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Abstract. The Observatoire Haute Provence (OHP) station is one of the few long-term measuring stations for vertical ozone
profiles in southern Europe. Since 1991, vertical ozone distribution has been monitored by the OHP weekly electrochemi-
cal concentration cell (ECC) ozonesonde. In this study, we have corrected the ECC datasets for the period 2002-2007. The
correction of the ECC has been carried out using comparisons with other ozone-measuring instrument at the same station,
stratospheric lidar, and with collocated satellite observations of the ozone vertical profile by Microwave Limb Sounder (MLS).
Median ozone concentration of the ECC for the period 2002-2007 was -3.4 % lower than that of the stratospheric lidar and
MLS. The ECC internal pump temperature showed a sudden drop of 16 K at 25 km for the period 2002-2007 compared to the
period 1991-2001. Considering the long-term trends of the ECC current and stratospheric lidar ozone concentration at 25 km
as well as the ECC pump speed trend, we show that the observed ECC pump temperature between 2002 and 2007 is too low
by —10 K at 25 km. The ECC pump temperature for the period 2002-2007 has been corrected accordingly by 0 K at 0 km and
10 K at 30 km and the bias at 25 km with the stratospheric lidar and MLS have been reduced to -0.5 %.

1 Introduction

The stratospheric ozone layer recovery is expected considering the decrease of the ozone-depleting substances (ODSs) because
of the Montreal Protocol and its amendments (WMO, 2023). In the upper-stratosphere (above 35 km), ozone increase has
been confirmed by various studies e.g. (Godin-Beekmann et al., 2022; Petropavlovskikh et al., 2025; Steinbrecht et al., 2017).
The monitoring of ozone in the upper troposphere and lower stratosphere (UTLS) region is crucial for Earth’s radiation budget
e.g. (Riese et al., 2012) and for modulating air quality near Earth’s surface via deep stratospheric intrusions e.g. (Lin et al.,
2015). Despite its importance, the confidence in the long-term ozone trends in the UTLS remains low (Godin-Beekmann et al.,
2022; Petropavlovskikh et al., 2025; Steinbrecht et al., 2017; Van Malderen et al., 2021). The longest records of the vertical
ozone distribution in the stratosphere are provided by balloon borne ozonesondes regularly launched at more than 50 stations
around the world. The ozonesonde is a small and lightweight instrument that measures atmospheric ozone profiles up to about
30-35 km (Kombhyr, 1969; Komhyr et al., 1995). The ozone measurement is based on the electrochemical method where ozone
is titrated in a potassium iodide (KI) sensing solution. The chemical transformation generates an electric current proportional

to the amount of ozone; hence the name electrochemical concentration cell (ECC). Data of many ozonesonde stations were
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recently reprocessed to reduce uncertainties in ozone trends (Ancellet et al., 2022; Sterling et al., 2018; Tarasick et al., 2016;
Van Malderen et al., 2016; Witte et al., 2017, 2018), but some instrumental artifacts still need to be addressed at some stations
(Smit and Thompson, 2021). The homogenization of the ozonesonde records followed the Ozonesonde Data Quality Assess-
ment (O3S-DQA) panel recommendations (Smit et al., 2012). At the Observatoire de Haute Provence (OHP: 43.93° N, 5.71°
E), ozone vertical profile monitoring has been carried out since the mid-1980s by ozonesondes and lidar observations. The
OHP is one of the few long-term measuring stations for vertical ozone profiles in Southern Europe. Improvement and homog-
enization of the ECC ozone observations at OHP from 1991 to 2021 has been detailed in Ancellet et al. (2022). However ECC
total columns after homogenization still show underestimated values for the 2005-2007 period when looking at comparisons
with satellite observations (Fig. 9 in Ancellet et al. (2022)). Therefore detailed comparisons of OHP ECC profiles with lidar
and Microwave Limb Sounder (MLS) observations are needed in the stratosphere. This paper begins with an overview of the
ozonesonde measurement system, and brief descriptions of stratospheric lidar and the MLS data in section 2 followed by a
comparison of ozone concentrations between ozonesonde and collocated lidar/MLS records in section 3. The reprocessing
approach and methodology are described in section 4. The analyses that compare the original and reprocessed time series are

also described. The conclusion appears in section 5.

2 Data
2.1 Ozonesonde

The ECC ozonesondes have been used since 1991 to measure ozone vertical profile every week (generally around 09:00
UT). The ECC generates an electrical current through the reaction of ozone in a KI solution. The ozone partial pressure
Pps (measured in mPa) is then obtained from the electrochemical current I,; (measured in pA), the background current I
measured in the preparation laboratory with an ozone removal filter after the sonde was exposed to ozone, the gas volume flow
rate ®p (in cm®.s 1) of the air sampling pump, its temperature 7 (in K) and the total efficiency of the ozone sensor 17 (Smit
and Thompson, 2021).

430610 2.Tp

Pos =
* T npnanc.®p

(I —=1) ey

The total efficiency 77 consists of pump flow efficiency 1, absorption efficiency 774 and conversion efficiency of the absorbed
ozone n¢. The median value of the relative uncertainty in the ozone concentration measured by the ECC is on the order of
6—7 % in the stratosphere (Ancellet et al., 2022). Total column ozone (TCO) measurements by the UV-visible SAOZ (Systéme
d’Analyse par Observation Zénithale) and the Dobson spectrophotometer are available at OHP. The so-called normalization
factor is calculated as the ratio of the spectrophotometer TCO and the ECC TCO. Historically, ozonesonde profiles have often
been normalized or scaled to an independent measurement of the TCO. Normalization of ECC sonde profiles is no longer
recommended, however the normalization factor provides a useful indicator for the quality of ozonesonde profile data and the

consistency in ozonesonde data time series. We use the dataset of the Dobson spectrophotometer from 1991 to 2004 and of the
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SAOZ from 2004 to 2023 to calculate normalization factor. Only ozonesonde profiles with a normalization factor below 1.3
are considered here.

The details of instrument changes and the homogenization are described in Ancellet et al. (2022). Briefly, the main changes
considered in this work are as the following: a major change in the sounding procedure occurred in March 1997 when the
Science Pump Corporation (SPC) ozonesonde was replaced by the Environmental Science Corporation (EnSci) ozonesonde.
In July 2007, the radiosonde type switched from Vaisala RS80 to MODEM M10, together with a change of the position of
pump temperature inserted in the pump hole instead of being taped to the pump. No significant sounding preparation occurred
during the time period March 1997 and July 2007. Correction of 7T}, has been implemented to account for the changes in
the position of the ECC pump thermistor in June 2007. However the ECC pump temperature record remains inhomogeneous
for the the period 1991-June 2007 and this correction must be carefully assessed. In this work, the ECC pump temperature
correction is assessed by comparison of corrected ECC ozone concentrations with other ozone measurements obtained at OHP

in as close coincidence as possible.
2.2 Lidar

At OHP, regular nighttime measurements (2—4 per week) by the Differential Absorption Lidar (DIAL) ozone lidar have been
made since 1985 (Godin-Beekmann et al., 2002).The lidar is optimized for stratospheric ozone profiling between 10 and 50
km a.s.l. using an absorbed wavelength at 308 nm and a reference wavelength at 355 nm. Ozone profiles are obtained during
the night in clear sky conditions and over a time range of 4 hours. The best accuracy (5 %) is generally obtained in the 1540
km altitude range when ozone concentrations are large enough to minimize lidar systematic errors and signal-to-noise ratio
(SNR) is maximum (Nair et al., 2011; Wing et al., 2020). The coincidence is determined with a temporal criterion of £12 h of

the ECC sonde launch time for the comparison.
2.3 MLS

The Microwave Limb Sounder (MLS) on-board the Aura satellite measures vertical profiles of the abundances of key atmo-
spheric species, including ozone. We use Aura MLS version 5.0x ozone volume-mixing ratio vertical profile observations
(Schwartz et al., 2020) for a comparison with the ECC ozonesonde time series. The accuracy from 68 hPa to 4.6 hPa is 5-8
% (Livesey et al., 2022). The coincidence with the ECC sonde launch is determined with spatial differences less than +2.5°
latitude and £8° longitude, and temporal differences less than +-12 h. Using a smaller domain would significantly decrease
the number of coincidences. Data screening based on the recommended values of the status flag, quality field and convergence

field have been applied to the MLS data selected for the analysis of the stratospheric ozone profiles above OHP.

3 Comparison of ECC ozone concentrations with MLS and lidar

The monthly mean ozone concentrations of the ECC ozonesonde and the stratospheric lidar are compared for a layer of 2 km

thickness at 25 km (Fig. 1a). Monthly mean differences between ECC and lidar ozone concentrations are shown in Fig. 1c
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with frequent occurences of negative differences before 2007. The median relative difference is —4.6 % for the period January
2002—-June 2007, while the mean relative differences are —3.3 % and —0.3 % for the period March 1997-December 2001 and
July 2007-December 2023, respectively (Fig. 1¢). Considering coincident measurements within & 12 h, the difference between
the ECC ozonesonde and the lidar for the period January 2002 —June 2007 can be reduced (Fig. 1b and d). The median relative
difference is nevertheless as large as —3.4 % for the period January 2002—June 2007, while the mean relative differences are
—2.0 % and 0.1 % for the period March 1997-December 2001 and July 2007-December 2023, respectively (Fig. 1d). The two
times standard error on the median value is less than 1.5 %. So the bias is still significant for the period January 2002 —June
2007.
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Figure 1. Time series of the ozone concentration of the stratospheric lidar and the ECC ozonesonde at 25 km. Ozone concentrations are
calculated at altitude 25 km by averaging ozone over a range of 1 km. (a) Monthly mean and (c) mean relative ECC minus lidar ozone
concentration differences (in %). Monthly means are calculated for the months which the number of observations in each month is greater
than or equal to 3. (b) Ozone concentration and (d) relative ECC minus lidar ozone concentration differences for the coincident (< 12 h)
profiles. Black lines with values in (b and d) indicate median relative differences for three periods: January 1991-December 2001, January

2002-June 2007 and J uly 2007-December 2023.
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We have also compared ozone concentrations between the ECC ozonesonde and MLS at 26.1 hPa for the period January
2005-December 2023 (Fig. 2). The median relative difference for the period January 2005-June 2007 is also —3.4 % which is
larger than that for the period July 2007-December 2023 (Fig. 2b). The two times standard error on the median value being
now as large as 4.0 %. So the bias is not very significant when considering MLS for the period January 2002 —June 2007.
Nevertheless the sign of the bias is similar to the results obtained when comparing ECC and lidar for the period 2002-2007.
Therefore, we investigated the cause of the underestimation based on Eq. 1 and the statistical distibutions of the parameters

used to calculate the partial pressure of ozone.

4 Results and discussion
4.1 Time evolution of ozonesonde pump temperature

ECC internal pump temperature correction is one of the key factors in calculating ozone partial pressure as shown in section
2.1. Figure 3 shows its time evolution with three periods showing changes in the range of the ECC pump temperature. Values
are in the range 300-310 K after July 2007 while they are in the range 290-300 K before January 2002. This could be explained
by a major change of the ECC installation in the Styrofoam box when switching from Vaisala RS80 to MODEM M10 (new
electronic interface and new batteries). However the pump temperature has often dropped in the range 280-290 K between
January 2002 and July 2007 without a clear explanation for such a negative drop. Eventhough the homogenization in Ancellet
et al. (2022) accounted for the temperature positive correction due to the position of the thermistor being taped instead of
being inserted in the pump hole before July 2007. The unusally low values of the ECC pump temperature in 2002 - June 2007
corresponds to that of the ozone concentration observed in section 3. A correction of the ECC pump temperature measurement
for this time period is then needed. Other factors, namely, ozone concentration change in the stratosphere and the statistical
distribution of the pump flow rate or the ECC current must be taken into account before we apply such correction.

To verify the effect of the ECC temperature drop for the period January 2002—June 2007 on the ECC ozone concentration at
25 km, the measured ECC temperature drop has been compared with a ECC temperature drop calculated by using measured
ECC current, pump flow and ozone concentration based on the Eq. (1). The ozone concentration measured by the stratospheric
lidar at OHP is employed assuming that it is the best proxy to account for any long term ozone change in the stratosphere. We
consider three periods: March 1997-December 2001 as period 1, January 2002—June 2007 as period 2 and July 2007-December
2023 as period 3 in this analysis. We did not use the data before March 1997 to avoid considering a change of the efficiency
of the ozone sensor 77 when changing the type of ozonesonde in March 1997. The distributions and medians of the ECC
temperature, the ECC current, the pump flow and the ozone concentration of lidar are shown in Fig. 4 and Table 1. The
differences of ozone concentration observed by lidar among three periods are small (0—1 %).

The calculated percentage difference of ECC temperature derived from observed differences of ECC current and pump flow
rate can be expressed as:

ATp AOs A(Iy—1Ig) A(1/Pp)
Tp 05  (Iu—1Ip) (1/®p)

(@)
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Figure 2. Time series of the ozone concentration of MLS and the ECC ozonesonde at 25 km. Ozone concentrations are calculated at pressure

level 26.1 hPa by averaging ozone over a range of 1 km layer (31.6 hPa-21.5 hPa). (a) Ozone concentration and (c) relative ECC minus

MLS ozone concentration differences (in %) for the coincident (< 12 h) profiles. Black lines with values in (b and d) indicate median relative

differences for three periods: January 1991-December 2001, January 2002—June 2007 and July 2007-December 2023.
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Figure 3. Time evolution of the ozonesonde internal pump temperature as a function of altitude. Major changes of the ECC instrument are

shown in the bottom part of the figure.

Table 1. Medians of measured the ECC temperature, the current, the pump flow and the ozone concentration measured by the stratospheric

lidar for three periods: March 1997-December 2001, January 2002—June 2007 and July 2007-December 2023.

Period 1 Period 2 Period 3

Pump Temperature T, 306.06 K 289.84 K 29471 K

Current I/-Ip 3.38 uA 3.58 uA 3.47 pA
Pump Flow 1/®, 28.55's 27.84 s 29.52's
O3 concentration 4.18 102 422 102 422102

in molecule.cm ™3




Earth System
Science

Data

https://doi.org/10.5194/essd-2025-796
Preprint. Discussion started: 3 March 2026
(© Author(s) 2026. CC BY 4.0 License.

Open Access
suoIssnasIqg

(a) (b}
ECC temperature at 25 km (2-km average) ECC pump flow
05
0.07 1997-2001 1997-2001
0.06 —— 2002-2007 —— 2002-2007
— 2007-2023 0.4 — 2007-2023
0.05
0.3
2 004 Z
2 2
8 003 8 02
0.02
0.1
0.01
0.00 0.0
280 300 az20 340 26 28 30 32 34
289.84 K 2784 s
29471 K 2952s
() (d) Stratospheric lidar at 25 km (12-h coincidence)
ECC currrent at 25 km (2-km average) 1e=12
1997-2001 16 1997-2001 ]
1.4 —— 2002-2007 14 | — 2002-2007
12 —— 2007-2023 "~ | = 2007-2023
’ 1.2
10 1.0
2z Z
g o8 2 o8
8 8
0.6 06
0.4 04
0.2 0.2
0.0 0.0
2 3 4 5 20 25 30 35 40 45 50 55
1212
358 uA 4 22e+12 molec cm-3
347 uA 4.22e+12 molec cm-3

Figure 4. Density plot of the key factors in calculating the ozone partial pressure. (a) ECC temperature at 25 km, (b) ECC pump flow, (c)
ECC current at 25 km, and (d) ozone concentration measured by the stratospheric lidar at OHP for three periods: March 1997-December
2001 (light blue), January 2002—June 2007 (black) and July 2007-December 2023 (brown). The dashed lines and values in the bottom part

of figures show medians summarized in Table 1.
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Table 2. Differences of calculated pump Temperature AT p. using differences of measured current A(Iy; — Ig), pump flow Al/® and
ozone concentration by lidar AO3 for three periods: March 1997-December 2001, January 2002—June 2007 and July 2007-December 2023.

The calculated pump Temperature difference AT'p. is compared with the measured pump Temperature difference ATp.

Period 2 - Period 1  Period 3 - Period 1

AO3/04 1.0 % 1.0 %
Ay —1Ip)/(In—1I5)  575% 2.63 %
A(1/®p)/(10p) 252 % 334 %
ATp./Tpe 223 % 5.0 %
ATp. 6.6 K 150K
ATp 162K 114K
ATp — ATp. 96K 3.6K

Percentage differences are shown in Table 2 using measured values of period 2 and 3, i.e. when ozone underestimate change
from -3.4 % to 0.1 %. Taken period 1 as a reference, measured and calculated differences are not significantly different for

period 3 (< 4K) while their difference can be as large as -10 K for period 2.
4.2 ECC pump temperature correction

An ECC pump temperature correction was therefore applied for the period January 2002—June 2007 by increasing the ECC
pump temperature linearly with altitude. Since according to section 4.1, bias of the ECC pump temperature can be as large as

-10K in period 2 above 25 km, corrected ECC temperature 1'p.,, is calculated as:
Tpeor =Tp +az 3

where z is altitude (measured in km). We test three cases: & = 0.17 ( ATp =0 K at 0 km and ATp = 5 K at 30 km) called
version 2, a = 0.33 (ATp =0 K at 0 km and ATp = 10 K at 30 km) called version 3 and o = 0.50 (ATp =0 K at 0 km
and ATp = 15 K at 30 km) called version 4 in addition to o = 0 which is the uncorrected ECC temperature case. Four time
evolutions of ECC temperature are displayed in Fig. 5. We can see that the observed drop of ECC temperature for the period
January 2002-June 2007 is improved in version 3 and version 4.

To compare with the ozone concentrations of the stratospheric lidar and MLS, ozone concentrations are calculated by using
three corrected ECC temperatures. Originally, median ozone concentration of the ozonesonde at 25 km for period 2 shows -3.4
% lower compared with those of the lidar and MLS (Fig. 1d and 2b). Ozone concentration corrected by the ECC temperature
version 2 is still =2.0 % lower (Fig 6). The ECC correction version 3 (ATp =0 K at 0 km and ATp = 10 K at 30 km) should
reproduce ozone concentration which is equivalent to that of the stratospheric lidar according to Table 2. The ECC median
ozone concentration corrected by the ECC temperature version 3 is —0.5 % lower than the lidar median ozone concentration

during the period 2 (January 2002—June 2007). This-0.5 % bias lies between the median difference obtained during period 3
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Figure 5. Time evolutions of ozonesonde pump temperature as a function of altitude. (a) Original ECC temperature is corrected by using the

value (b) @ =0.17, (c) @ = 0.33 and (d) & = 0.50 in Eq. (3) for the period January 2002—June 2007.

(0.1 %) and during period 1 (-2 %). Comparisons between the ozonesonde and MLS show similar improvment of the bias with
unsignificant differences for version 3 and 4 considering the large standard errors.

Normalization factor is also a useful indicator for the consistency in ozonesonde data time series. The normalization factor
corrected by the ECC temperature version 4 is unable to maintain a stationary time evolution of the normalization factor from
1991 to 2024 since a well defined drop of the of the normalization factor occurs during the 2002-June 2007 period (Fig. 7d). The
result supports that the correction by the ECC temperature version 3 is the best option to improve the current homogenization
work of the OHP ECC time series from January 2002 to June 2007.

The ozone concentrations of the ECC ozonesonde version 3 are compared to the stratospheric lidar for a layer of 2 km
thickness at 25 km in figure 8a-b. The corresponding ECC data can be accessed at repository under data DOI (Ancellet
and Godin-Beekmann, 2025). The correction by the ECC temperature improves the difference from —3.4 % to —0.5 %. The
correction only slightly improves the median difference between the ECC ozonesonde and MLS at 26.1 hPa from —0.5 % to
0.2 % (Fig. 8c—d).

10
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Figure 6. Evaluation of ECC ozone concentration compared with lidar and MLS ozone concentrations. Results are presented as medians

and 2*standard errors of percentage difference for a corrected and two uncorrected periods. An uncorrected and three corrected ECC ozone

concentrations are tested for the period January 2002—June 2007.
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Figure 7. Time evolution of the ECC normalization factor. The dashed black lines are averages of normalization factors for the period January

1991-December 2023. The thick brown lines are the 100-point, centered, moving averages.

5 Conclusions

The ozonesonde dataset at OHP has been corrected based on an analysis of the ECC internal pump temperature for the period
January 2002—June 2007. Despite the dataset homogenization for the period 19912021 according to the recommendations of
the O3S-DQA (Smit and Thompson, 2021; Ancellet et al., 2022), we found that mean ozone concentration of the ECC for the
period 2002-2007 was -3.4 % lower than that of the stratospheric lidar at the same station and collocated satellite observations
by MLS. The ECC pump temperature showed a sudden drop of 16 K at 25 km for the period 20022007 compared to the
period 1991-2001. Taken the 1991-2001 period as a reference, observed ECC temperature decrease for the period after June
2007 is consistent with changes of the other measured parameters (flow rate, ECC current). However the -16.6 K temperature
decrease during the period 2002-2007 is too large and must be corrected by almost 10 K to match changes of the other measured
parameters. The ECC pump temperature for the period January 2002 — June 2007 has been corrected accordingly by 0 K at 0
km and 10 K at 30 km and the bias at 25 km with the stratospheric lidar and MLS have been reduced to -0.5 %.

6 Code and data availability

The uncorrected OHP ECC data are available at https://doi.org/10.25326/293. The corrected OHP ECC data are available at
https://dx.doi.org/10.25326/855 (Ancellet and Godin-Beekmann, 2025).

12



https://doi.org/10.5194/essd-2025-796 g Earth System O
Preprint. Discussion started: 3 March 2026 ¢ Science ¢

Auth 2026. BY 4.0 Li . g g
© Author(s) 2026. CC 0 License 8Data g

a . o c )
(@) 1e12 Ozone concentration (12-h coincidence) ) Ozone concentration at 26.1 hPa
- 1 e ! ' “ |
5.0 1 i g o
; 'I. . "
E a5 3 o tl. ﬂ- .5 -s"i'ﬁ;ﬁ o h‘;« u; ;J,tg:
) ! | Lol -
g 401 ." '!{ . : LY % - % 3 “
= 35 - Lo ." .
: v |
(<] 30 4 MLS | | | 1
b H .\ . + 1 ]
254" i | . . § B 5 i 5 5 e
1992 1996 2000 2004 2008 2012 2016 2020 2024 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
(b) . (d) )
- Difference% (12-h colnmdence] 20 Difference% at 26.1 hPa
104" : ' | '
g = &
¥ -10 -1 : © -10 £y .| ! -0y
£ - . o o, . .
=20 {-{---o-et E—zo— ot
8 =309 ; : ; ; . G =30 . : : ; i
el R B T At R & =40 1:0.5- 9%} | ; e« 1
=50 "= 1 ! i T T ~50 T 1 T 1 T T T !
1992 1996 2000 2004 2008 2012 2016 2020 2024 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024

Figure 8. Time series of ozone concentration of the stratospheric lidar and the ECC ozonesonde at 25 km, and MLS and the ECC ozonesonde
at 26.1 hPa. (a and c) Ozone concentration and (b and d) relative ECC minus lidar ozone concentration differences for the coincident (< 12
h) profiles. Ozone concentrations for (a—b) are calculated at altitude 25 km by averaging ozone over a range of =1 km. Ozone concentrations
for (c—d) are calculated at pressure level 26.1 hPa by averaging ozone over a range of -1 layer (31.6 hPa-21.5 hPa). Black lines with values

in (b and d) indicate average relative differences for the periods same as Fig. 1-2.
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The OHP Stratospheric DIAL data are available at https://www-air.larc.nasa.gov/missions/ndacc/data.html?station=haute.
provence/ames/lidar/

The MLS stratospheric ozone data are available at the NASA Goddard Space Flight Center Earth Sciences Data and Infor-
mation Services Center (GES DISC): https://disc.gsfc.nasa.gov/datasets/ML203_005/summary (Schwartz et al., 2020).

The OHP ECC homogenization code is available on request from Renaud Bodichon (renaud.bodichon @ipsl.fr)
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