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Abstract

Electrochemical concentration cell ozonesonde measurements are an important source of
highly resolved vertical proﬁles of ozone (O3) with long-term data records for deriving O3 trends, model
development, satellite validation, and air quality studies. Ozonesonde stations employ a range of operational
and data processing procedures, metadata reporting, and instrument changes that have resulted in
inhomogeneities within individual station data records. A major milestone is the ﬁrst reprocessing of seven
Southern Hemisphere ADditional OZonesondes (SHADOZ) station ozonesonde records to account for errors
and biases in operating/processing procedures. Ascension Island, Hanoi, Irene, Kuala Lumpur, La Réunion,
Natal, and Watukosek station records all show an overall increase in O3 after reprocessing. Watukosek shows
the largest increase of 9.0 ± 2.1 Dobson Units (DU) in total column O3; Irene and Hanoi show a 5.5 ± 2.5 DU
increase, while remaining sites show statistically insigniﬁcant enhancements. Negligible to modest O3
enhancements are observed after reprocessing in the troposphere (up to 8%) and stratosphere (up to 6%),
except at La Réunion for which the application of background currents reduces tropospheric O3 (2.1 ± 1.3 DU).
Inhomogeneities due to ozonesonde/solution-type changes at Ascension, Natal, and La Réunion are
resolved with the application of transfer functions. Comparisons with EP-TOMS, Aura’s Ozone Monitoring
Instrument and Microwave Limb Sounder (MLS) satellite O3 overpasses show an overall improvement in
agreement after reprocessing. Most reprocessed data sets show a signiﬁcant reduction in biases with MLS at
the ozone maximum region (50–10 hPa). Changes in radiosonde/ozonesonde system and nonstandard
solution types can account for remaining discrepancies observed at several sites when compared to satellites.

Plain Language Summary Ozonesondes are point-source balloon-borne instruments that measure
proﬁles of ozone, pressure, temperature, and relative humidity from the surface up to 10 hPa (~30 km).
Long-term ozonesonde data records are relied upon to validate model output and satellite retrievals of
ozone, as well as validate their trend calculations. Thus, it is important to have conﬁdence in the quality and
accuracy of sonde observations. One way to ensure high quality in the ozonesonde measurement system is
to follow the consensus-based operating procedures and reprocessing guidelines established by
ozonesonde experts from around the world. These procedures and guidelines have been adopted by the
SHADOZ (Southern Hemisphere ADditional OZonesondes) network. SHADOZ is a NASA/GSFC project in close
collaboration with NOAA and other international partners to archive tropical and sub-tropical ozonesonde
data. Since the network started in 1998, 14 stations located north and south of the tropics have archived over
6000 proﬁles. Like many long-term observational networks, SHADOZ is characterized by heterogeneous
operating procedures, ozonesonde systems, and postprocessing software that impact validation and trend
derivation assessments. Reprocessing the SHADOZ ozonesonde data records has led to homogenized data
sets that now allow for meaningful comparisons across the network.
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1. Introduction
Electrochemical concentration cell (ECC) ozonesondes are balloon-borne instruments that use an electrochemical technique [Vetter, 1967] to make in situ measurements of ozone from the surface to an altitude determined by balloon burst, typically 30 to 35 km. The sonde is interfaced to a meteorological radiosonde for
transmission of the ozone current and PTU (pressure, temperature, and relative humidity) data to the ground.
Studies by Smit et al. [2007] and Thompson et al. [2007] ﬁnd ±10% for a 1σ uncertainty in the overall proﬁle
measurements (reported in World Meteorological Organization [WMO], 2011).
Ozonesonde measurements fulﬁl an important role in the air quality, climate, model, and satellite communities by providing vertically well-resolved ozone (O3) proﬁles from the surface to the lower and middle
stratosphere, capable of collecting data during periods of no sunlight, cloudy conditions, and can be easily
deployed from remote locations. Because long-term satellite-based measurements of O3 in the troposphere
and upper troposphere/lower stratosphere (UT/LS) are not currently available, the ozonesonde record
provides the primary source for deriving O3 trends in the free troposphere and in the climate sensitive region
around the tropopause where there are strong O3 vertical gradients.
SHADOZ (Southern Hemisphere ADditional OZonesondes), a NASA-sponsored project that augments and
archives ECC ozonesonde data from over a dozen tropical stations, is the premier network for vertical proﬁles
of O3 in the tropics/subtropics and remote regions. Started in 1998 with NOAA and international coinvestigators from Asia, Africa, South America, and Europe, SHADOZ has become an important resource that complements model and satellite validation studies and contributes to climatologies and trend analyses in tropical
O3. SHADOZ ozonesonde data are publicly available online at <https://tropo.gsfc.nasa.gov/shadoz>.
Like many long-term sounding stations, ozone proﬁle data in the SHADOZ network have been characterized
by variations in technique and instrumentation. Thus, there are variations in satellite O3 biases versus sondes,
biases among stations, and discontinuities within the data record of an individual station that contribute to
measurement uncertainties that may limit the reliability of O3 proﬁle trends [Thompson et al., 2007,
2012, 2014].
To address inhomogeneities in ozonesonde data records, the World Calibration Center for Ozonesondes at
the Forchungszentrum, Jülich, Germany periodically conducts intercomparison experiments (JOSIE, Jülich
Ozone Sonde Intercomparison Experiment) under controlled laboratory conditions to establish quality
assessment standards for ozonesonde sensors [Smit and Kley, 1998; Smit and Straeter, 2004a, 2004b]. JOSIE1996 results show that differences among ECC sensors at that time were largely due to differences in the preparation and correction procedures applied by the different sites [Smit and Kley, 1998]. This was conﬁrmed in
the JOSIE-2000 assessment of the performance of various combinations of ECC sensor and solution types
[Smit and Straeter, 2004b]. The BESOS (Balloon Experiment on Standards for Ozonesondes) follow-on campaign to JOSIE-2000 tested these same combinations in the ﬁeld [Deshler et al., 2008]. BESOS was able to characterize the response of commonly used ECC manufacturer/solution pairings following JOSIE guidelines on
standard operating procedures (SOP). A compact linear relationship between standard ECC pairs was found,
allowing the possibility of deriving transfer functions to homogenize data sets that use different ECC sensors
and solution strengths within their records. Deshler et al. [2017] provide detailed documentation on the derivation of the transfer functions that WMO/GAW recommends for various ozonesonde types and solutions.
The World Meteorological Organization/Global Atmosphere Watch Report #201 [Smit et al., 2014] (hereafter
referred to as WMO/GAW) is based on the JOSIE and BESOS results and provides guidance and recommendations on SOP. The ASOPOS (Assessment for Standards on Operating Procedures for Ozone Sondes) review
[Smit et al., 2012] (hereafter referred to as ASOPOS) provides reprocessing techniques and transfer functions
between sensor and solution types to generate homogenized data sets and uncertainty estimates for O3. SOP
and reprocessing procedures summarized in WMO/GAW and ASOPOS have been designed to reduce random errors by maintaining consistent and reproducible ozonesonde measurements. Uniformity in SOP have
been shown to decrease the uncertainty in individual soundings to within ±10% (1σ), while nonuniformity in
SOP leads to inhomogeneities in station time series and among station data records [Smit et al., 2007, Deshler
et al., 2008]. Smit et al. [2012, 2014] demonstrate that standardization and homogenization of ozonesonde
data records improve the precision and accuracy by about a factor of 2. Tarasick et al. [2016] have
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Figure 1. Map of SHADOZ sites for which data sets have been reprocessed.

reprocessed the Canadian ozonesonde network records using some of the principles set forth by
ASOPOS guidelines.
Following reprocessing recommendations and guidelines by ASOPOS several SHADOZ station principal
investigators have participated in the reprocessing of their data for the ﬁrst time. We present reprocessed
data results for the following stations: Ascension Island (United Kingdom), Hanoi (Vietnam), Irene (South
Africa), Kuala Lumpur (Malaysia), La Réunion (France), Natal (Brazil), and Watukosek (Java, Indonesia) mapped
in Figure 1. These stations launched 2 to 4 times per month. Table 1 shows variations in local launch times and
time period of each reprocessed. This study uses the 1998–2015 records. Irene resumed twice monthly
launches in the latter half of 2012. Watukosek has temporarily halted operations since late 2013. Hanoi is
the latest station to join SHADOZ in September 2004.
This paper begins with an overview of the ozonesonde measurement system (section 2) followed by a brief
description of the ozonesonde instrumentation and sensing solution types in section 3. The reprocessing
approach and methodology based on the ASOPOS guidelines are described in section 4 and form the backbone of this study. Section 5 presents the analyses that compare the original and reprocessed time series at
each station and makes further comparisons with satellite observations in section 6 to examine biases and
remaining inhomogeneities, if any, in the reprocessed data records. The summary appears in section 7.
Table 1. SHADOZ Stations for Which Data Records Have Been Reprocessed
Location

Local Launch
Times

Reprocessing
Time Period

Proﬁle #

Ascension Island, UK

7.98°S, 14.42°W

1300–1400

1998–08/2010

552

Natal, Brazil

5.42°S, 35.38°E

1200–1400

548

Irene, South Africa

25.90°S, 28.22°E

1000–1300

Watukosek, Indonesia
Kuala Lumpur, Malaysia

7.57°S, 112.65°E
2.73°N, 101.70°E

1200–1300
1000–1200

1998–2015 (05/2011
–09/2013 data gap)
07/1998–11/2015
(2008–08/2012 data gap)
06/2001–10/2013
1998–2015

La Réunion, France

21.10°S, 55.48°E

0800–1500

1998–2015

570

Hanoi, Vietnam

21.10°S, 105.80°E

1300–1400

09/2004–2015 (very few
soundings in 2010–2012)

220

Station Name

WITTE ET AL.

306
243
363
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ECC Sensor/Solution
Pairings Used
SPC/1.0%
ENSCI/1.0% (92 records 1998–2001)
SPC/1.0%
ENSCI/1.0% (104 records 1998–2002)
SPC/1.0%
ENSCI/2.0% unbuffered
SPC/1.0% (1998–11/2014)
ENSCI/0.5% (12/2014 - present)
Unknown (44 records 03/2010–2011)
ENSCI/1.0% (ﬁrst 8 records in 1998)
SPC/0.5% (40 records 1999–2000)
ENSCI/0.5% half and full buffer
19 records in 2006 with an unknown
buffer for ENSCI/0.5%
ENSCI/2.0% unbuffered
(2004–01/2010; launches in 01/2011,
01/2013, and 08/2015)
SPC/1.0% (15 records in 2009 and 2010)
ENSCI/0.5% (07/2010 up to present)
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2. The Ozonesonde Measurement
The electrochemical concentration cell (ECC) ozonesonde sensor developed by Komhyr [1969] consists of a
nonreactive Teﬂon gas-sampling piston pump connected to an electrochemical sensor containing a buffered
potassium iodide (KI) solution in the cathode cell and a saturated KI solution in the anode cell. The ECC sensor
measures ozone using iodine/iodide electrode reactions [Vetter, 1967]. Both cells contain a phosphate buffer
to maintain a neutral pH. An ion bridge connecting the two chambers allows electrons to ﬂow between the
two cells but prevents mixing, thereby preserving their respective concentrations. An interface board
connects the ozone sensor to a radiosonde for data telemetry of the main parameters: the cell current, the
sonde’s pump temperature, pump motor voltage and current, and ambient temperature, pressure, and relative humidity (RH) [Komhyr et al., 1995]. In ﬂight, the instrument is encased in a polystyrene weatherproof box
that is tethered to a balloon. The data transmission rate is typically 1 Hz. The balloon ascent rate of around
5 m s1 and a 20–30 second range of ECC response times result in a vertical resolution of about 100–
150 m [Komhyr, 1969].
The relationship between the ozone measurement and the electrical current (in units of microampere, μA) is
determined by the following equation that originates from Komhyr [1969]:
PO3 ¼ 4:307104

ðIM  IB ÞT P ΦΨ
η

(1)

where PO3 = ozone partial pressure, mPa; IM = cell current, μA; IB = cell background current, μA;
TP = ozonesonde pump temperature, K; Φ = pump ﬂow rate, s/100 mL; ψ = pump ﬂow efﬁciency = 1/pump
ﬂow correction factor, unitless; and η = conversion efﬁciency which is generally assumed to be 1.
The constant, 4.307 × 104, is the half ratio of the ideal gas constant to Faraday’s constant. The cell current, IM,
and pump temperature, Tp, are in situ measurements while the cell background current, IB, and ﬂow rate, Φ,
are constant values measured during preﬂight preparations under ambient conditions for each instrument.
The pump ﬂow efﬁciency, ψ, is taken from a table of calibrated measurements at low pressures to account
for the decrease in pump efﬁciency. The ψ values vary with ECC instrument type and are addressed in greater
detail in section 4.4. The conversion efﬁciency, η, includes the stoichiometric factor of 1:1 assumed in the I2:O3
relationship and the ozone absorption efﬁciency from the gas to liquid phase.

3. ECC Instruments and Solution Pairings
All SHADOZ stations use one or a combination of two ECC sensor manufacturers: Science Pump Corporation
(SPC) and Environmental Science (EN-SCI) Corporation. The manufacturers of EN-SCI ECC sensors are EN-SCI
before 2011, Droplet Measurement Technologies (DMT) Inc. during 2011–2015, and a new EN-SCI
Corporation after 2015. The ﬁrst operating guidelines for preparing ozonesondes for ﬂight were created for
the SPC 4A model in the NOAA technical memorandum [Komhyr, 1986]. The current manual has been optimized for the SPC 6A model design [Science Pump Corporation, 1999] ﬂown during the SHADOZ time period.
The original EN-SCI Corporation started in the early 1990s with a similar ECC sensor instrument conﬁguration
to that of the SPC 5A model. EN-SCI Corporation [1996] is the ﬁrst operations handbook for the 1Z and 2Z
models. The most recent EN-SCI manual has been published by Droplet Measurement Technologies [2014].
The 1Z model ﬁts older generation Vaisala radiosondes, and the 2Z model comes with a V2C type interface
board that connects to the InterMet and Graw DFM-97 radiosondes. Other radiosondes with TMAX or proprietary interface boards, such as Modem or Vaisala RS92, use the Z model. One difference between the
V2C and TMAX boards is the data transfer rate: 1.2 s for the former, and 7 to 8 s for the latter.
A variety of sensing solution concentrations and pH buffers have been used in combination with the two
different ECC sonde types. Table 2 summarizes the KI sensing solution formulas most commonly used in
the ECC cathode cells and in the SHADOZ network. The anode solutions are prepared by saturating the
cathode solution with excess KI crystals. The 1.0% and 0.5% solutions (Table 2, bold) are the standard concentrations recommended by ASOPOS for the SPC and EN-SCI sondes, respectively, and are used in six of the
sites shown in Table 1 for which we reprocessed data. Watukosek used the 2.0% non-pH-buffered, or unbuffered, solution in its entire data record (2001–2013). This solution formula was introduced by Birdsall et al.
[1952] and adopted at all NOAA-afﬁliated stations in the SHADOZ network: Samoa, Fiji, and Hilo-Hawaii. By
mid-2000 these stations switched solutions to a 1.0% KI, 1/10 pH-buffer formula. The Hanoi station is unique
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a

Table 2. Cathode Sensing Solutions

b

pH Buffer
Sensing Solution Type

KI

NaH2PO4•H2O

Na2HPO4•12H2O

KBr

1.0% KI, full buffer
0.5% KI, half buffer
c
2.0% KI, no buffer
c
1.0% KI, 1/10 buffer
d
0.5% KI, full buffer

10
5
20
10
5

1.25
0.625
0
0.125
1.25

5.0
2.5
0
0.5
5.0

25
12.5
0
25
12.5

a
Bold indicates the standard solution formula.
b
All quantities in g/L.
c
Used at NOAA collaborative ozonesonde stations
d

only.

Used at La Réunion only.

in that it is dominated by the 2.0% unbuffered solution in the ﬁrst half of the data records and the standard
0.5% solution in the latter half. La Réunion is the only station to use the 0.5% full buffer, instead of the standard half buffer, since August 2007. Solution type has remained unchanged at the Irene and Watukosek
stations over their entire record.
3.1. Transfer Functions
Since the mid-1980s, intercomparison campaigns and laboratory studies have been conducted to evaluate
the ECC sonde performance using different sensing solution recipes with the two sensor types [Hilsenrath
et al., 1986; Boyd et al., 1998; Johnson et al., 2002; Smit and Straeter, 2004b; Smit et al., 2007; Deshler et al.,
2008]. The JOSIE studies have shown that the precision and accuracy are strongly dependent on the
pairing of the ozonesonde type and solution [Smit et al., 2007]. In particular, the JOSIE-2000 experiment
focused on combinations of ECC and sensing solution types to determine the optimal pairing when
compared with a standard UV photometer [Profﬁtt and McLaughlin, 1983]. Results show a reduction in biases
for SPC 6A sondes paired with a 1.0%, full buffer sensing solution (hereafter referred to as SPC1.0) and for ENSCI Z sondes that use a 0.5%, half buffer solution (hereafter referred to as ENSCI0.5). Results from the BESOS
ﬁeld campaign showed the best agreement with the inﬂight O3 photometer for sonde that used SPC1.0 and
ENSCI0.5. Given the same solution recipe, EN-SCI measures slightly higher O3 than SPC [Smit et al., 2007]. The
difference between SPC1.0 and ENSCI0.5 is within 1.0% [Smit et al., 2014]. The last column in Table 1 includes
a summary of the ECC/solution pairings and time period of use at SHADOZ sites for which data were reprocessed. Transfer functions derived from Deshler et al. [2017] are used in this study. Using Table 1 as a guide,
we convert Ascension and Natal partial pressure ozone that have used the ENSCI/1% full buffer pair
(ENSCI1.0) to the SPC1.0 standard using the following relationship:
O3 SPC=1:0 ¼ RO3 ENSCI=1:0

where R ¼ 0:96 for P ≥ 30 hPa
R ¼ 0:764 þ 0:133Log10 ðPÞ for P < 30 hPa

(2)

where P is pressure. Transfer functions have also been applied to La Réunion ozone proﬁles to convert the
nonstandard ENSCI1.0 and SPC/0.5% half-buffer pairs to the standard ENSCI0.5 using the following equations:
O3 ENSCI=0:5 ¼ RO3 ENSCI=1:0 where R ¼ 0:96 for P ≥ 30 hPa
R ¼ 0:90 þ 0:041Log10 ðPÞ for P < 30 hPa

(3)

and
O3 ENSCI=0:5 ¼ O3 SPC=0:5 =R

where R ¼ 0:96 for P ≥ 30 hPa
R ¼ 0:764 þ 0:133Log10 ðPÞ for P < 30 hPa

(4)

Refer to Deshler et al. [2017] for a detailed description of the transfer function formulations.
There is no transfer function for the EN-SCI/0.5% full buffered solution pairing. As of this writing, transfer
functions are being developed for this unique solution based on laboratory and campaign studies
(F. Posny and B. Johnson, personal communication, 2017). Johnson et al. [2002] show that the ozonesonde
response is more sensitive to changes in the buffer concentrations than the KI concentrations. Thus, it is
expected that the 0.5% full buffer solution used at La Réunion will respond similar to that of a 1% full buffer.
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Figure 2. Histogram of the distribution of background currents, IB, of the two standard ECC/solution pairings: (a) ENSCI0.5
and (b) SPC1.0. Figure 2a includes IB from La Réunion, Hanoi, and Kuala Lumpur metadata, and Figure 2b includes Irene,
Nairobi, Natal, and Ascension metadata. The 0.05 μA threshold is marked as the dashed line in Figure 2b. Red curves are the
Gaussian ﬁt to the histograms, and the red vertical line marks the centerﬁt of the distribution. Bin width is 0.005 μA.

NOAA/GMD has derived a transfer function for O3 proﬁles that use the ENSCI/2.0% unbuffered solution
(ENSCI2.0) based on the JOSIE-2000 experiment and recommends an additional 2% be added to the O3
proﬁles at Watukosek and Hanoi (C. Sterling et al., manuscript in preparation). This 2% adjustment is a
conservative estimate and may be revised.

4. Reprocessing Approach for SHADOZ Station Data
Before a launch each ECC sensor is conditioned at least twice, following a repeatable set of operating procedures that is taken either from the manufacturer, the WMO/GAW recommended SOPs, or station-derived
procedures. Because each ozonesonde is a unique instrument and responds to conditioning procedures
slightly differently, the singular characteristics of each sensor must be recorded. Results are documented in
a Check List and stored for traceability and future reprocessing. In particular, the background current and
ﬂow rate metadata are parameters in equation (1) so it is critical that these values be documented and
archived in perpetuity. The following subsections review the ASOPOS recommended reprocessing procedures for key parameters in the ozone partial pressure equation (1) in order: background current (IB), absorption efﬁciency (αO3) which is a component of the conversion efﬁciency (η), pump temperature (TP), and pump
ﬂow rate (Φ). Although not part of the ECC reprocessing guidelines, the issue of radiosonde pressure sensor
offsets [Stauffer et al., 2014] is also included in this section.
4.1. Background Current Threshold
The background current (IB) is the residual current measured by the sonde when sampling ozone-free air. As
seen in equation (1), conventional processing of the ozonesonde data subtracts the background current from
the measured sensor current (IM  IB) to calculate the ozone partial pressure. The ﬁrst set of conditioning
procedures is usually carried out several days before the day of ﬂight (DOF) to reduce the background current
and stabilize the sensor response time (i.e., the 1/e-folding time for sensor to respond to a step change in
ozone) [Komhyr, 1986, 1997]. Komhyr and Harris [1971] show that the background current decreases after
the ECC is stored for several days while charged with solutions; they refer to this process as “self-cleaning.”
Launches made after the ﬁrst conditioning vary from a day to a few days, a common practice during ﬁeld
campaigns, to weeks under typical SHADOZ station operating conditions. In the latter case, the conditioning
may be performed one or more times prior to day of launch with the changing of solutions, a process known
as “recharging.”
WMO/GAW recommends using the background current recorded immediately prior to launch with the
ozonesonde intake tube ﬁtted to an ozone destruction ﬁlter. Smit et al. [2012] estimates that properly
measured IB since the mid-1990s should be less than 0.05 μA, given gradual improvements in ECC sensor
technology. However, most SHADOZ stations are located in humid tropical environments, which affect the
ozone removal efﬁciency of the destruct ﬁlters [Reid et al., 1996; Vömel and Diaz, 2010; Newton et al., 2016].
This can be seen in Figure 2a, for example, where high IB (> 0.05 μA) for the ENSCI0.5 pairing used at
WITTE ET AL.
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Hanoi, La Réunion, and Kuala Lumpur is illustrated. The centerﬁt (deﬁned here as that IB value of the
Gaussian ﬁt to the distribution) is at the Smit et al. [2012] threshold and almost half the IB values exceed
0.05 μA with a large tail of the distribution exceeding the +0.03 μA 1σ standard deviation. It appears that
the no-ozone ﬁlters at these stations were not working optimally. In contrast, IB for the SPC1.0 pairing used
at Irene, Natal, Ascension, and Nairobi (another SHADOZ site) shows that 85% of IB are less than 0.05 μA;
the latter value also marks the +1σ standard deviation from the 0.03 μA centerﬁt. Based on Smit et al.
[2012] and the predominance of lower value IB in Figure 2b, a 0.05 μA background threshold is adopted
for the six SHADOZ sites that use the standard ENSCI0.5 and SPC1.0 pairs. This means that for records with
IB exceeding 0.05 μA, IB is set to 0.05 μA. For Watukosek and Hanoi, cases that use the NOAA sensing solution formula (2% unbuffered), the NOAA/GMD guideline of a 0.04 μA threshold is followed (C. Sterling
et al., manuscript in preparation).
4.2. Absorption Efﬁciency Correction
The conversion efﬁciency, η, is composed of the ozone absorption efﬁciency, αO3, from the gas into liquid
phase of the sensing solution and the stoichiometry of the chemical conversion of O3 to I2 (primarily assumed
to be unity). The ozone absorption efﬁciency is taken as unity where the volume of the cathode solution is
3.0 cm3, i.e., constant absorption efﬁciency throughout the entire proﬁle. Sites that use the alternate
2.5 cm3 solution volume must be corrected for the reduction in liquid uptake of gaseous ozone in the lower
troposphere [Davies et al., 2003]. The following equation is the ASOPOS correction to calculate αO3 for a
2.5 cm3 volume:
αO3 ðPÞ ¼ 1:0044–4:4x10 5P

for 100 hPa < P < 1050 hPa

(5)

This is applied to η = αO3(P) in equation (1).
4.3. Pump Temperature Correction
The temperature of the ozonesonde pump, TP, accounts for the temperature of the air ﬂowing through the
pump. Over time, the location of the ECC thermistor has changed, introducing inhomogeneities in the sounding record [Smit et al., 2014]. In the case of SHADOZ sites, all ECC instruments use an internal pump temperature sensor that is mounted inside the pump body, close to the piston. Internal pump temperatures are
considered to be the best approximation to the “true” TP (ASOPOS). Further laboratory experiments that compare piston temperatures to internal pump temperatures found a 1–3 K difference, prompting the following
adjustment equation that corrects for this temperature bias (ASOPOS):
T P true ¼ T P measured þ 3:9–0:8Log10 ðPÞ

(6)

This correction is applied to all data from the seven SHADOZ sites.
4.4. Pump Flow Rate Correction
The pump ﬂow rate, Φ, is a measure of the volume of air displaced 100 mL through the Teﬂon pump at
ground level. This is a constant value in the ozone calculation regardless of changing ambient conditions
or altitude. A common procedure in the ECC conditioning is to use the soap bubble ﬂow meter method to
measure the volumetric ﬂow rate of the pump (in units, s/100 mL). The required equipment and setup are
described in the EN-SCI and SPC manuals (DMT manual, Appendix D, 2014; SPC manual, section 3.2.1,
1999). Several ﬂow rates are measured and the mean, Φ, is applied in equation (1). The uncertainty of the ﬂow
rate is generally within ±1% (ASOPOS).
The ﬂow rate correction takes into account an offset due to evaporation of the sensing solution or the
soap bubble solution and is dependent on the laboratory conditions at the time of the ﬂow rate test.
Thus, the drier the air when performing the ﬂow rate test, the higher the correction term. At 100% RH
the correction term would be unity (no evaporation means no offset). The formulae to correct for evaporative effects are found in section 3.2.4 of Smit et al. [2014]. Laboratory PTU during the time of the ﬂow rate
test are variables needed to determine this correction. However, these measurements were not recorded
in many SHADOZ station Check Lists (refer to each station’s documented pump ﬂow rate in Table 4). In
this case, we apply an estimated ﬂow rate correction suitable for the tropics assuming Tlab = 25 ± 5°C,
RHlab = 50 ± 25%, and Plab = mean pressure surface, Psfc, at launch. For example, for Plab = 1000 hPa
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a

Table 3. Radiosonde Type Used by the Reprocessed SHADOZ Sites
Site
Ascension
Natal
Irene
Watukosek
Kuala Lumpur

La Réunion

Hanoi

Radiosonde Type,
Model
b

VIZ/Sippican
c
LMS - M2LORAN-C
LMS - Sip GPS LOS-T
Vaisala - RS80
Vaisala - RS92
Vaisala - RS80
Vaisala - RS80
Vaisala - RS92
Modem - M2 K2
Changfeng
Vaisala - RS80
Modem - M2 K2
Modem - M10
Vaisala - RS80
Vaisala - RS92
Meisei - RS-06G

a
N/A indicates there
b
Now owned by.
c

Time Period

GPS Availability

Pressure Offset
Correction

Entire record
1998–06/2000
07/2000 up to present
1998–2008
09/2012 up to present
Entire record
1998–09/2007
10/2007–02/201002/2012–11/2014
03/2010–2011
12/2014 up to present
1998–2006
2007–02/2013
03/2013 up to present
2004–2006
2007–03/2014
04/2014 up to present
13 soundings in 01/2012, 01/2013, and 08/2015

Not available
Not available
Geopotential heights derived from GPS
Not available
GPS available
Not available
Not available
GPS available
Geopotential heights derived from GPS
Geopotential heights derived from GPS
Not available
Geopotential heights derived from GPS
Geopotential heights derived from GPS
Not available
Not available
GPS available due to software upgrade
Not available

No
No
N/A
No
Yes
No
No
Yes
N/A
N/A
No
N/A
N/A
No
No
Yes
No

are no pressure offsets due to heights derived from GPS measurements.

Lockheed Martin Sippican.

the ﬂow rate correction is 1.6%. If the ±1 sigma values are applied to Tlab and RHlab, the range of ﬂow rate
corrections is 1.1–1.8%.
It has been well documented that the efﬁciency of the ECC pump decreases at high altitudes [Komhyr, 1967,
1969, 1986; Komhyr et al., 1995; Torres, 1981; Johnson et al., 2002; Smit et al., 2014]. Komhyr et al. [1995] cite
pump leakage, dead volume in the piston pump, backpressure exerted on the pump by the cell solution,
and solution evaporation as main causes of pump efﬁciency loss at low pressures. The more recent
Johnson et al. [2002] study showed that backpressure is not a signiﬁcant contributor to the pump efﬁciency
loss, and there is evidence that slow side reactions in buffered solutions will compensate for ozone loss due
to evaporation [Saltzman and Gilbert, 1959; Johnson et al., 2002]. Empirical averages obtained from various lab
techniques have yielded pump correction factors (PCFs) to apply from 100 hPa to the top of the atmosphere
[Komhyr, 1986; Komhyr et al., 1995; Johnson et al., 2002]. Currently, the two most widely used PCFs are taken
from Komhyr [1986] and Komhyr et al. [1995] (values are found in Table 3-3 of WMO/GAW). This study uses the
WMO/GAW recommendations of Komhyr [1986] and Komhyr et al. [1995] PCFs for the standard ENSCI0.5 and
SPC1.0 pairs, respectively. Johnson et al. [2002] PCFs are applied to the ENSCI2.0 records used at Watukosek
and Hanoi. The JOSIE-2000 campaign found total column O3 comparisons of ENSCI2.0 sonde records with the
reference UV photometer and Dobson spectrophotometer to be within ±5% when using the Johnson et al.
[2002] PCF [Smit et al., 2004b].
4.5. Radiosonde Pressure Sensor Offsets
Ozonesondes are interfaced with a radiosonde and typically use their ground station software to calculate
ozone. Geopotential heights calculated from radiosonde pressures and temperatures during the pre-GPS
(Global Positioning System) radiosonde era led to errors in the height assignment of the computed ozone
due to inaccuracies in the pressure sensor [Steinbrecht et al., 2008; Stauffer et al., 2014; Inai et al., 2015]. In
particular, height registry errors are prominent at low pressures, above 20 hPa, where altitudes derived
from GPS compared to those calculated by the radiosonde typically differ by more than 1 km [Stauffer
et al., 2014]. With the addition of GPS receivers to the radiosonde system the accuracy of geometric
heights derived from the GPS measurements improved to within ±10 m (1σ) [Nash et al., 2005].
Whereas there are only two ECC instrument manufacturers, there are a variety of radiosonde manufacturers whose instruments have changed in model, material, and algorithm since the 1970s. Table 3 shows
that six radiosonde manufacturers have been used in the seven-station record being reprocessed here.
Studies by Steinbrecht et al. [2008], Inai et al. [2009], and Stauffer et al. [2014] note measurable pressure
differences between Vaisala RS80 and RS92 models. Radiosonde intercomparison studies by Nash et al.
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[2005, 2011] have been carried out to evaluate performance differences between manufacturers. GPS
radiosondes were added to the SHADOZ network gradually after 2000, providing improved altitude
measurements and generally eliminating the need for a pressure sensor in the radiosonde measurement
system [Nash et al., 2011]. Table 3 summarizes radiosondes used at each SHADOZ site, when GPS radiosondes were introduced, and whether pressure bias corrections have been or can be applied. Modem
radiosondes used at La Réunion and brieﬂy at Kuala Lumpur and Changfeng radiosondes calculate
pressure and geopotential heights using the GPS receivers [Nash et al., 2011]. Vaisala RS80 radiosondes
used in the SHADOZ network do not contain GPS receivers to correct for the height registry offsets.
RS80s were used in the entire data record at Watukosek, almost two thirds of the data records at Irene
and Kuala Lumpur, half the records at La Réunion, and almost 30% of those at Hanoi. At present, there
is no consensus on how to estimate altitude offsets in the RS80s. In the case of Vaisala RS92s, in which
Vaisala introduced GPS receivers, pressure offsets can be determined by calculating the difference
between the radiosonde pressures and those derived from the GPS. The RS92 radiosonde performs very
well compared to its RS80 predecessor and other competitors [Nash et al., 2011]. Steinbrecht et al. [2008]
show excellent precision in RS92s produced after 2004, reporting PTU and GPS heights to be within 25 m
throughout the proﬁle at the Hohenpeissenberg and Lindenberg, Germany, stations. Stauffer et al. [2014]
calculate a small RS92 pressure bias of 0.12 hPa overall under ambient conditions. The RS92 is currently
ﬂown at Irene, comprises half the data records at Hanoi, and was used brieﬂy at Kuala Lumpur.
Unfortunately, RS92 GPS data are missing from the original Hanoi data ﬁles from 2007 to March 2014
because an older system and software compatible with the non-GPS RS80 model was used. Thus, no
pressure corrections have been applied to these records. Pressure corrections became possible when
Hanoi upgraded their Vaisala system to version MW41 after March 2014. Ascension and Natal are postprocessed using software developed by NASA/WFF (Wallops Flight Facility) (F. Schmidlin, personal communication, 2017) that takes into account biases in the launch detection algorithm of the instrument ground
station. During the non-GPS era, Ascension (entire record) and Natal (July 1996 – June 2000) proﬁles were
only corrected for the time of launch to correspond to the stations’ reference height. The algorithm has
been adapted to recalculate geopotential heights at Natal when Sippican Inc. and Lockheed Martin
Sippican (LMS) GPS radiosondes were introduced. Note that Ascension discontinued launches in 2010;
operations resumed in early 2016 with an EN-SCI/InterMet radiosonde system.

5. Application of Reprocessing to SHADOZ Sites: Comparison of Original
and Reprocessed Data
Across the SHADOZ network there is a diversity of operating procedures, instrument types, and sensing solutions, with data reporting and formats dependent on the processing software. Thus, a customized approach
to reprocessing is required at each site. For each site we do the following:
1. Document each ozonesonde proﬁle metadata from available Check List sheets, metadata archived in the
original data ﬁles, and historic knowledge of the operating procedures and processing software from the
station Principal Investigators and/or operators.
2. Assess the extent to which data can be fully reprocessed. In cases where metadata and Check Lists are missing or incomplete, average values are used for parameters such as background current or pump ﬂow rates.
3. Provide a summary, itemizing what corrections can be applied per proﬁle.
We use the Skysonde postprocessing software developed by Allen Jordan (NOAA/Earth System Research
Laboratory/Global Monitoring Division) to evaluate the quality of each proﬁle and apply most of the corrections detailed in section 4. Table 4 is a general summary of each site’s metadata and applied corrections
based on the ASOPOS reprocessing guidelines explained in the previous section.
Ascension and Natal applied a water vapor dependent correction to the pump ﬂow rate using the Bandy and
Torres [1982] formulation. These correction factors are similar to those derived from the WMO/GAW guidelines [Smit et al., 2014, section 3.2.4].
Noteworthy in Table 4 is the treatment of the missing pump temperature proﬁle data in the original Kuala
Lumpur and Irene records during the 1998–2005 and 1998–2006 periods, respectively; these coincide with
the use of the older generation Vaisala DigiCora® (MARWIN®) MW15 software processing system used with
RS80 model radiosondes. In the current study, monthly mean Vaisala RS80 pump temperature proﬁles
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Table 4. Summary of Reprocessing Procedures Applied Per Site
Correction Parameter

Original Metadata

Time Period

Correction Applied

Ascension Is., U.K.: 1998–08/2010
ECC/solution
Solution volume
Background current
Pump ﬂow rate
Pump temperature

SPC/1.0
ENSCI/1.0
3
2.5 cm
3
3.0 cm
IB before launch used
Correction using Bandy
and Torres [1982].
Internal pump temperature

Entire record
92 records
1998–07/1999
08/1999 – end
Entire record
Entire record
Entire record

No
Equation (2)
Equation (5)
No
0.05 μA threshold
Values similar to Smit et al.
[2014] equations
Equation (6)

Natal, Brazil: 1998–2015 (05/2011–09/2013 Data Gap)
ECC/solution
Solution volume
Background current
Pump ﬂow rate
Pump temperature

SPC/1.0
ENSCI/1.0
3
2.5 cm
3
3.0 cm
IB before launch used
Correction using Bandy
and Torres [1982].
Internal pump temperature

Entire record
104 records
1998–04/1999
05/1999 – end
Entire record
Entire record
Entire record

No
Equation (2)
Equation (5)
No
0.05 μA threshold
Values similar to Smit et al.
[2014] equations
Equation (6)

Irene, South Africa: 07/1998–11/2015 (2008–08/2012 Data Gap)
ECC/solution
Solution volume
Background current
Pump ﬂow rate

SPC/1.0%
3
2.5 cm
IB before launch used
Lab PTU not available

Entire record
Entire record
Entire record
1998–06/2015

Pump temperature

Lab PTU available
Missing internal pump temperature data

06/2015 – end
1998–06/2006

Internal pump temperature

07/2006 – end

ECC/solution
Solution volume
Background current
Pump ﬂow rate
Pump temperature
ECC/solution

Watukosek, Indonesia: 06/2001–10/2013
ENSCI/2.0% unbuffered
Entire record
3
3.0 cm
Entire record
Entire record
IB before launch used
Lab PTU available
Entire record
Internal pump temperature
Entire record
Kuala Lumpur, Malaysia: 1998–2015

Solution volume
Background current
Pump ﬂow rate

SPC/1.0%
Unknown
ENSCI/0.5%
3
3.0 cm
IB before launch used
Lab PTU not available

1998–10/2014
03/2010–2011
12/2014 – end
Entire record
Entire record
2003–2014

Pump temperature

Lab PTU available
Missing internal pump temperature data

2015
1998–03/2005

Internal pump temperature

04/2005 – end

ECC/solution

Solution volume
Background current
Pump ﬂow rate
Pump temperature

ENSCI/1.0%
SPC/0.5%
ENSCI/0.5%, half buffer
ENSCI/0.5%, unknown buffer
ENSCI/0.5%, full buffer
3
2.5 cm
IB recorded but not applied
Lab PTU available
Internal pump temperature

La Réunion, France: 1998–2015
8 records
40 records
1998–05/2007
19 records last half of 2006
08/2007–2015
Entire record
Entire record
Entire record
Entire record

No
Equation (5)
0.05 μA threshold
Flow rate correction = 1.9% for Tlab
= 25°C, RHLab = 50%, PLab = 850 hPa
Smit et al. [2014] equations
Monthly proﬁle climatologies
and apply Equation (6)
Equation (6)
Add +2% to entire proﬁle
No
0.04 μA threshold
Smit et al. [2014] equations
Equation (6)
No
No
No
No
0.05 μA threshold
Flow rate correction = 1.6% for Tlab
= 25°C, RHLab = 50%, PLab = 1010 hPa
Smit et al. [2014] equations
Monthly proﬁle climatologies
and apply Equation (6))
Equation (6)
Equation (3)
Equation (4)
No
No
Not available
Equation (5)
Add IB and apply 0.05 μA threshold
Smit et al. [2014] equations
Equation (6)

Hanoi, Vietnam: 09/2004–2015 (Data Gaps in 2010–2012)
ECC/solution
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Table 4. (continued)
Correction Parameter
Solution volume
Background current
Pump ﬂow rate

Pump temperature
a

Original Metadata

Time Period

ENSCI/0.5%
3
3.0 cm
IB before launch used

07/2010–2015
Entire record
Entire record

Lab PTU available
Lab PTU not available

55% of record
2011–2015

Internal pump temperature

Entire record

Correction Applied
No
No
0.04 μA threshold for 2% unbuffered
solution and 0.05 μA threshold elsewhere
Smit et al. [2014] equations
a
Flow rate correction = 0.9% for Tlab
= 25°C, RHLab = 72%, PLab = 1010 hPa
Equation (6)

Value based on average lab PTU, where available.

derived from Hanoi, Hilo, Irene, Nairobi, and Samoa SHADOZ proﬁles (Figure A1) are used to reconstruct the
O3 proﬁles and apply the corrections summarized in Table 4.
For a brief period Kuala Lumpur used the Modem/ozonesonde system between March 2010 and 2011 (refer
to Table 3). Unfortunately, the metadata are not available for these data records. In particular, the
sensor/solution pairing is unknown so no transfer functions can be assumed. Roughly 69% of the proﬁles that
used the Modem/ozonesonde system have been omitted from this study because the reprocessed O3 seems
erroneously high, generating total column O3 (TCO) values greater than 310 DU. Brewer measurements taken
close to the Kuala Lumpur site show a 240–285 DU range of TCO values during the 1996–2016 measurement
period (M. Mohamad, personal communication, 2017). The reduction in Kuala Lumpur proﬁles is accounted
for in total sample size reported in Table 1 (363 reprocessed proﬁles compared to 409 proﬁles present in
the original data records).
La Réunion operations do not apply a background current although these values are recorded in the Check
Lists. Following ASOPOS reprocessing guidelines we apply the ﬁnal background current, i.e., measured prior
to launch, and use the 0.05 μA threshold criteria. During the transition in solution from a 0.5% half buffer to a
full buffer there is a brief period in the latter half of 2006 where the buffering is unknown.
The impact of reprocessing is illustrated in Figure 3 as histograms of integrated column amounts of O3 that
display the difference between reprocessed and original proﬁles. The overall magnitude, distribution, and
direction, i.e., increasing or decreasing O3, of each site’s data record after reprocessing are observed in the
sondes total integrated column O3 amounts (ICOtotal). Similarly, the reprocessing impacts in tropospheric
and stratospheric ozone columns are examined to indicate where in the column reprocessing has had a signiﬁcant effect. The ozonopause formulation is used for the tropopause height. This is the height above which
the ozone partial pressure increases rapidly [Ivanova, 1974]. This deﬁnition has been applied to the SHADOZ
data in Thompson et al. [2001, 2007, 2012, 2014], among other studies. Stratospheric columns O3 amounts are
calculated by subtracting the tropospheric column O3 from ICOtotal. Note that the statistics given in Figure 3
are not based on all proﬁles in the station record summed in Table 1; proﬁles with signiﬁcant data gaps or
balloon bursts below 15 hPa have been omitted. This pressure cut off is above the O3 peak that is typically
around 20 hPa in the tropics.
Histograms at Ascension and Natal (Figures 3a and 3b) exhibit a bimodal distribution due to applying the
transfer functions to convert proﬁles from an ENSCI1.0 pairing to the standard SPC1.0. All distributions at both
sites are sharply peaked around their centerﬁts (center value of the Gaussian ﬁt to the reprocessed-original
sonde distributions) with a broad and small secondary negative peak between 5 DU and 10 DU in
ICOtotal (Figures 3a and 3b, left). The negative peaks are due to the application of transfer functions with most
of that decrease occurring in the stratosphere (> 85%) (Figures 3a and 3b, right). The distribution becomes
Gaussian with a much smaller 1σ standard deviation if transfer functions are not applied (not shown).
Reprocessed Ascension and Natal data show an overall modest increase of 1–5 DU in ICOtotal over the original
data, with most of the impact again occurring in the stratosphere (centerﬁt ~3 DU). The distributions show
that tropospheric O3 increases at both stations are small, generally less 1 DU (Figures 3a and 3b, middle).
The SPC1.0 pair dominates the time series at both sites which use the VIZ, Sippican, and now
LMS/ozonesonde system and is postprocessed using the NASA/WFF software. Thus, it is not surprising that
their responses to reprocessing are similar.
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total

Figure 3. (a–g) Histograms of the difference between the reprocessed and original proﬁles per site. Total integrated (ICO
) (left), tropospheric (middle), and
total
amounts are integrated up to 5 hPa with a 15 hPa balloon burst limit. (c–f) Red curves in Figures 3c–3f are the
stratospheric (right) O3 columns are shown. ICO
Gaussian ﬁt to the histograms that do not exhibit bimodel behavior. Red vertical lines indicate the centerﬁts of the distribution. Data gaps and pressure bursts at
altitudes below 15 hPa have led to sample size reductions of Figure 3a, 14% at Ascension; Figure 3b, 7% at Natal; Figure 3c, 15% at Irene; Figure 3d, 30% at Watukosek;
Figure 3e, 36% at Kuala Lumpur; Figure 3f, 15% at La Réunion; and Figure 3g, 24% at Hanoi.

Reprocessed Irene data in Figure 3c show that the largest impact is in the stratosphere (centerﬁt = 4.0 ± 1.7 DU)
contributing roughly 80% to the 5.2 ± 2.2 DU centerﬁt observed in ICOtotal. There are very few proﬁles where
reprocessing has decreased ozone over Irene. The tropospheric column O3 increase of 1.2 ± 0.7 DU after
reprocessing (Figure 3c, middle, centerﬁt) represents a 2–5% change given typical values of 25–50 DU.
Reprocessing has the largest impact on the Watukosek data record, compared to all other sites. In Figure 3d
there is an average O3 increase of 9.0 ± 2.1 DU in ICOtotal with 86% of that enhancement affecting the
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Figure 3. (continued)

stratosphere (7.7 ± 1.5 DU). This is due to a combination of the application of the 2% transfer function and
the correction for high backgrounds (43% of Watukosek’s background currents exceed the 0.04 μA
threshold). Thompson et al. [2012] showed Watuoksek original data record underestimating the EP-TOMS
satellite TCO overpasses by as much as 20%. Thus, the signiﬁcant increase in reprocessed O3 should
reduce that bias (see section 6). Increases are also observed in the troposphere after reprocessing with
most of the proﬁle enhancements occurring between 0.5 and 2.0 DU. From Figure 3d, the tropospheric
column O3 increase of 1.1 DU after reprocessing (middle, centerﬁt) accounts for a 3–8% change given
typical values of 15–35 DU, while the 7.8 ± 1.5 DU stratospheric column O3 increase accounts for a 4–6%
change in the column for values ranging 130–215 DU (excluding the residual add-on).
The Kuala Lumpur data record (Figure 3e) show a 3.6 DU increase in reprocessed ICOtotal with an equally
large uncertainty of ±3.5 DU. This enhancement is observed mostly in the stratosphere (3.3 ± 1.7 DU).
There is a bimodal distribution with peaks close together in ICOtotal and stratospheric O3 (Figure 3e, right).
This may be due to the change in the radiosonde model and software system. The ﬁrst peak at around 2
DU in stratospheric O3 is concurrent with the use of the Vaisala RS80 model and DigiCora® MW15 software
system, whereas the second peak at ~5 DU coincides with an update in April 2005 to the RS92 and
DigiCora® MW41 system. The limited used of the Modem and Changfeng ozonesonde systems in the latter
half of the data record show similar responses to reprocessing as the Vaisala RS92/ozonesonde system.
There is a small cluster of elevated stratospheric O3 at 8–10 DU associated with the use of the
Modem/ozonesonde system employed in 2010–2011. Figure A3 shows a large discontinuity in both the
original and reprocessed stratospheric O3 data during this period that is not seen elsewhere in this time
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series. To maintain consistency and homogeneity, these data will be removed from the SHADOZ archive in
the next version cycle.
The impact of reprocessing at La Réunion is complex. ICOtotal differences in Figure 3f show a large 1σ
standard deviation (±3.9 DU) relative to the centerﬁt that is close to zero due to a decrease in reprocessed
tropospheric ozone (2.1 ± 1.3 DU) and an equivalent increase in reprocessed stratospheric O3 (+2.3 ± 3.2
DU). This may be due to the application of the background currents which, as a constant offset, would
decrease O3 throughout the proﬁle. Although IB was recorded in the metadata, it was not applied to the original proﬁle records. Ozonesonde cell currents, IM, in the tropical troposphere are typically low (less than 1 μA
compared to >3 μA in the stratosphere) and are thus proportionally more affected by the magnitude of background currents, particularly if the latter is high (i.e., > 0.05 μA threshold). The small secondary ICOtotal maxima at around 10 DU, also seen in the stratosphere, is due to the application of the transfer functions (refer to
Table 4). The 2.1 DU decrease in tropospheric column O3 after reprocessing at La Réunion (Figure 3f, middle,
centerﬁt) accounts for a 4–8% decrease in the column amounts for typical values of 25–50 DU.
Hanoi data exhibit a bimodal distribution in the tropospheric and stratospheric O3 histograms (Figure 3g,
middle and right, respectively) due to solution changes (Table 4). The ﬁrst peak to the left of the centerﬁts
coincides with reprocessed sondes that use the ENSCI0.5 standard pair in the second half of the data records
(June 2009 to December 2015), while the higher second peak to the right of the centerﬁts corresponds to the
reprocessed sondes using the ENSCI2.0 pair. Figure A2 shows a time series of reprocessed-original total, tropospheric, and stratospheric O3 column amounts at Hanoi, where one can see there is a pronounced difference in reprocessed ENSCI2.0 records versus ENSCI0.5 records. The Hanoi data, as with Watukosek, show
signiﬁcant enhancements of reprocessed ozone throughout the proﬁle for records that use the 2%
unbuffered solution.
How has reprocessing changed the proﬁle shape and magnitude? This is illustrated in Figure 4 with comparisons of mean O3 proﬁles and 1σ standard deviations before and after reprocessing at each site. Figure 4
shows that reprocessing enhances O3 in the stratosphere at all sites with minor to negligible changes in
the troposphere, which is consistent with the results in Figure 3. In particular, enhanced O3 is observed after
reprocessing at its maxima (Figure 4, middle panels). Ascension and Natal (Figures 4a and 4b) show the
smallest O3 enhancements after reprocessing compared to the other sites. In general, the variability, denoted
as the 1σ standard deviation (Figure 4, right panels), is reduced in the reprocessed sondes. The exceptions are
in the uppermost part of the proﬁles in Ascension (Figure 4a) and Watukosek (Figure 4d). La Réunion data,
shown in Figure 4f, are the only station to show a decrease in tropospheric O3 as a result of applying background currents. Hanoi and Watukosek data show enhanced reprocessed O3 throughout the proﬁle that is
particularly pronounced in the lower stratosphere and the lowermost troposphere (Figures 4d and 4g,
respectively, middle), likely dominated by background current corrections and the addition of 2% to entire
proﬁle for the ENSCI2.0 records which, for Hanoi, accounts for 51% of the total record and the entire data
set at Watukosek. Irene and Kuala Lumpur also show an increase in tropospheric O3 after reprocessing,
probably due to the application of the monthly pump temperature climatology (Figures 4c and 4e, respectively). In these same ﬁgures, the 1σ standard deviation in the lowermost troposphere is slightly higher
(Figures 4c and 4e, right).
Overall, there are negligible to modest changes in ozone after reprocessing. Ascension and Natal display the
small reprocessing impact with negligible changes on the order of a few percent in ICOtotal. Irene, Watukosek,
and Hanoi display modest changes in ICOtotal of up to 5%. Modest changes of up to 8% in tropospheric O3 are
observed at La Réunion and Watukosek, given typical values, and up to 6% increases in stratospheric O3 are
observed at Watukosek and Hanoi.

6. Comparisons With Satellite Measurements
For a ﬁrst evaluation of reprocessing impacts we use satellite overpass TCO from NASA’s Earth Probe Total
Ozone Mapping Spectrometer (TOMS) [McPeters et al., 1998], Ozone Monitoring Instrument (OMI) [Levelt
et al., 2006], and Microwave Limb Sounder (MLS) [Waters et al., 2006]. OMI and MLS are on board the NASA
Aura spacecraft (https://aura.gsfc.nasa.gov/). TOMS version (v) 8.5 is data from the older generation
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Figure 4. (left) Proﬁles of mean O3 partial pressure for each SHADOZ site of the original (black) and reprocessed (red) sonde data records. The vertical resolution is
0.5 km. (middle) The difference between reprocessed and original mean proﬁles. (right) Proﬁles of the mean 1σ standard deviation at each pressure level. O3 units are
all in mPa.
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Figure 5. Time series of the percent difference in TCO between sondes and TOMS/OMI overpasses: reprocessed sondes in red and original in black (left column). Right
column is the associated histograms of the difference for (a) Ascension Is., (b) Natal, note the 2012–2013 data gap, (c) Irene, note the 2008–2011 data gap, (d)
Watukosek, (e) Kuala Lumpur, green colored years denote the use of the Modem/ozonesonde system, (f) La Réunion, and (g) Hanoi. Ozonesonde TCO are calculated
using the McPeters and Labow [2012] add-on ozone climatology for balloon bursts above 15 hPa and capped at 5 hPa. The transition from TOMS to OMI overpasses
occurs in September 2004 and is marked by the black triangle on the x axis. Results are plotted in sequence, accounting for the uneven spacing of the years on the x axis.

nadir-viewing spectrometer that operated from 1996 through 2005, overlapping about 1 year with OMI
(September 2004 to present; v3 is used). Overpass data from OMI and MLS are available at the Aura
Validation Data Center (AVDC): http://avdc.gsfc.nasa.gov. TOMS overpass column values are downloaded
from the NASA Goddard Earth Science Data and Information Services Center (GES-DISC) archive: http://
disc.gsfc.nasa.gov. The version 8 TOMS algorithm was used to process OMI data to maintain continuity
between the two records [McPeters et al., 2015]. OMI and TOMS data are ﬁltered for reﬂectivity (cloudiness)
greater than 60% and overpasses located over 200 km from the site location. MLS v4.2 overpasses are
within ±5° latitude and ±8° longitude of the site’s location. These instruments have a local overpass time
of around 1330 that coincides with a few SHADOZ sites launch times (refer to Table 1). TOMS and OMI
instruments measure the solar radiation backscattered in the ultraviolet to visible wavelength range,
providing global coverage of TCO with horizontal resolutions at nadir of 1.00 × 1.25 ° latitude/longitude for
TOMS and 13 × 24 km for OMI. The MLS instrument is a limb-viewing microwave radiometer, providing
daily proﬁle measurements of O3 with a vertical resolution of about 3 km in the stratosphere and a
horizontal resolution of 200–300 km [Waters et al., 2006]. MLS v4.2 is used at pressure levels between
215 hPa and 5 hPa. Uncertainties are reported by Livesey et al. [2016]. All three of these instruments have a
local overpass time of ~1330 that coincides with a few SHADOZ sites launch times (refer to Table 2).
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Figure 5. (continued)

6.1. Comparisons With TOMS and OMI
The change in agreement, if any, between the reprocessed ozonesonde TCO and TOMS and OMI overpasses (in this section simply referred to as satellite overpasses) is illustrated in Figure 5 as percentage
differences relative to the sondes. Histograms (Figure 5, right column) show the difference between
original/reprocessed ozonesonde TCO and satellite overpasses to examine changes and variability in the
distribution. These statistics are summarized in Table 5 with the root-mean-square error (RMSE), correlations,
and biases with the satellites. We use the McPeters and Labow [2012] 1988–2010 MLS/ozonesonde monthly
climatologies to calculate the O3 residual from balloon burst to the top of the atmosphere to get the ozonesonde TCO, i.e., ICOtotal + O3 residual.
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Table 5. Statistics Summarizing the Relationship Between the TCO From the Combined TOMS/OMI Overpass Data and Both Original and Reprocessed Ozone Data
a
Records Illustrated in Figure 5 (Time Series, Left Column)
RMSE (DU)

Correlation (DU)

Centerﬁt ±1σ (Sonde-Satellite), (DU)

Bias (DU)

Site

SN

Orig.

Repr.

Orig.

Repr.

Orig.

Repr.

Orig.

Repr.

Ascension
Natal
Irene
Watukosek
Kuala Lumpur
La Réunion
Hanoi

429
448
240
145
228
440
137

15.8
13.1
14.2
14.9
23.1
15.1
13.1

15.5
12.9
15.8
10.0
20.7
14.9
10.3

0.62
0.63
0.73
0.64
0.54
0.68
0.88

0.62
0.63
0.73
0.62
0.52
0.70
0.89

7.9 ± 13.6
3.9 ± 12.1
1.1 ± 14.2
10.6 ± 9.3
19.9 ± 14.5
4.0 ± 14.9
6.3 ± 9.8

5.4 ± 14.3
2.6 ± 12.2
4.1 ± 14.7
1.3 ± 9.6
16.6 ± 15.1
4.7 ± 14.5
0.7 ± 10.1

104.3
69.1
56.7
50.8
50.2
62.6
44.5

110.8
69.7
59.1
44.7
51.3
63.8
46.6

a

Biases are the y intercept from the ordinary least squares bisector where ozonesondes are the dependent variable. Gaussian centerﬁts and 1σ standard
deviations are determined from the frequency distribution of the difference between sonde and satellite overpasses, i.e., sonde-satellite TCO shown in
Figure 5 (right column). SN is the sample number of proﬁles remaining after satellite overpasses have been ﬁltered for clouds >60% and distance >200 km
from the station location.

Ascension and Natal (Figures 5a and 5b) use the LMS/ozonesonde system and show minor overall changes
in Figures 3a and 3b. As expected, the overall impact of reprocessing was a modest change to the TCO
centerﬁt (~ 3 DU). From Table 5 we observe negligible changes in the correlations and RMSE (< 1 DU),
and comparable 1σ and biases. The time series in Figures 5a and 5b show a decrease in the satellite
low bias relative to the reprocessed sondes (red), also reﬂected in the positive shift in the distribution
of the reprocessed sonde-satellite histograms (right, hashed). Percentage differences are reduced in the
early part of the Ascension record (1998–1999) where transfer functions had been applied (Figure 5a,
red), but biases are reported to be higher by 6.5 DU compared to the original data (refer to Table 5).
The observed change in agreement at Ascension since the end of 2008 (Figure 5a) coincides with a
change from the NASA/WFF in-house built “Unisonde” software system (E. T. Northam, personal communication, 2017) to the VIZ W-900 Zeemet system. The Natal time series from 1998 to mid-2000 in
Figure 5b shows large variability in the agreement with TOMS overpasses that correspond to the use of
the older generation VIZ Manufacturing Inc. (later Sippican Inc.) Mark II LORAN-C Microsonde radiosonde
model (MK2LORAN-C) and VIZ Zeemet W-9000 ground station/software. This irregularity in agreement disappears by August 2000 when Natal upgraded their radiosonde model and system (Sip GPS LOS-T radiosonde model and VIZ Zeemet W-900 Zeemet software system). No further inhomogeneities are observed
even though the LMS/ozonesonde system made additional upgrades in the latter half of the data records.
We speculate that uncorrected pressure offsets may be a contributing factor to the discontinuity and
irregularity in the data records prior to August 2000.
The discernible change in agreement due to reprocessing at Natal between mid-2000 and mid-2002 is due to
the application of the transfer functions to compensate for solution changes. The statistics in Table 5 do not
change signiﬁcantly for comparisons without transfer functions (not shown).
Results from Irene in Figure 5c show that the overall higher bias in the satellite overpasses relative to the
original records (black) is reduced after reprocessing (red). In fact, the associated histograms reveal that
reprocessing shifts the distribution of the sonde-satellite difference from a centerﬁt of 1.1 ± 14.2 DU to
+4.1 ± 14.7 DU, signifying that a substantial fraction of the reprocessed sonde data are high biased relative
to the satellite overpasses. The magnitude of this change is consistent with results shown in Figure 3c. The
relationship of the reprocessed data to satellites is still comparable to that of the original data records:
Table 5 shows insigniﬁcant differences in the RMSE and 1σ standard deviation and no change in the
correlation. The bias with satellites, however, increases by 2.4 DU as a result of increased ozone everywhere
after reprocessing. For Irene, Figure 5c includes an interesting feature in 2004 where the satellite becomes
signiﬁcantly low biased relative to both sonde records at around +10%. This discontinuity does not coincide
with known changes in the Irene radiosonde/ozonesonde system or operating procedures, and it disappears in 2005. The second half of 2004 marks the TOMS to OMI transition (black triangle), but this discontinuity in the satellite comparison does not appear at any of the other sites in Figure 5. The 1998–2006 Irene
record used monthly mean pump temperatures (Figure A1) which were missing in the original data ﬁles.
Apart from the noticeable enhanced positive agreement in 2004 at around +10% observed in Figure 5c,
there are no prominent discontinuities between this historic time period and the rest of the record.
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Figure 6. Time series of La Réunion original (black) and reprocessed (red) TCO. Solution change from 0.5% half buffer to a
full buffer formula occurred in 2007 (blue line). The horizontal dashed lines indicate the mean reprocessed TCO for the two
periods. Associated mean and ±1σ values of the reprocessed TCO are included (red).

There are also no discernible discontinuities between the original and reprocessed data comparisons with
the satellite overpasses; this demonstrates the suitability of using the monthly pump temperature
climatologies, where necessary.
The original time series at Watukosek show that satellites measure more TCO than the sondes (Figure 5d,
black). From Table 5, the centerﬁt shows that this discrepancy is 10.6 ± 9.3 DU and is reduced signiﬁcantly, to 1.3 ± 9.6 DU, after reprocessing. The RMSE is reduced by ~33%, and correlations, 1σ, and
biases are comparable to the original. This large response in reprocessing is also reﬂected in the associated histograms in Figure 5d where the distribution shifts from a negative range of 5–20 DU in the
original comparisons (yellow, highest frequencies) to 10 DU to +5 DU about the centerﬁt (hashed).
These results support the “2% addition” procedure for the ENSCI2.0 data and high background
current correction.
Reprocessing at Kuala Lumpur has reduced the difference between sonde and satellites as shown in Figure 5e.
Table 5 shows that the centerﬁt of the sonde-satellite time series is reduced by 3.3 DU after reprocessing. The
RMSE shows slight improvement (20.7 DU compared to 23.1 DU using the original data), and the 1σ and
biases are close to the original values. The correlation is slightly worse when compared to the reprocessed
data that are likely inﬂuenced by the persistent low bias in the satellite overpasses from 2010 through 2011
(Figure 5e, x axis years in green). This time period coincides with the use of the Modem/ozonesonde system.
These remaining proﬁles, after ﬁltering for outliers, still suggest an unknown error in the proﬁle measurements. Outside of this anomalous period satellite TCO is consistently higher than sondes. This discontinuity
is also observed in the original and reprocessed time series of stratosphere column O3 (Figure A3). As with
Irene, monthly mean pump temperatures were used to reconstruct the 1998–2005 Kuala Lumpur proﬁles
and there are no noticeable discontinuities within this period between the original and reprocessed data sets
(refer to Figure 5e).
The results at La Réunion in Figure 5f show that reprocessing has a negligible impact on the relationship
between satellites and sonde TCO. This is may be due to a cancellation of changes illustrated in Figures 3f
and 4f that show a decrease in reprocessed ozone in the troposphere relative to the original data and an
increase in the stratosphere by similar amounts. Transfer functions applied between 1999 and 2000
contribute to an improvement in the reprocessed sonde-satellite agreement (Figure 5f, red). What does stand
out is the transition from satellites mostly retrieving higher TCO than the sonde from 1998 through 2006 to
mostly underestimating sondes from 2007 through 2015. This pronounced discontinuity in the agreement
occurs in both the original and reprocessed time series and coincides with a change in solution from 0.5%
half buffer to a full buffer formula. Johnson et al. [2002] performed sensing solution sensitivity tests to
evaluate the ozone response to different sensing solution concentrations and pH buffers. They found a
hysteresis effect of 5–7% excess ozone with increasing buffer concentrations at low pressures. This is evident
in Figure 6 which shows how the change in solution formulae affects the TCO measurements at La Réunion.
During the period ENSCI0.5 sondes were ﬂown, the mean reprocessed TCO is 261.8 ± 17.0 DU which
then jumps to 279.3 ± 19.5 DU when the 0.5% full buffer formula is introduced (Figure 6, blue line): a
signiﬁcant difference of ~18 DU. Original TCO show the same discontinuity (black). Time series of
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Figure 7. O3 VMR (in ppmv) proﬁle comparisons of MLS-Sonde at (a) Ascension, (b) Natal, (c) Irene, (d) Watukosek, (e) Kuala Lumpur, (f) La Réunion, and (g) Hanoi. O3
VMR are interpolated to the standard MLS pressure levels between 215 hPa and 5 hPa. Left panels are the individual proﬁle differences for original (black) and
reprocessed (red) proﬁles. Right panels are the resulting mean proﬁle of those differences. Sample number (#) and correlations of original sondes versus MLS (black),
and reprocessed sondes versus MLS (red) at each pressure level are shown (right). Hanoi in Figure 7g separates the comparisons for reprocessed ENSCI0.5 (red) and
ENSCI2.0 records (blue). MLS measurements start in September 2004.

tropospheric and stratospheric column ozone (not shown) that reveal the discontinuities seen in
Figures 5f and 6 are observed only in the stratosphere. Thus, calculating stratospheric trends with the
La Réunion data set is not recommended. Table 5 statistics for La Réunion show minor improvements
with reprocessing.
Reprocessing of Hanoi data has led to a decrease in the high bias of the satellites with the sonde by
5.6 DU (Table 5, centerﬁts). We observe in Figure 5g (right) that reprocessing has shifted the
distribution of the sonde-satellite differences toward zero (hashed), particularly for the ENSCI2.0 records
(blue). Like the Kuala Lumpur record, the RMSE is lower after reprocessing and the 1σ and biases are
similar to the original values. This decrease is mostly attributed to the 2% adjustment for the
ENSCI2.0 records.
6.2. Proﬁle Comparisons With MLS
The impact of reprocessing on the SHADOZ vertical proﬁles is further evaluated by comparing O3 volume
mixing ratios (VMR) with MLS overpasses in the lower and middle stratosphere between 215 hPa and
5 hPa pressure levels. Ozone VMR proﬁles are interpolated to the standard MLS pressure levels with results
shown in Figure 7, along with correlations between the sonde and MLS before (original in black) and after
reprocessing (red) at each pressure level. Jiang et al. [2007] showed negligible differences between ﬁtting
of the ozonesonde proﬁles to the MLS ozone retrieval grid and the use of MLS averaging kernels to the

WITTE ET AL.

SHADOZ REPROCESSED OZONESONDE PROFILES

6630

Journal of Geophysical Research: Atmospheres

10.1002/2016JD026403

Figure 7. (continued)

ozonesonde data after ﬁtting to the MLS grid. The pattern of agreement between MLS and sondes differs
among stations; within each station the agreements vary at each pressure level.
Overall, improvement in the MLS agreement with sondes after reprocessing is seen in the 50 hPa–10 hPa
pressure range at Ascension, Natal, Irene, Watukosek, Kuala Lumpur, and Hanoi (Figures 7a–7e, and 7g,
middle, red proﬁles). Note that the MLS 1σ standard deviations are generally higher than both the original
and reprocessed sonde values, with the exception of Irene and Kuala Lumpur (refer to Table S1 in the
supporting information). This is a consequence of using the monthly mean pump temperature proﬁles
where further inspection of the sonde data reveal that the highest 1σ values occur during these periods;
refer to Table 4 for dates when monthly pump temperature climatologies were used at Irene and
Kuala Lumpur.
Correlations between sondes and MLS overpasses shown in Figure 7 do not differ signiﬁcantly after reprocessing, except at Watukosek and Hanoi (for which the 2% unbuffered solution was used, Figure 7g, blue). In
particular, at pressures less than 10 hPa, the MLS-sonde differences among sites are highly variable and large
(Figure 7, right panels). This is also a region characterized by signiﬁcantly reduced sample sizes. In our TCO
and ICOtotal calculations we had chosen to cap pressures to 5 hPa to include as much of the reprocessed
ozone proﬁle as possible for our evaluation. When we perform the same analysis with a pressure cutoff at
10 hPa the main observable difference is a decrease in the 1σ standard deviations, particularly in the
stratosphere. This is consistent with the large O3 variability we observe in the individual proﬁles above 12 hPa
(Figure 7, left panels). Reprocessing has not improved measurement accuracy above 10 hPa; therefore, it is
recommended to limit integrated total O3 to a pressure cutoff of 10 hPa. Stations using the 2% unbuffered
solution (Watukosek and Hanoi in Figures 7d and 7g, respectively) measure higher O3 than MLS at pressures
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less than 10 hPa. In contrast, Irene (Figure 7c, right) uses a 1% buffered solution and sondes measure lower
than MLS at the same pressures. All three sites use Vaisala radiosondes; thus, this inconsistency does not
originate from instrumental differences. Johnson et al. [2002] PCF are between 2% (at 100 hPa) and 15%
(at 5 hPa) higher than both Komhyr PCF and can account for the much higher O3 observed at
Watukosek and Hanoi, relative to MLS. La Réunion is the only site showing O3 from sondes higher than MLS
(Figure 7f, right), consistent with Johnson et al. [2002] study regarding a hystersis effect due to the buffering of the solution. Ascension and Natal, which also use a 1% buffered solution, show a mixture of agreements above 10 hPa that cannot be explained by the inﬂuence of the buffer on the sensor response alone
(Figures 7a–7b, middle).
The large variability of the sonde measurements at low pressures may be due to ﬂuctuations in the
sensor’s pump efﬁciency and the inaccuracy of the standard PCF. At pressures lower than 100 hPa,
the ECC pump efﬁciency starts to decrease and PCFs from lookup tables are applied to compensate
for the deﬁciency in the sensor performance [Komhyr, 1967, 1969, 1986, Komhyr et al., 1995; Johnson
et al., 2002; Smit et al., 2014] (ψ in equation (1)). The standard Komhyr [1986], Komhyr et al. [1995]
PCF are based on small sample sizes ([e.g., Komhyr et al., 1995] PCF results are based on 13 proﬁles),
the SPC manufacturer type only, and models older than the current SPC 6A. Moreover, they greatly
underestimate the true pump efﬁciencies due to the complication of the buffer concentrations that
are most sensitive above the O3 peak (~20 hPa) [Johnson et al., 2002]. We recommend PCF tables
appropriate for the current standard ECC/solution pairings based on mechanical degradation and
separately determine adjustments based on the effect of buffering on the 1:1 stoichiometric relationship between O3 and I2. Case in point, Watukosek, which is the only station that uses an unbuffered
solution for its entire record, shows the best agreement with satellites after reprocessing when paired
with the Johnson et al. [2002] PCF. Likewise, the Hanoi time series that used the unbuffered solution
also show the best agreement with satellites. Complications arising from the effects of a buffered
solution are removed in this case. Sondes that use unbuffered solutions do not have these secondary
reactions and give good results in the stratosphere when using the appropriate Johnson et al.
[2002] PCF.
Radiosonde pressure biases may also be a contributor to the variable agreement with MLS among sites at low
pressure. All sites, except Ascension and Natal, have used the Vaisala RS80 radiosondes (refer to Table 3 for
the time period of use at each site) for which pressure measurements are uncertain at low pressures and their
biases can be either positive or negative depending on each sensor or batch of sensors in the production
stream [Inai et al., 2015].
At Watukosek there is a signiﬁcant increase in the correlations after reprocessing associated with a
reduction in outliers (Figure 7d, left, red crosses). The MLS low bias relative to reprocessed O3 proﬁles
above 12 hPa is due to an overall increase in reprocessed O3 that shifts the original mean proﬁle
differences with MLS (Figure 7d, right). Hanoi in Figure 7g (blue line) shows a similar shape and
improved correlation to Watukosek, due to the inﬂuence in the response of the sensor to the 2.0%
unbuffered solution.
Kuala Lumpur and Hanoi results shown in Figures 7e and 7g (in red), respectively, show that the MLS and
ENSCI 0.5 reprocessed sondes are more closely aligned throughout the proﬁle. This reduction in the variability can be seen in left panels where the reprocessed sondes (red crosses) shift the MLS agreement toward the
zero line compared to the original proﬁle comparisons (black crosses).
Although the MLS is generally biased low compared to original sonde records at La Réunion, this bias is
further exacerbated after reprocessing (Figure 7f, right, red proﬁle). However, the correlations do not change
signiﬁcantly at all pressure levels and are well within the MLS 1σ standard deviations (refer to Table S1 in the
supporting information).
Although the pattern of agreement between sondes and MLS changes with height, it is consistent with
results in Figure 4 that show an overall increase in lower stratospheric reprocessed O3. This leads to an
overall improvement in the sonde/MLS agreement at Ascension, Natal, Kuala Lumpur, Hanoi, and
Watukosek in the ozone maxima region (50 hPa–10 hPa), and an increase in the MLS low bias at Irene
and La Réunion.

WITTE ET AL.

SHADOZ REPROCESSED OZONESONDE PROFILES

6632

Journal of Geophysical Research: Atmospheres

10.1002/2016JD026403

7. Summary
The O3 proﬁle data from seven sites in the SHADOZ network over the period 1998–2015 have been reprocessed to improve the quality and to establish homogeneity across the network based on ASOPOS reprocessing guidelines. We have given a detailed description of those aspects of the guidelines that correct all
known biases in the ozonesonde system. Each site in the SHADOZ network is unique in its operating and
reporting procedures, requiring a tailored approach based on available original data, completeness of
metadata reporting, and historic knowledge (e.g., to note changes in operator procedures, personnel,
degradation of equipment). To evaluate the impact of reprocessing, original and reprocessed sonde
records are compared to one another and to satellite total ozone from EP-TOMS and OMI, and proﬁles from
Aura MLS (2004–2015).
Reprocessing leads to negligible-to-modest changes in tropospheric and stratospheric column O3: up
to 8% and 6%, respectively. Reprocessed data at Watukosek, Irene, and Hanoi show the largest stratospheric column O3 increases of 7.7 ± 1.5 DU, 4.0 ± 1.7 DU, and 4.8 ± 2.1 DU, respectively. Changes
in the tropospheric O3 distribution range from 2.1 ± 1.3 DU at La Réunion to +1.2 ± 0.7 DU at
Irene. The data from Watukosek show the largest change in O3 after reprocessing of 9.0 ± 2.1 DU
in TCO, while Ascension and Natal show the smallest changes, up to 3 DU. There is a bimodal distribution in total, tropospheric, and stratospheric O3 at Ascension, Natal, and La Réunion due to
the application of transfer functions that compensate for changes that differ from the standard
ENSCI0.5 and SPC1.0 instrument and solution pairings. There is also a double peak in the distribution
observed at Hanoi due to the different reprocessing procedures applied to the ENSCI2.0 and the
ENSCI0.5 pairs.
In most cases there is a reduction in variability, i.e., 1σ standard deviations, that leads to better overall agreement with the three satellite overpass measurements. In general, correlations and 1σ standard deviations
with EP-TOMS and OMI do not change signiﬁcantly. Comparisons with MLS proﬁles show improved agreement in the ozone maxima region between 50 hPa and 10 hPa. The complex response in sondes at very
low pressures, when compared to MLS, indicates a need to improve the sonde measurement accuracy when
the pump efﬁciency performance is low and to correct for pressure offsets that may arise due to the uncertainty in radiosonde pressure sensor measurements. Care should be taken when interpreting results at pressures less than 10 hPa. We recommend that analysis using ozonesonde TCO should not integrate O3 lower
than 10 hPa.
The historic Irene and Kuala Lumpur O3 records have been reconstructed using monthly mean pump
temperature proﬁles from sites that used Vaisala RS80 radiosondes because these data were missing in
the original data records. An effort is ongoing to replace these climatologies with actual pump temperatures extracted from raw binary ﬁles (Geir Braathen, personal communication, 2017).
Remaining discontinuities in the O3 records at Ascension, Natal, La Réunion, and Kuala Lumpur are concurrent with a change in their radiosonde/ozonesonde system that, at present, the reprocessing method does
not take into account. Solution changes at La Réunion further exacerbate inhomogeneities in their data
records. Trend analyses using the La Réunion data records should not be done until the discontinuity arising
from solution changes is resolved. A series of chamber tests intercomparing all the radiosonde/ozonesonde
combinations used in SHADOZ is expected to resolve those issues (a JOSIE (Juelich Ozone Sonde
Intercomparison Experiment) 2017).
The SHADOZ data reprocessing effort is ongoing. Once reprocessed data from the full set of SHADOZ stations
have been assembled, station biases that were found in our earlier studies will be readdressed [Thompson
et al., 2003, 2007, 2012]. The ﬁnal step toward complete reprocessing is to assess the ozone uncertainty budget. The treatment of uncertainty in the SHADOZ ozonesonde data records will follow the recommendations
and deﬁnitions by ASOPOS.

Appendix A
Supporting analyses. Descriptions are included for Figures A1–A3.
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Figure A1. Monthly mean pump temperatures proﬁles using data from ﬁve SHADOZ sites (left) that used Vaisala RS80
radiosondes. (right) The 1 sigma standard deviation per monthly mean.

total

Figure A2. (top) Time series at Hanoi of ICO
, (middle) tropospheric, and (bottom) stratospheric column O3 amounts. The y axis is the difference between the
reprocessed and original proﬁles in DU. The blue line marks the boundary where 2% unbuffered and 0.5% half buffered solutions have been used.
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Figure A3. Time series of stratospheric column O3 at Kuala Lumpur. The time period within the black lines indicate when the Modem/ozonesonde system was ﬂown.
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