.013 – – 0.015 0.023 0.001 0.071 0.001
68 0.068 0.024 0.054 0.001 0.016 – – 0.012 0.026 0.001 0.081 0.001
69 0.076 0.027 0.064 0.001 0.018 – – 0.009 0.028 0.001 0.091 0.001
70 0.095 0.001 – – – – – – – – – 0.000
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Standard deviation (× 1012 molecules cm–3)

Height 
(km)

Jan Feb Mar April May June July Aug Sep Oct Nov Dec

1 0.757 0.513 0.413 0.283 0.190 0.206 0.454 0.247 0.251 0.222 0.273 0.317
2 0.678 0.430 0.342 0.218 0.163 0.251 0.410 0.221 0.246 0.196 0.153 0.288
3 0.650 0.329 0.314 0.099 0.133 0.135 0.321 0.206 0.212 0.194 0.149 0.264
4 0.662 0.342 0.282 0.128 0.133 0.149 0.358 0.141 0.185 0.136 0.154 0.257
5 0.638 0.391 0.354 0.083 0.121 0.149 0.318 0.150 0.227 0.214 0.188 0.238
6 0.674 0.350 0.314 0.090 0.168 0.128 0.319 0.104 0.210 0.096 0.171 0.271
7 0.706 0.348 0.285 0.106 0.133 0.122 0.298 0.109 0.175 0.141 0.138 0.238
8 0.652 0.318 0.263 0.107 0.095 0.079 0.283 0.116 0.116 0.165 0.168 0.278
9 0.664 0.301 0.263 0.106 0.102 0.076 0.313 0.148 0.097 0.141 0.199 0.231

10 0.193 0.194 0.189 0.161 0.168 0.084 0.089 0.156 0.170 0.180 0.186 0.194
11 0.158 0.155 0.161 0.132 0.142 0.074 0.078 0.127 0.163 0.166 0.164 0.155
12 0.135 0.135 0.136 0.115 0.121 0.069 0.070 0.123 0.170 0.153 0.155 0.134
13 0.130 0.116 0.116 0.108 0.120 0.068 0.066 0.138 0.178 0.148 0.143 0.128
14 0.134 0.107 0.116 0.126 0.136 0.076 0.085 0.141 0.196 0.167 0.139 0.124
15 0.153 0.092 0.127 0.143 0.159 0.093 0.112 0.175 0.230 0.186 0.149 0.136
16 0.128 0.089 0.121 0.156 0.181 0.128 0.135 0.268 0.283 0.220 0.172 0.150
17 0.125 0.115 0.128 0.179 0.199 0.164 0.157 0.327 0.301 0.267 0.203 0.174
18 0.133 0.126 0.130 0.171 0.196 0.145 0.177 0.281 0.256 0.255 0.202 0.188
19 0.118 0.115 0.110 0.144 0.180 0.139 0.162 0.229 0.197 0.175 0.171 0.177
20 0.106 0.095 0.099 0.118 0.144 0.151 0.128 0.210 0.146 0.131 0.147 0.155
21 0.092 0.079 0.092 0.100 0.102 0.140 0.111 0.156 0.107 0.110 0.125 0.129
22 0.080 0.068 0.077 0.080 0.085 0.107 0.093 0.099 0.075 0.079 0.088 0.097
23 0.074 0.061 0.065 0.076 0.102 0.090 0.079 0.091 0.071 0.064 0.071 0.087
24 0.072 0.061 0.071 0.102 0.142 0.091 0.088 0.107 0.086 0.076 0.085 0.096
25 0.071 0.066 0.085 0.129 0.179 0.087 0.103 0.118 0.090 0.089 0.097 0.100
26 0.071 0.068 0.086 0.130 0.188 0.083 0.108 0.118 0.091 0.094 0.100 0.098
27 0.065 0.066 0.078 0.114 0.166 0.084 0.102 0.102 0.093 0.087 0.090 0.088
28 0.062 0.064 0.076 0.105 0.148 0.081 0.097 0.094 0.092 0.080 0.079 0.084
29 0.058 0.059 0.072 0.092 0.126 0.075 0.089 0.084 0.087 0.072 0.067 0.077
30 0.053 0.050 0.062 0.072 0.098 0.064 0.077 0.071 0.077 0.063 0.054 0.065
31 0.052 0.048 0.054 0.060 0.075 0.054 0.061 0.061 0.063 0.053 0.045 0.054
32 0.051 0.045 0.044 0.049 0.055 0.046 0.047 0.054 0.051 0.044 0.038 0.046
33 0.048 0.041 0.035 0.040 0.040 0.039 0.035 0.048 0.040 0.037 0.034 0.039
34 0.044 0.037 0.031 0.033 0.031 0.034 0.028 0.043 0.034 0.033 0.031 0.034
35 0.040 0.033 0.028 0.027 0.028 0.032 0.025 0.038 0.033 0.031 0.030 0.032
36 0.035 0.028 0.025 0.024 0.028 0.031 0.023 0.033 0.033 0.028 0.028 0.029
37 0.030 0.024 0.023 0.021 0.030 0.031 0.022 0.029 0.032 0.025 0.025 0.026
38 0.024 0.020 0.021 0.020 0.031 0.030 0.021 0.027 0.029 0.022 0.021 0.022
39 0.020 0.018 0.018 0.019 0.030 0.028 0.021 0.024 0.025 0.019 0.018 0.019
40 0.016 0.015 0.016 0.018 0.028 0.026 0.020 0.022 0.021 0.016 0.015 0.016
41 0.014 0.013 0.014 0.015 0.024 0.023 0.018 0.019 0.018 0.014 0.013 0.014
42 0.012 0.013 0.012 0.013 0.020 0.021 0.017 0.017 0.015 0.012 0.011 0.012
43 0.012 0.012 0.011 0.011 0.017 0.018 0.015 0.015 0.013 0.011 0.010 0.011
44 0.012 0.013 0.011 0.010 0.014 0.016 0.015 0.014 0.013 0.011 0.010 0.010
45 0.012 0.013 0.011 0.009 0.012 0.014 0.014 0.013 0.012 0.010 0.009 0.010
46 0.012 0.013 0.011 0.010 0.011 0.013 0.013 0.013 0.012 0.010 0.009 0.011
47 0.013 0.013 0.011 0.011 0.011 0.012 0.012 0.013 0.012 0.010 0.010 0.011
48 0.012 0.012 0.011 0.010 0.010 0.011 0.012 0.012 0.011 0.010 0.009 0.011
49 0.011 0.011 0.009 0.009 0.009 0.011 0.010 0.010 0.009 0.009 0.009 0.009
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Standard deviation (× 1012 molecules cm–3)

Height 
(km)

Jan Feb Mar April May June July Aug Sep Oct Nov Dec

50 0.010 0.010 0.009 0.009 0.009 0.010 0.010 0.010 0.009 0.009 0.009 0.009
51 0.010 0.010 0.010 0.009 0.010 0.010 0.010 0.009 0.009 0.009 0.009 0.009
52 0.010 0.010 0.010 0.010 0.010 0.011 0.011 0.010 0.010 0.010 0.010 0.010
53 0.011 0.011 0.012 0.012 0.012 0.012 0.013 0.011 0.012 0.012 0.012 0.012
54 0.013 0.013 0.013 0.013 0.013 0.014 0.014 0.013 0.013 0.013 0.014 0.013
55 0.015 0.015 0.015 0.015 0.015 0.016 0.016 0.015 0.015 0.015 0.015 0.015
56 0.016 0.016 0.016 0.016 0.016 0.018 0.018 0.017 0.016 0.016 0.017 0.017
57 0.017 0.017 0.018 0.017 0.018 0.020 0.020 0.018 0.018 0.018 0.018 0.018
58 0.018 0.018 0.019 0.018 0.019 0.022 0.021 0.019 0.020 0.019 0.020 0.019
59 0.020 0.020 0.020 0.020 0.021 0.024 0.023 0.021 0.021 0.020 0.021 0.020
60 0.021 0.021 0.021 0.022 0.022 0.025 0.024 0.022 0.022 0.022 0.022 0.021
61 0.023 0.022 0.022 0.023 0.024 0.026 0.025 0.024 0.023 0.023 0.023 0.022
62 0.023 0.023 0.023 0.023 0.023 0.025 0.025 0.025 0.024 0.023 0.023 0.022
63 0.023 0.024 0.025 0.024 0.023 0.025 0.026 0.025 0.026 0.024 0.023 0.022
64 0.022 0.024 0.026 0.025 0.023 0.025 0.027 0.026 0.028 0.024 0.023 0.022
65 0.018 0.013 0.023 0.015 0.001 0.039 – 0.020 0.012 0.023 0.023 0.000
66 0.015 0.013 0.021 0.011 0.000 0.030 – 0.016 0.014 0.020 0.027 0.006
67 0.011 0.013 0.018 0.008 0.000 0.021 – 0.011 0.016 0.016 0.031 0.012
68 0.007 0.013 0.016 0.005 0.000 0.012 – 0.006 0.018 0.013 0.035 0.017
69 0.003 0.012 0.013 0.002 0.000 0.004 – 0.002 0.020 0.009 0.039 0.023
70 – – – – – – – – – – – –


