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Abstract We review the current state of knowledge of ozonesonde uncertainty and bias, with
reference to recent developments in laboratory and field experiments. In the past 20 years ozonesonde
precision has improved by a factor of 2, primarily through the adoption of strict standard operating
procedures. The uncertainty budget for the ozone partial pressure reading has contributions from
stoichiometry, cell background current, pump efficiency and temperature, sensing solution type, and
volume. Corrections to historical data for known issues may reduce biases but simultaneously introduce
additional uncertainties. This paper describes a systematic approach to quantifying these uncertainties
by considering the physical and chemical processes involved and attempts to place our estimates on a
firm theoretical or empirical footing. New equations or tables for ozone/iodine conversion efficiency,
humidity and temperature corrections to pump flow rate, and altitude-dependent pump flow corrections
are presented, as well as detailed discussion of stoichiometry and conversion efficiencies. The nature of
the so-called “background current” is considered in detail. Two other factors particularly affecting past
measurements, uncertainties and biases in the pressure measurement, and the comparison of sonde
profiles to spectrophotometric measurements of total column ozone, are also discussed. Several quality
assurance issues remain, but are tractable problems that can be addressed with further research. This will
be required if the present goal of better than 5% overall uncertainty throughout the global ozonesonde
network is to be achieved.

Plain Language Summary Ozonesondes are a stable reference for the global ozone observing
network, making relatively inexpensive, accurate measurements of ozone from the ground to 30 km,

with high vertical resolution, for more than 50 years. Ozonesonde data are used extensively for validation
of satellite ozone measurements, models, and for trend analyses. The current state of knowledge of
ozonesonde uncertainty and bias is reviewed, and a systematic approach to quantifying these uncertainties
by considering the physical and chemical processes involved is presented. While ozonesonde precision has
improved through the adoption of strict standard operating procedures, further improvement is possible
with further research, toward a goal of less than 5% overall uncertainty throughout the global network.

1. Introduction

Ozonesondes are the backbone of the global ozone observing network, making relatively inexpensive, ac-
curate measurements of ozone from the ground to 30 km, with high vertical resolution (~100 m), for more
than 50 years. Ozonesonde data are used extensively for validation of satellite ozone data products, and
are also part of merged satellite data sets and climatologies that are used for trend analyses and as a priori
data for satellite retrievals. The importance of electrochemical concentration cell (ECC) sondes for trend
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analyses and as a transfer standard and stable reference for satellite validation demands better quantifica-
tion of their uncertainties.

Over the past several decades monitoring of global ozone has been carried out using observations from
satellites, ground-based photometers, balloon-borne ozonesondes, and lidar (e.g., Logan, 1994; SPARC-
IOC-GAW, 1998; Tarasick et al., 2019b; Terao & Logan, 2007; Thompson et al., 2003; WMO, 2014; Zerefos
et al., 2009), as well as commercial aircraft (e.g., Petzold et al., 2015; Thouret et al., 2006).

While trends of total and stratospheric ozone can be derived from ground-based spectrometer and sat-
ellite results, only ozonesondes and (where they exist) lidars can supply accurate, well-resolved profiles
(to 100 m) throughout both the troposphere and lower-mid stratosphere. Ozonesondes have an advantage
over lidar in being able to measure ozone in cloudy or rainy conditions. Otherwise, lidars provide better
temporal coverage, but there are unfortunately only a handful of sites that measure routinely. Sondes are
less technically complex and have less-intense labor requirements. Thus, they are much more frequently
deployed in routine operations and so constitute the principal source of trend-quality long-term records of
ozone profiles below about 18 km. As a data source that is also independent of ground-based spectrometers,
ozonesonde measurements have been extensively used for trend analyses (Bojkov & Fioletov, 1997; Fioletov
et al., 1997; Harris et al., 2015; Lin et al., 2014; Logan, 1994; Logan et al., 1999, 2012; Oltmans et al., 2006,
2013; Randel & Thompson, 2011; Randel & Wu, 1999; Staehelin et al., 2001; Tarasick et al., 2005; Thompson
et al., 2020). The standard balloon launch schedules for long-term stations are most commonly weekly, as
appropriate for stratospheric monitoring (Liu et al., 2009), but range from twice monthly to 2-3 times per
week.

Strategic ozonesonde networks are used, often with coordinated ground-based, aircraft, and satellite obser-
vations, to study ozone processes (Stauffer et al., 2018; Thompson et al., 2007a, 2007b; 2010). The high ver-
tical resolution of ozonesondes is important here, as atmospheric transport occurs in thin, quasihorizontal
layers (Newell et al., 1996, 1999). For example, since 1992 the annual Match campaigns (von der Gathen
et al., 1995) have followed ozone-depleted layers in the mid- and high-latitude stratosphere as they move in
and around the Arctic vortex (e.g., Manney et al., 2011). The INTEX Ozonesonde Network Study (IONS-04
and IONS-06) (Thompson et al., 2007a, 2007b), ARCIONS (Tarasick et al., 2010), BORTAS network study
(Parrington et al., 2012) and SEACIONS (http://tropo.gsfc.nasa.gov/seacions) studied episodic influences of
stratospheric-tropospheric exchange, convection, and urban and fire pollution in the free troposphere and
lower stratosphere over North America.

By linking potential vorticity values denoting stratospheric air to locations of high-ozone/low-H,0 layers in
the IONS-04 ozonesonde data, Thompson et al. (2007a, 2007b) determined that ~1/4 of northeastern North
American free tropospheric ozone during July to August 2004 originated in the stratosphere. Using ozone-
sonde data from a series of campaigns at multiple sites, and trajectory modeling, Hocking et al. (2007) and
Tarasick et al. (2019a) found that the stratosphere contributed 3.1% of ozone in the boundary layer, 13% in
the lower troposphere, and 34% in the middle and upper troposphere. Moeini et al. (2020), combining back
trajectories and satellite fire count data with 1,100 ozonesonde profiles at 18 Canadian and northern U.S.
sites during the IONS, ARCIONS, and BORTAS campaigns, calculated that up to 8% of tropospheric ozone
originated from biomass burning. Cooper et al. (2006) used IONS-04 data and models to determine that
the majority of upper tropospheric ozone enhancements over eastern North America were due to lighting
NOx production, while Cooper et al. (2010) used trajectories and free tropospheric ozone data to show that
emissions in Asia significantly affect ozone pollution in western North America.

The enduring role of ozonesondes in the global observing system owes much to the use of the profile data,
from surface to 30 km, in the development of high-quality satellite 0ozone measurements. Ozonesondes
support satellite observations in several important ways.

Ozonesonde profile climatologies (e.g., Fortuin & Kelder, 1998; Lamsal et al., 2004; Logan, 1999; G. Liu et al.,
2013a; J. Liu et al.,, 2013b; McPeters & Labow, 2012) are the basis of retrieval algorithms, including averaging
kernels, and are being combined with merged satellite data sets (Hassler et al., 2018; Moeini et al., 2019).

Ozonesondes help validate total ozone and profile retrievals for new satellite instruments. Special observa-
tional networks, sometimes part of multiplatform field campaigns, are often organized to collect soundings
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for particular satellites shortly after launch. For example, studies published in the Aura Special Issue (Jour-
nal of Geophysical Research, 2007) feature the ~700 IONS-06 ozonesondes, timed for the satellite overpass,
to evaluate data from the four Aura ozone sensors, including both limb-viewing and nadir instruments.
Such campaigns are also conducted at intervals to evaluate the continuing performance of satellite sensors
and to check for drift (Walker et al., 2016).

Ozonesonde profiles serve as a transfer standard to allow cross-calibration of multiple satellite instruments.
Along with ground-based spectrometers, ozonesonde data are used to compare two or more satellite in-
struments. The comparisons are often made for a series of instruments of similar design during an overlap
period of the operations of a newer instrument with an older one that will be replaced, for example, the
SBUV (Fioletov et al., 2006) and GOME series (Hoogen et al., 1999; X. Liu et al., 2005; Miles et al., 2015),
IASI (Boynard et al., 2009), the TOMS-to-OMI transition (McPeters et al., 2008; McPeters et al., 2015; Witte
et al., 2017), and Meteor to EP TOMS (Anton et al., 2009). The ozonesonde data provide a stable, fixed-site
set of reference profiles for different types of satellite instruments, operating on the same or a different
platform, to be compared in total column ozone, tropospheric and stratospheric columns, and profiles. Such
analyses quantify biases in the satellite profile records, which is important on both shorter and longer-term
time scales. This quantification is essential for merging satellite data sets into a long-term record as well as
for evaluation of sensor drift.

Ozonesonde data provide important information to evaluate satellite instrument drift. Hubert et al. (2016)
did a comprehensive comparison of 14 limb-viewing satellites that have measured lower-mid stratospheric
ozone within the past 25 years Hubert et al. (2016) illustrate a newer application of ozonesonde profiles to
the limb-viewing satellites that consists of calculating and comparing drift in individual instruments, given
that half of those 14 instruments surveyed were operational for a decade or more. The study found discon-
tinuities within a satellite instrument's time series at different levels within the stratosphere. For example,
Hubert et al. (2016) found a —15% drift at 18°S (latitude of the Fiji SHADOZ station) to +15% (at Irene)
when compared to MLS at 21.5 hPa. The uncertainties in ozonesonde drift at different locations also vary
widely. Similar characteristics in ozonesonde-satellite drift comparisons are seen with HALOE data (1991-
2005) for which nearly all the ozonesonde comparisons are in the extra-tropics. Hubert et al. (2016) clearly
demonstrate that using ozonesonde profiles for satellite drift detection places a requirement on ozonesonde
accuracy and precision of 3%-5%.

Lidars and microwave are also used for satellite calibration but there are only a modest number of stations
with multidecade records (Hassler et al., 2014; Tarasick et al., 2019b; WMO, 2018).

Ozonesondes also provide a comparative reference for aircraft ozone profiles collected through long-term
programs that operate ozone sensors on commercial airliners: for example, MOZAIC-IAGOS and CARIBIC
(Petzold et al., 2015; Staufer et al., 2013, 2014; Tarasick et al., 2019b; Thouret et al., 1998).

Figure 1 displays the location of stations for which at least a decade of ozonesonde data is available in open
archives, that is, the World Ozone and Ultraviolet Data Centre (WOUDC; woudc.org), the Network for
Detection of Atmospheric Composition Change (NDACC; ndacc.org), Southern Hemisphere Additional
Ozonesondes (SHADOZ; tropo.gsfc.nasa.gov/shadoz). The majority of these stations also host an operation-
al ground-based total ozone instrument, which can offer a valuable parallel ozone reference.

Ozonesonde-satellite comparisons may also detect biases among ozonesonde profiles measured at various
stations, presumably due to differences in ozonesonde instrument type and preparation (Witte et al., 2017,
2018). This was first noted when total ozone measured by tropical ozonesondes at various SHADOZ sites
was compared to total ozone from the nadir viewing BUV satellite instruments, TOMS, and OMI (Thomp-
son et al., 2007, 2012). It is known that the performance characteristics of the two ECC types (SPC and EN-
SCI) can be significantly different, although this is not yet well understood (Smit et al., 2007). More recently
small discontinuities in comparisons between total ozone from ground-based instruments and BUV-type
satellites have been found in the progression from OMI to the SNPP/OMPS era (Thompson et al., 2017).
Recent changes relative to satellite data observed at a number of stations in the global network (Stauffer
et al., 2020) may also be due to changes in sonde response caused by (unknown) manufacturing changes.
Changes in sensing solutions, preparation, or other operating procedures can also affect sonde response.
This paper reviews the current state of knowledge of ozonesonde uncertainty and bias, based on several
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Figure 1. Locations of stations for which at least a decade of ozonesonde data are available in open archives, that is,
World Ozone and Ultraviolet Data Centre (woudc.org), Network for Detection of Atmospheric Composition Change

(NDACC, ndacc.org), Southern Hemisphere Additional Ozonesondes (SHADOZ, http://tropo.gsfc.nasa.gov/shadoz).
The majority of these stations also host an operational total ozone instrument. The color bar indicates the number of
profiles of each type available from each station.

recent studies (Deshler et al., 2017; Sterling et al., 2018; Tarasick et al., 2016; Van Malderen et al., 2016;
Witte et al., 2018), the ASOPOS report (Smit and ASOPOS Panel, 2014), and the emerging GRUAN protocol
(GRUAN, 2019). We also describe sources of error that can be better evaluated with further research, and a
“roadmap” for achieving the goal of having all sonde measurements traceable to the modern UV-absorption
standard (Hodges et al., 2019; Tarasick et al., 2019b), and better than 5% overall uncertainty throughout the
ozone profiles and across the global ozonesonde network.

2. Principles of the Electrochemical Concentration Cell

Ozonesondes are small, lightweight, and compact balloon-borne instruments, developed for measuring
the vertical distribution of atmospheric ozone up to an altitude of about 30-35 km. During normal flight
operation, ozonesondes are coupled via special interfacing electronics with standard meteorological radi-
osondes (e.g., Dabberdt et al., 2005) for data transmission of the measured sensor current and aerological
parameters like pressure, temperature, relative humidity, and, since the adoption of radiosondes with GPS,
drift-based wind direction and wind speed, and GPS-derived altitude. Using the radiosonde telemetry, the
current measured by the ozonesonde is transmitted to the ground station for data processing.

Ozonesondes utilize electrochemical detection methods developed originally for surface monitoring (Bow-
en & Regener, 1951; Brewer & Milford, 1960; Ehmert, 1951; Gliickauf et al., 1944; Paneth & Gliickauf; 1941;
Vassy, 1958). The principle of the ozone measurement is based on the titration of ozone in a neutral-buff-
ered potassium iodide (NBKI) sensing solution according to the redox reaction

2KI+ O3 + H,0 — I, + O, + 2KOH (R1)
followed by
I, +2e = 2I” (R2)
TARASICK ET AL. 4 of 27
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Figure 2. Two ECC ozonesonde instruments, made by different manufacturers. Left: SPC-6A type made by Science Pump Corporation; Right: ENSCI-Z type
made by ENSCI Corporation. Differences are minor: the cathode and anode caps, thermal contact between the cells and the metal housing, and the plastic used
to construct the cells and pump (Teflon and molded plastic, respectively).

The titration is a coulometric method, determining the amount of free iodine (I,) generated per unit time
via conversion to an electric current. The ECC ozonesonde (Komhyr 1969, Figure 2), consists of cathode
and anode chambers, each containing a platinum (Pt) mesh electrode, immersed in an aqueous KI-solu-
tion, saturated in the anode, and nominally of 1.0% concentration in the cathode (although concentrations
from 0.1% to 2% have been used). The two chambers are linked together by an ion bridge (made typically of
densely packed cotton fibres) that provides a pathway for the ion chemistry but prevents mixing of the cath-
ode and anode electrolytes. A small gas sampling pump forces ambient air through the cathode chamber
sensing solution of the ECC as the ozonesonde ascends. Transported by the stirring action of the air bub-
bles, the iodine makes contact with the platinum cathode and is reduced back to iodide ions by the uptake
of, in the ideal case, two electrons per molecule of iodine as per Reaction R2.

Although other types of ozonesonde instruments have been used in the past (Tarasick et al., 2019b), almost
all ozone sounding stations worldwide now use the ECC ozonesonde type, archiving 2,000-3,000 profiles
annually. Normally data are taken during a 4-5 m/s ascent to a balloon burst altitude of 30-35 km (12-
5 hPa). The inherent response time (1/e) is ~20-30 s (Smit & Kley, 1998), which corresponds to a vertical
resolution of about 80-150 m.

From R1, each O, molecule causes (ideally) two electrons to flow in the external circuit. The measured
electrical current i,, generated in the external circuit of the electrochemical cell is, after correction for an
offset or “background” current i,, directly related to the uptake rate of ozone in the sensing solution of the
cathode chamber. By knowing the gas volume flow rate ®, = 7, @, of the air sampling pump and the air
temperature in the pump, T, the measured partial pressure of ozone P, is determined from Faraday's first
law of electrolysis and the ideal gas law and is given by the relation:

(iM B iB) RTp

Fos =
NpNatlc 2F®p

()

where R is the universal gas constant and F is Faraday's constant, the constant 2 represents the ideal two
electrons from Reaction R2, and

7, = pump flow efficiency as a function of pressure;
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7, = absorption efficiency to transfer the sampled gaseous ozone into the liquid phase;

7. = conversion efficiency of the absorbed ozone in the cathode sensing solution into iodine and finally into
the measured cell current i,,

The efficiency of the air sampling pump declines at low pressures in a predictable way, with empirically-de-
rived curves showing some differences between ECC models. The absorption efficiency 7, is usually taken
to be 1 (complete absorption). The conversion efficiency is then the number of electron pairs contributed to
the measured electrical current i), by each molecule of ozone, and standard practice is to take 7, = 1, from
Reaction R2.

The use of 7, = 1 and 7, = 1 neglects several processes that may affect the number of electrons produced
per molecule of ozone: loss of ozone to the sensor walls, less than complete absorption of ozone into the
cathode sensing solution, loss of molecular iodine through evaporation from solution (and in rare cases,
loss of the solution itself via spraying through the exit tube), losses through the internal resistance of the
cell, and reactions other than R1 that can cause the stoichiometry of the NBKI method to be different from
1 (Saltzman & Gilbert, 1959).

Each of these parameters has an associated uncertainty, with both systematic and random components.
Here, we define systematic uncertainties as those that do not vary from sounding to sounding, while ran-
dom uncertainties are those that do vary randomly with each sounding. In general, each of these uncer-
tainty components can be a function of pressure or time. The systematic components, or biases, can be
measured or estimated, and so corrected, but the derived corrections will carry their own uncertainties.

Although these uncertainties do not vary randomly within a sounding, a few of these parameters also have
a random uncertainty associated with the inflight measurement: T,i,,, 1, (due to the stochastic nature of
bubble formation), and possibly pump motor speed. From laboratory comparisons using a calibrated ozone
source it can be estimated that these total <1%. As they are uncorrelated, they are also reduced by integrat-
ing the profile in whole or in part, and so can generally be neglected, except when deconvolving or differen-
tiating the input signal (e.g., De Muer & Malcorps, 1984; Huang et al., 2018; Vomel et al., 2020).

ECC-ozonesondes have gone through several modifications of the instrument and procedures since they
were first manufactured in the early 1970s (Johnson et al., 2002; Thompson et al., 2017; Witte et al., 2017,
2018). This includes changes made by the manufacturer (Figure 2), as well as changes in sensing solution
(supporting information, Text S4), and to standard operating procedures (Smit and ASOPOS Panel, 2014).
These changes, if they introduce new systematic uncertainties in any of the parameters in Equation 1, may
cause significant uncertainties in ozonesonde trend analysis (SPARC-IOC-GAW, 1998).

3. Uncertainty Budget Analysis

The instrumental uncertainty of the electrochemical ozone sensor for the measurement of ozone is a com-
posite of the contributions of the individual uncertainties of the different instrument parameters in Equa-
tion 1. As these in general depend on the ambient air pressure, the overall uncertainty of the ozone meas-
urement will be a function of pressure, and therefore, altitude.

It is assumed that the uncertainties are random, uncorrelated, and normally distributed, so that the overall
relative uncertainty of P, can be expressed as the combined uncertainties of the variables in Equation 1,
plus any additional uncertainties:

2 2 2 (Af 2 Ai 2 2 2
APy _ [AUP] +[A77AJ +[A77cj +( ’M) +( ’B) +[ATPJ +[A®POJ Y&l )
Fos p un Tc (iM - i3)2 Tp

Here, the additional term in €, represents additional random uncertainties due to other causes: uncertainties

associated with any bias corrections applied to the other parameters, and uncertainties in the pressure co-
ordinate or time registration of the ozone signal, which in practice express as uncertainties in ozone partial
pressure. For example, an error in pressure, by assigning an ozone value to the wrong pressure altitude, will
translate into an effective error in ozone, of magnitude proportional to the ozone gradient.
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3.1. Pump Flow Efficiency 7, at Low Pressures

At ambient air pressures <100 hPa the efficiency of the gas sampling

X [ pump degrades due to pump leakage, dead volume in the piston of the

pump, and the back pressure exerted on the pump by the cell solution
(Komhyr, 1967; Steinbrecht et al., 1998), so that the gas volume flow
rate measured during preparation @, must be corrected by a factor 7.
This decrease in pump efficiency at reduced pressures is a function of
ambient pressure. Because of its importance, a large amount of effort
has gone into characterizing the efficiency of ECC pumps at low pres-
sures (e.g., Harder, 1987; Johnson et al., 2002; Komhyr, 1986; Komhyr
et al., 1995; Nakano, personal communication, 2019; Torres, 1981). John-
son et al. (2002) summarizes the results of a large number of pump cali-
brations using complementary methods. More recent measurements are
generally consistent within statistical uncertainty, but differ significantly
from the Komhyr (1986) and Komhyr et al. (1995) values; we will come
back to this in Section 3.3. Measured pump flow efficiencies as a function
of ambient pressure for ECC ozonesondes are shown in Figure 3 (see also

: Table S2), along with measured standard deviations, which may be taken
=+ 1000 as the uncertainties of the corrections.

T
-
o

© Pressure (hPa)

E 10

0.75 0.80 0.85 0.90 0.95 1.00

Pump Flow Efficiency

Figure 3. Pump flow efficiencies () as a function of air pressure for

While the uncertainty of the pump flow efficiency is modest below 20 km
(1.1% at 100 hPa), it increases substantially at pressures below ~20 hPa,
and so contributes significantly to the overall uncertainty of the ozone-

ECC-ozone sondes reported by Komhyr (1986), Komhyr et al. (1995), sonde performance above 25-30 km altitude (2%-3% at 10 hPa, and 3%-

Johnson et al. (2002): (CMDL and UWYO), and Nakano, personal 4% at 5 hPa; Table S2).
communication, 2019) (JMA). See also Table S2 in the supporting

information.

3.2. Absorption Efficiency 7,

The absorption efficiency 7, is the capture efficiency (i.e., mass transfer)

of the sampled gaseous ozone into the liquid phase of the cathode sens-
ing solution. Although evaporation reduces the amount of cathode solution available for uptake of gaseous
ozone, 7, is not significantly affected (e.g., Komhyr, 1971) by the changing liquid volume. At higher alti-
tudes the uptake of gaseous ozone apparently becomes more efficient due to much faster mass transfer (i.e.,
faster diffusion) at lower pressures (Davies et al., 2003). Thus 7, stays at 1.00, with an uncertainty of less
than +1% throughout the entire profile for ozonesonde sensors charged with 3.0 cm? of cathode solution.
For ECC-sensors charged with 2.5 cm? of cathode solution (or those that during the day-of-flight calibration
procedure are run long enough to evaporate 0.5 ml), only ~96% of the ozone is captured by the sensing
solution at 1,000 hPa ground pressure (Davies et al., 2003); at lower pressures the 4% deficit vanishes rap-
idly such that at pressures below 100 hPa, 7, equals 1.00. For 2.5 cm? cathode sensing solution at pressures
greater than 100 hPa, the absorption efficiency should be calculated as

Ma (Pair) = 1.0044 - 4.4x107 Py, (3)

where P, is in hPa. The uncertainty of 7, is estimated to be ~+0.01 throughout the entire profile, and the
additional uncertainty of this correction for ECC-sensors charged with 2.5 cm? of cathode sensing solution
is estimated as +0.01 (Davies et al., 2003; Smit et al., 2012).

3.3. Conversion Efficiency 7,

The efficiency of conversion of the absorbed ozone into the measured cell current, 7, includes the stoichi-
ometry of the conversion of iodide into I, (R1), as well as several possible loss processes. Losses to the cell
walls are likely negligible as the diffusion time constant for the sampled gas in solution is much less than the
reaction time constant. Losses of iodine are thought to be small, as most of the iodine in solution is in the
form I,~ (Tarasick et al., 2002). In addition, iodine escaping from solution would also have been detected (as
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unabsorbed ozone) in the experiments of Davies et al. (2003) discussed above. Losses to internal resistance
(e.g., the conductivity of the ion bridge between the cathode and anode chamber, or of electron transfer at
the Pt cathode surface) are not easily quantified, but likely small, as the cell does not show any nonlinearity
in its response to ozone.

Based on the limited results of Dietz et al. (1973), Flamm (1977), and Pitts et al. (1976), a random uncer-
tainty of 3% for the stoichiometry of Reaction R1 typically has been assumed (Smit et al., 2012; Sterling
et al., 2018; Witte et al., 2018), independent of altitude. This may be an overestimate, as ozonesondes pre-
pared and flown under similar conditions show a precision of 3%-5% throughout most of the profile below
~28 km (Deshler et al., 2008a; Kerr et al., 1994; G. Liu et al., 2009; Smit et al., 2007). On the other hand,
the stoichiometry of Reaction R1 increases with time (i.e., altitude) in buffered sensing solutions (Johnson
et al., 2002); the uncertainty of the stoichiometry may increase with altitude as well. In addition, loss of
water through evaporation during flight will concentrate both the KI and the buffer, and both effects will
increase the stoichiometry of R1.

The stoichiometry of Reaction R1 has been studied extensively since its discovery in the 19th century. Many
early studies were made for ozone concentrations much higher than those in the stratosphere, because
of the difficulty of working with low concentrations of ozone at the time (A. W. Boyd et al., 1970; Dietz
et al., 1973; Hodgeson et al., 1971; Kopczynski & Bufalini, 1971). Byers and Saltzman (1959) and Saltzman
and Gilbert (1959) found that the reaction stoichiometry varied with pH, being 1.00 at pH = 7, and in gen-
eral much lower at higher pH values and in unbuffered solution. Without buffering, Reaction R1 will drive
the solution alkaline, so the KI solution is normally buffered. Dietz et al. (1973) found a stoichiometry of
1.00 £ 0.03 at pH = 7 for two measurements at 100 and 400 ppbv of ozone. Flamm (1977) found a value of
1.2 for ozone mixing ratios between 350 and 1,000 ppbv, noting that it increased with time, and 0.962 + 0.07
for a mixing ratio of 100 ppbv. Pitts et al. (1976) found the 2% NBKI method gave (a) NBKI/IR = NBKI/
UV = 1.23 + 0.06 for RH = 50% at 100-1,000 ppb of ozone and (b) NBKI/IR = NBKI/UV = 1.14 + 0.04 at
RH = 3%. Although they had no explanation of the apparent water vapor dependence, they found it was re-
duced when potassium bromide was added (Bergshoeff et al., 1980; Lanting, 1979), as is commonly the case
in ozonesondes. However, Johnson et al. (2002) found that KBr concentration had no significant influence
on ECC sonde response, so the role of KBr in ozonesondes is an unresolved question.

Saltzman and Gilbert (1959) note that the differences in stoichiometry found at different pH values imply
that the chemistry of reaction of ozone with KI is complex, involving reactions other than R1 that cause
loss of iodine, as well as reactions that produce additional iodine. Several authors have noted the existence
of slow side reactions involving the phosphate buffer, with a time constant of about 20 min, that may also
change (increase) the stoichiometry from 1.0. The measured magnitudes vary, from about 11% (Saltzman
& Gilbert, 1959), to as much as 15%-30% (Flamm, 1977) in glass laboratory impingers; in ECC sondes
10%-15% (Johnson et al., 2002), and Brewer-Mast sondes 4%-6% (Tarasick et al., 2002).

Some of the differences in the laboratory results of the 1970s may in fact be due to differences in the length
of time for the measurement, which would affect the stoichiometry through these side reactions with the
buffer. Several authors (e.g., Flamm, 1977; Saltzman & Gilbert, 1959) note apparent differences in perfor-
mance resulting from laboratory dust, or use of different brands or grades of solution chemicals and dis-
tilled versus de-ionized water, suggesting that these differences could be due to trace contaminants. Such an
issue could conceivably affect ozonesonde performance as well.

Evaporation causes the concentration of the sensing solution to increase, which can further enhance the
stoichiometry of the NBKI reaction, by concentrating the phosphate buffer, and to a lesser degree, by in-
creasing the concentration of the KI itself (Johnson et al., 2002). This enhancement of the sensitivity of the
ECC sensor will also increase the uncertainty of the measured ozone, introducing a systematic uncertainty
that can increase significantly with altitude (e.g., I. Boyd et al., 1998; Johnson et al., 2002; Smit et al., 2007).

Given the uncertainty in the precise chemistry occurring in the cell, it is difficult to estimate the uncertainty
in its stoichiometry. Nevertheless, most recent comparisons to UV photometry in the laboratory environ-
mental chambers or in balloon-based intercomparisons find ratios close to 1.0, and ECC sondes give results
that agree very well with coincident total ozone measurements. This is because the pump flow efficien-
cies used in past practice (Komhyr, 1986; Komhyr et al., 1995) in fact represent an overall correction that
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includes both the pump flow efficiency as well as an estimate of the in-
crease in stoichiometry over the duration of a flight (Sterling et al., 2018;
Witte et al., 2018). Figure 4 makes this clear: it shows the ratio between
the Komhyr (1986) pump flow efficiencies and the more recent, accurate
determinations. These ratio curves show an increase with altitude that
mimics the expected increase in stoichiometry with time and ozone expo-
sure discussed above, and they agree well with the experimental results
of Johnson et al. (2002), who found that the stoichiometry of R1 over
a 2-h period (a typical time of flight for an ozone sounding) increased
from 1.00 to 1.05-1.20, with the overall increase depending mainly on the
concentration of the phosphate buffer and to a minor degree on the KI
concentration.
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That is, the low Komhyr “pump corrections” are compensating for the
increase in stoichiometry during a flight due to the slow side reactions.
They do this quite well, since ECC sondes have average total ozone nor-
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CMDL/K86 malization factors close to 1.00. However, this will be true only on aver-
UWYO/K86 age, as the actual pump flow efficiency is a function of pressure, and the
JNIAKSS increase in stoichiometry is a function of ozone exposure and time.
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Figure 4. Estimated change in stoichiometry during a typical ozonesonde
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1.15 1.20 While the curves in Figure 4 may approximate average values for conver-
sion efficiency, actual values will vary with sensor construction and KI
solution type. The JOSIE (Juelich Ozone Sonde Intercomparison Exper-
iment) experiments at the World Calibration Centre for Ozone Sondes

flight, derived from the pump correction differences in Figure 3. (WCCOS; see supporting information, Text S1) demonstrated that the

performance characteristics of the two ECC types (SPC and ENSCI) can
be significantly different, although operated under the same conditions (Smit et al., 2007). The biases are
reasonably consistent and so can be removed by the transfer function suggested by Deshler et al., (2017),
with an additional uncertainty in Equation 2 of +5%. The reasons for these differences are not well under-
stood, but they demonstrate that the conversion efficiency (7,.) is different for apparently modest differ-
ences in sonde construction, and so may be different for other changes in manufacture or in preparation.
Recent changes relative to satellite data observed at a number of stations in the global network (Stauffer
et al., 2020) may also be due to changes in 7, caused by manufacturing changes.

The JOSIE experiments also describe significant differences in the ozone readings when ECC-ozonesondes
of the same type are operated with different cathode solution strengths (Text S4; Table S4). For both ECC
types, the use of 1.0% KI and full buffer gives 5% larger ozone values compared with the use of 0.5% KI and
half buffer, and as much as 10% larger values compared with 2.0% KI and no buffer (Smit et al., 2007). The
recent JOSIE-2017 (Thompson et al., 2019) revisited the issue of instrument-sensing solution composition
combinations for tropical simulations that mimicked the conditions prevalent at SHADOZ stations. The
biases observed in JOSIE-2000 and BESOS were confirmed. Ozone profiles based on a new variant (SST0.1
in Table S4) were compared to those from sondes prepared with the standard solutions (Smit & ASOPOS,
2014). The SSTO0.1 variant reduced errors in the tropopause region, where ozone values are very low in tropi-
cal situations, but total column ozone tended to be biased low relative to the standard cases and to the JOSIE
reference photometer (Thompson et al., 2019).

An indirect estimate of the uncertainty of 7, and its increase with altitude can be obtained from the pump
flow efficiency uncertainties and the standard deviations of total ozone normalization factors. However, a
comprehensive analysis of results from JOSIE can give a more direct evaluation of the stoichiometry in the
cell, as well as its variation with flight time. It should be straightforward to develop, from existing data, new
empirical correction functions that will look something like the curves in Figure 4, and represent the variation
and uncertainty of 77, with respect to altitude, each sensor model, and preparation (Smit et al., in preparation).

In the following section, we present an alternative way of treating the stoichiometry variation, and show
that to a large degree the slow response due to the slow side reactions can be treated as a time-varying
“background current.”

TARASICK ET AL.

9 of 27



V od |
AGU

Earth and Space Science 10.1029/2019EA000914
20 20 e
15 15

Altitude [km]
S
PRI RS R ST S T NN SRS ST NN S N S
Altitude [km]
=
PR S ST SR S N SO S SR TR NN S R S

5 5
0@ o117 0
0 10 20 30 40 50 0 10 20 30 40 50
Rel.Fraction of Background to Ozone [%] Rel.Fraction of Background to Ozone [%]
L e e e e e e T B B A e e B e e e e e o o R
00 10 20 30 40 50 0.0 10 20 30 40 5.0
Ozone Partial Pressure [mPa] Ozone Partial Pressure [mPa]

Figure 5. Contribution of the background current of the ECC-ozone sensor as a relative fraction of the vertical profile
of ozone (solid red line i,, (mPa)) for background values of 0.01uA (), 0.051A (l), and 0.14A (@) at mid-latitudes
(left) and in the tropics (right).

3.4. Measured Cell Current i, and Background Current i,

The uncertainty of the measured sensor current (i,,) is mainly determined by the accuracy of the current
measurement by the electronics (current (i) to voltage (V) converter) of the ozonesonde data interface board,
such that for currents > 1.0 uA the uncertainty of i,  is about +1%, while for currents < 1 pA the uncertainty
will be about +0.01 A (Smit & ASOPOS Panel, 2014). Sterling et al. (2018) present a more detailed analysis
of the measurement precision of several interface boards.

Prior to the balloon launch the response of each ozonesonde to ozone-free air is individually determined at
several points in the preparation process. i 0 is measured after charging the cells but before the introduction
of ozone. i1 is measured after exposure of the cathode cell to 10 min of ozone of concentration that produc-
es a current of 5.0 uA followed by sampling of zero air (or air from the “No/Lo” ozone port of the ozonizer
unit) for 10 min. (Formerly, the recommendation was “until the current stabilizes” [Smit & ASOPOS, 2014],
but the point at which it stabilizes is somewhat subjective, as in general the current continues to decline
slowly with time [Vomel and Diaz, 2010].) i 2 is measured at the launch site sampling zero air or ambient air
passing through an ozone filter. One of these values is generally treated as a constant offset and subtracted
from the measured cell current (Equation 1).

Background signals at the surface typically correspond to 0.1-0.5 mPa ozone. Ozone soundings are thus sen-
sitive to the background signal correction in regions where the ozone concentrations are low, for example,
the tropical upper troposphere (Kley et al., 1996; Newton et al., 2016; Vomel & Diaz, 2010) and the winter/
spring polar stratosphere during the season of ozone depletion (Vimel & Diaz, 2010).

Figure 5 shows the ratio of the background current to the measured ozone current for ozone profiles that
are typically encountered at midlatitudes (left) and in the tropics (right).

Modern ozonesondes report “final background” currents (i 2) of 0.03-0.11 uA. This may depend on the
quality of the filter used and the time since exposure to ozone. Quantifying the uncertainty of the back-
ground current has remained difficult due to our poor understanding of its origins. Sterling et al. (2018)
estimate an average for i;2 of +£0.02 uA for well-prepared sensors, while Witte et al. (2018), for a tropical
network, find +0.02 pA for Science Pump Corp. (SPC) sondes and +0.03 pA for ENSCI sondes. From Fig-
ure 5, it is evident that the uncertainty in the background current dominates the uncertainty of the ozone
measurement in the troposphere, particularly in the tropics and the tropopause transition region.
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Table 1

Survey of Average Background Current (+10) Before (i,0), and Following Exposure to 150-200 ppbv Ozone (i,1),
During Preflight Preparations of ECC-ozonesondes During JOSIE and BESOS Campaigns (Deshler et al., 2008; Smit
et al., 2007)

ECC sonde type ENSCI-Z SPC-6A

Study SST i0 [uA] il [nA] i;0 [uA] il [uA]
JOSIE1996 SST1.0 0.05 £+ 0.01 0.07 £ 0.02 0.02 £ 0.01 0.07 £ 0.01
JOSIE1998 SST1.0 0.05 £ 0.02 0.11 £ 0.03 0.03 £+ 0.02 0.11 + 0.01
JOSIE2000 SST1.0 0.02 £ 0.03 0.06 £+ 0.05 0.02 £ 0.01 0.05 £ 0.02
JOSIE2000 SSTO.5 0.02 £ 0.02 0.05 £+ 0.02 0.00 £+ 0.01 0.03 £+ 0.02
JOSIE2000 SST2.0 0.02 £ 0.02 0.06 £+ 0.03 0.02 £ 0.01 0.05 £+ 0.03
BESOS2004 SST1.0 0.00-0.02 0.05-0.06 0.00-0.01 0.04-0.07
BES0S2004 SSTO.5 0.00-0.01 0.02-0.03 —0.02-0.02 0.01-0.02
JOSIE2009 SST1.0 0.02 £+ 0.01 0.05 £+ 0.01 0.01 £ 0.01 0.04 £+ 0.01
JOSIE2009 SSTO.5 0.02 £+ 0.01 0.04 + 0.01 0.01 £ 0.01 0.03 £ 0.01
JOSIE2010 SST1.0 0.02 £ 0.01 0.04 £+ 0.02 0.00 £ 0.02 0.04 £ 0.01
JOSIE2010 SSTO.5 0.01 £+ 0.01 0.02 £ 0.01 0.00 £+ 0.03 0.03 £ 0.01

Note. In all cases, the sensor was flushed for 10 min with ozone-free air before the background current was measured.
Sensing solution types (SST) are given in Table S4. See supporting information, Text S4.

The nature of the background current in ECC sondes has been a subject of concern since the introduction of
the ECC sonde in the 1970s. ECC ozonesondes exposed to ozone-free air were observed to produce a small
current which varied between sondes and with their preparation. The concept was apparently introduced by
Komhyr (1969), who suggested that it was due to reaction with oxygen. Laboratory studies (Smit et al., 1994;
Thornton & Niazy, 1982, 1983) indicate, however, that the background current in the ECC ozonesonde
shows no oxygen dependence. While other oxidants such as NO, and H,0, can produce iodine via Reaction
1, the response is small, for NO, about 5%-10% of that for ozone (Pitts et al., 1976; Tarasick et al., 2000; Volz
& Kley 1988), so the result will be ~0.01-0.03 1A at typical background concentrations of NO, (4-12 ppbv).

A cell in equilibrium will produce no current; any current in the absence of ozone or other oxidants must be
due to an imbalance of tri-iodide between the anode and cathode cells. Possible causes of such an imbalance
include (1) a leaky ion bridge, (2) residual tri-iodide when the ozonesonde is freshly charged with sensing
solution (Thornton & Niazy, 1982), (3) an imbalance resulting from cell conditioning or contamination, or
(4) previous exposure to ozone. Only the first case represents a background current that may be expected
to remain roughly constant and should therefore be subtracted as a best approximation; the others should
decline according to the response time of the cell.

Table 1 shows average background currents before (i,0), and after exposure to 150-200 ppbv ozone (i,1), ob-
tained during preflight preparations of ECC ozonesondes during several laboratory and field campaigns. Al-
though the background currents of the SPC-6A and ENSCI-Z ozonesondes are of the same magnitude, they
both are significantly larger after exposure to ozone. This enhancement effect of the background current,
from values of 0.00-0.05 pA before ozone exposure to 0.03-0.11 nA after exposure to ozone, is the result
of a minor but still slowly decaying contribution to the measured cell current. By waiting a longer period
of time after exposure to ozone, the background currents will drop into the range originally measured (i.e.,
i1 converges with i,0 over time). From the preceding discussion, it is clear that this is due to the fact that
the NBKI chemistry has both a dominant fast and additional minor slow reaction pathway, the latter due
to slow side reactions in the cathode sensing solution (Johnson et al., 2002; Saltzman & Gilbert, 1959; Tara-
sick et al., 2002), and possibly other slow processes such as the mass transport rate in the cell (Thornton &
Niazy, 1982, 1983). The magnitude of the slow reaction, however, is strongly related to the concentration of
the phosphate buffer in the cathode sensing solution (Johnson et al., 2002; Saltzman & Gilbert, 1959; Vomel
& Diaz, 2010; Witte et al., 2019). A large component of the background current is therefore an integral
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where 7 is the primary response time constant (~20 s) and ¢ is the sec-
ondary response time constant (~20 min). The empirical value 0.07 for
the magnitude of the slow response is taken from Johnson et al. (2002).

Figure 6 shows the modeled response of the ECC-ozone sensor to a changing input of ozone (0, in Equa-
tions 4 and 5). The red curve, O,"%, is the total of the fast and slow components, summed up to time ¢. An
additional component of random noise has been added. The magnitude of this noise component is taken
from laboratory data for similar experiments with an ECC sonde connected to a calibrated ozone source.

In the absence of noise, Equation 4 can be used to retrieve the input ozone, O,"™¢, from the output signal
(differencing and dividing by the time response, and subtracting the slow component). However, with a
typical amount of noise the differencing produces a result that is several times noisier than the red curve.

The slow component can be calculated from Equation 5 by assuming as a first guess
Ol}me (I) ~ O;onde (l) (6)

Subtracting the calculated slow component produces a better estimate for 0,™¢, and Equation 5 can be
applied again. This converges in two iterations to produce the green curve in Figure 6. The blue curve is
the derived ozone, after subtraction of the green curve from the sonde output. The first-order response of
Equation 4 has not been corrected, but the slow response has been removed. This does not add appreciable
noise as this component of the signal is slowly varying.

It is clear that the slow response represented by the green curve can explain the observed increase with time
of the sonde response to a constant ozone input and also for the slow decay of that response when the ozone
input goes to zero. It therefore describes the behavior of the time-varying component of the background
current discussed above.

Figure 7 shows the same simple model applied to an ECC sonde profile from the JOSIE1996 WCCOS cham-
ber experiment. The gray curve is the percentage contribution of the slow response (Equation 5), and can be
considered an increase in stoichiometry or conversion efficiency. It is generally similar in shape to Figure 4,
and even more similar to the experimentally obtained curves of Johnson et al. (2002; their Figure 2).

TARASICK ET AL.

12 of 27



N 7> .
I Earth and Space Science 10.1029/2019EA000914

ADVANCING EARTH
AND SPACE SCIENCE

Sonde Response

7000r
6000+
5000+
“» 4000
(]
E
= 3000r
OPM
2000F ——Ozone (sonde)
——Corrected (sonde)
—OPM-snd
1000+ —OPM-corrected
Slow response
— % difference
O i i

5 10 15
03 (m Pa)llB (%)

Figure 7. Response of an ECC-ozone sensor in JOSIE1996. The red curve
is the original sonde profile with standard corrections for background
current and pump efficiency (Komhyr, 1986). The blue curve is the
derived profile after subtraction of the green curve, the calculated slow
response, and using the CMDL pump efficiency corrections of Figure 3.
The agreement with the chamber ozone photometer (OPM) is significantly
improved (pink and black curves), with changes of as much as 1 mPa

in the regions of strong gradients. The gray curve is the ratio of the slow
response to the total response. It is more than 5% of the total response at
all points in the profile except in the lower troposphere. Assumed 7= 20 s
and ¢ = 20 min.

Equivalently, it can be considered an error due to a time-varying compo-
nent of the background current, and simply subtracted. The result (the
blue curve in Figure 7) assumes a conversion efficiency (stoichiometry)
of 1 (Equation 4). Here, we have used the CMDL pump efficiency cor-
rections (Figure 3). In this case the agreement with the chamber ozone
photometer indeed improved, with changes of as much as 1 mPa in the
regions of strong gradients: differences are reduced almost everywhere in
the profile, and the sonde integrated ozone is reduced from 350.7 to 344.3
DU, in close agreement with the photometer at 344.5 DU. This excellent
agreement may be in part fortuitous; as noted in Section 3.3, conversion
efficiency, as well as the magnitude of the slow response, will certainly
vary with ECC sonde type and KI solution, and likely with altitude as
well. For example, the SPC and ENSCI sonde types show different rates
of solution loss in flight, and this may cause differences in conversion
efficiency that vary with altitude in a different way from the time- and
ozone-dependent background current.

These initial results present a promising avenue for improving the treat-
ment of the background current in ozonesondes, but they need to be test-
ed, using existing JOSIE data, to show how well they in fact model the be-
havior of the background current, and to what extent the constant terms
in Equations 4 and 5 vary under flight (chamber) conditions, and/or from
sonde-to-sonde. We anticipate that this new procedure will produce a
more accurate result in general. Vomel et al. (2020) have shown much
better results in the tropical tropopause region. Another possible effect
would be to raise ozone estimates above 30 km (where the differences in
Figure 3 are largest), which would reduce some of the larger biases with
respect to satellite measurements (Hubert et al., 2016; see their Figure 8).

3.5. Pump Temperature T,

The air mass flow rate through the sensor is dependent on the air temper-
ature (Equation 1), which is measured in-flight either inside the pump or

in the instrument enclosure (polystyrene foam box). Over the course of a sounding the pump temperature
can decline by 10-25 K. Since 1996, both ECC ozonesonde manufacturers provide a hole drilled into the Tef-
lon block of the pump. This allows a measurement of the “internal pump temperature” with an estimated
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Figure 8. Mean pressure offset data from Stauffer et al. (2014).

uncertainty of about 0.5 K. However, measurements made in the simula-
tion chamber at WCCOS have shown that the pump piston temperature
is about 1-3 K higher (increasing linearly with decreasing log pressure)
than the measured internal pump base temperature (Smit et al., 2012).
Since the sampled air temperature is most closely approximated by the
pump piston temperature, the internal pump base temperature must be
corrected by this temperature difference as a function of ambient air pres-
sure (in hPa) by:

T

p,piston

~ T = 3.90 — 0.80Log,o (Py;; )at Py, > 3hPa  (7)

The 1o uncertainty of this regression fit is about +0.5 K. We therefore
recommend an uncertainty of +0.5 K for this correction.

As the outside air is generally much colder than the pump, the thermal-
ization efficiency of the inlet tube to equalize the temperature of the
sampled air from ambient to pump conditions must also be considered.
Theoretical and experimental analysis has shown that this is very rapid,
and thermalization efficiency is 1 with uncertainty smaller than +0.5%.
(Smit, personal communication).
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The estimated uncertainty of the thermistor measurement itself is 0.5 K for modern sonde interfaces,
while for older interfaces with rod-type thermistors it is estimated as +1.0 K. In either case the sum of these
uncertainties is about 0.3%.

Before 1996 the pump temperature was approximated via a thermistor measurement either in the sensor
box or taped or glued to the pump base. Corrections for the differences between these measurements and
the pump temperature have been developed (Smit et al., 2012; see also supporting information, Text S2)
following chamber and field experiments (Kivi et al., 2007; Komhyr & Harris, 1971; O'Connor et al., 1998;
Smit et al., 2007). The additional uncertainty of these corrections is estimated as +0.5 K for the thermistor
glued to the pump base, and for the other methods a pressure-dependent uncertainty of about +2 K (Text
S2). If the pump temperature was measured but not recorded in the processed data file, corrections may
be made by using the ratio of the corrected temperature to the measured temperature; in this case a very
small additional uncertainty is introduced, equal to £0.5 K times the relative uncertainty in the actual pump
temperature (Tarasick et al., 2016).

In some early (1970s) sounding systems the pump temperature may not have been measured, and an esti-
mated (or constant) pump temperature applied. This can introduce errors, typically of 10-15 K (3%-5%),
which imply additional (1o) uncertainties of £3% in the calculated ozone, with the largest uncertainties
at higher altitudes (SPARC-OTA-GAW, 1998). For reasonable assumptions about the time evolution of the
sonde box temperature this can be smaller: Witte et al. (2017) calculated a 3°C-4.5°C standard deviation
throughout the profile when constructing a pump temperature climatology from radiosonde (Vaisala RS80)
measurements.

3.6. Pump Flow Rate @, at the Ground

The volumetric flow of the gas sampling pump of each ozonesonde at the ground before flight (®,,,,), is indi-
vidually determined using a bubble flow meter at the gas outlet of the sensing cell. The uncertainty A®,, of
this measurement can be estimated from the standard deviations of recorded values for this measurement,
of 0.1%-0.3% (Tarasick et al., 2016). For the automated version of this with a commercial flow calibrator,
standard deviations are about half as large, but drift can occur if the instruments are not cleaned regularly.
Differences between this measurement and the manufacturer's flow rate determination are larger, with
standard deviations of about 1%, suggesting operator-dependent biases, or pump motor speed variations of
this magnitude. A conservative estimate of A®,, for moist air is therefore +1%.

Pump motor speed variations have been thought to be negligible in the past, but there are indications that
this may be an additional source of uncertainty with newer sondes (B. J. Johnson, private communication).

In addition, the sampled air, typically nonsaturated, or even dry, is forced through the sensing solution be-
fore entering the bubble flow meter. Evaporation of water in the sensing solution or in the bubble flowmeter
adds to the volume of the air forced through the pump. Therefore, the measured pump flow rate (®,,,) has
to be corrected for this “moistening effect” (Smit & ASOPOS Panel, 2014; Text S3) to yield the actual pump

flow rate (®,,):
P, 1.,
Dy = Dy o |1-|1- RH; . H20Sat( Ldb) ®)
100 P
where P, and T, are the air pressure (hPa) and temperature (K) in the laboratory, RH, , is the relative hu-

) 18 the saturated water vapor pres-
=960 hPa;

midity of the sampled air at the intake of the pump (%), and Py, ¢, (T},
sure in hPa at T}, (see Table S1). In very dry conditions this error can be as large as 3.3% (P
T =25C).

Lab

If measurements of RH, ., P, ., and T, . are available then this correction can be made with negligible un-

Air © Lab’ Lab
certainty. However, if these are unavailable the uncertainty of this correction depends on the uncertainty
of the estimates of these quantities, primarily RH,, and T, ,,. For typical variations of RH,, and T, found

in indoor environments, the additional uncertainty due to this correction is likely between 0.5% and 1%.
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As noted above, the pump piston temperature, which most closely approximates the sampled air tempera-
ture, is about 2 K larger than the internal pump base temperature, or T, in this case. This implies that @,
should be corrected by a factor
T -T
pump Lap
- ©)

TLup

with an additional uncertainty of +0.5 K.

3.7. Time Response

The finite first-order response time of ECC sondes (the “fast” component of Equation 4) causes the meas-
ured ozone to lag changes in the ozone concentration as the balloon rises. This lag results in modest biases
that can in principle be removed (e.g. Huang et al., 2018; Vémel et al., 2020), but this is not currently stand-
ard practice. Average biases can be easily estimated, but do not affect trends as the response time of sondes
has not changed.

In the absence of correction for the response lag, different balloon ascent rates will give somewhat differing
ozone amounts, especially in parts of the atmosphere with large ozone gradients. This difference is propor-

tional to ¢"*/"V,0,, where At is the time interval between successive measurements, 7 is the e~! response
AO,

or w%, where w is the rise rate.
t z
The random uncertainty due to response time is then proportional to the random uncertainty in balloon

rise rate:

time, and V,05 is the vertical gradient of ozone with respect to time,

1 Aw

—At/
o w e MV, 0,A 10)
3

fir =

The typical variation of balloon rise rates adds very modest uncertainty (<1%) at the sharp ozone gradients
near the tropopause and mostly insignificant uncertainty elsewhere (Tarasick et al., 2016).

3.8. Impact of Radiosonde Pressure Measurements on Ozone Sounding Profile

Pressure offsets appear frequently in data from radiosondes that use an on board pressure sensor. These
offsets impact ozone profiles in two ways: first, they shift the profile in altitude, displacing the ozone peak
vertically, and second, they change the ozone mixing ratio as computed from the ozone partial pressure
and the ambient pressure. The magnitude of the resulting errors is comparable to if not greater than other
instrumental uncertainties, making identification of pressure offset errors a critical element in processing
of ozonesonde data, identification of the error budget, and minimization of the overall uncertainty in the
reported ozone profiles.

The impacts of the pressure offset errors on the ozone profile shape also necessarily impact the total column
ozone computed from the ozonesonde profiles, introducing biases and uncertainties into comparisons with
ground-based and satellite total column ozone instruments.

Inai et al. (2015) examined 30 tropical ozonesonde profiles from the Soundings of Ozone and Water in the
Equatorial Region (SOWER) gathered December 2003 to January 2010. Their payloads included the Vaisala
RS-80 radiosonde with an onboard GPS unit. They found a mean pressure bias of —0.4 + 0.2 hPa between
20 and 30 km as determined through intercomparisons of pressure altitude and GPS data.

Steinbrecht et al. (2008), examining 109 twin flights of Vaisala RS-80 and RS-92 radiosondes at two sites
in Germany, found typical pressure biases for the RS-80 of about —0.2 to —0.5 hPa in the stratosphere, and
negligible biases for the RS-92, but systematic differences for some batches of RS-92 sondes of as much as
0.4 hPa. Precision of the RS-92 pressure sensor was almost an order of magnitude better, at 0.1 hPa.
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Nash et al. (2006) and da Silveira et al. (2006), in two WMO intercom-
parison of radiosonde systems, find maximum average pressure biases

between about 0.5 and 1 hPa, with RMS errors up to 3 hPa.
Edmonton (53°N)

. Stauffer et al. (2014) examined 731 ozonesonde profiles taken from 2005

T to 2013 over a wide range of latitudes and using several models from
% JoSE EG 'l two leading radiosonde manufacturers. Figure 1 in Stauffer et al. (2014)
Ef —— Vanscoy ECC demonstrates the characteristic shape of the pressure and altitude off-
E B i | sets as determined through comparisons of GPS (or GPS-derived) and
— ii:‘;ﬁ;:g:d current | pressure sensor derived (or pressure sensor) altitude (or pressure) data.
- i:;nez tcgtr:cﬁon Stauffer et al. (2014) found that more than half of the instruments record-
Pressure offset = ed pressure offset magnitudes > 0.6 hPa and nearly one third > 1.0 hPa
B by the time the radiosonde had reached 26 km. The largest mean pressure
""""""""" = o offsets, of —1.95 hPa at 26 km, correspond to errors of +8.75% in ozone

Uncertainty (%) mixing ratio.

Figure 9. Uncertainty analysis for a northern midlatitude station
(Edmonton, Canada), showing the influence of different uncertainty

A summary of that analysis is presented in Figure 8 and in Table S4. The
pressure offsets reveal themselves most clearly in the middle to upper

terms, for the assumed values in Table 2. For older sondes without GPS stratosphere, where they become a significant contribution to the error
altitude registration, the uncertainty due to pressure bias dominates at budget. Below 10 km, the pressure offset errors are typically 1% or less of
higher altitudes. Also shown for reference are profiles of the standard the ambient pressure. Above 20 km, the offsets appear to be fairly con-

deviation of differences from the midlatitude reference profile during
the JOSIE 1996 intercomparison (Smit et al., 2007) and the Vanscoy 1991

intercomparison (Kerr et al., 1994).

stant with altitude (Figure 8). Radiosonde manufacturers typically cite
random and systematic pressure uncertainties of the order of 0.5 hPa, and
they recommend applying a pressure correction based on ground-level
comparisons between a local barometer and the radiosonde surface pres-
sure measurements. Figure 8 suggests that such a correction may not be helpful by the time the radiosonde
reaches the stratosphere; indeed, in the case of the Vaisala RS92, it would be seriously counterproductive.
The uncertainty in ozone partial pressure due to pressure uncertainties can be estimated as

Epp = £V,Do3 1)

0O,
where AP is the pressure uncertainty. Where ozone partial pressure is converted to mixing ratio using the
measured value of P, an additional uncertainty of AP/P should be added. The pressure offset bias is impor-
tant in the stratospheric portion of the ozone profile and is vanishingly small in the troposphere (Figure 9).
Therefore, any correction to account for pressure offsets should be based upon stratospheric measurements.

3.9. Interference From Other Gases

Ozone measurements by the KI method are sensitive to interference by oxidizing or reducing agents (Pitts
et al., 1976; Saltzman & Wartburg, 1965; Schenkel & Broder, 1982; Volz & Kley, 1988; Tarasick et al., 2000,
2019b). Although NO, and H,0, can cause only modest positive interference, SO, can be an important neg-
ative interferent. SO, causes a quantitative reduction in the ozone detected at 1:1; that is, it cancels ozone
mole for mole, and excess SO, can accumulate in the cathode solution, affecting ozonesonde measurements
well above the polluted boundary layer (De Muer & De Backer, 1993; Komhyr, 1969). While not generally
a problem in recent decades, this effect can be an issue near volcanic sources or other large SO, emitters
such as smelters or power plants (Witte et al., 2018). It can also be used to measure SO,: Morris et al. (2010)
detail an approach that leverages the interference effect in the simultaneous measurement of O, and SO,

Van Malderen et al. (2016) describe correcting for SO, the Brewer-Mast time series but do not estimate
the uncertainty of the correction. For modest SO, levels, this would be equal to the uncertainty of the SO,
measurement.

3.10. Total Ozone Normalization

The total ozone normalization factor (N,) is the ratio of an approximately co-located total ozone column
measurement () and the total ozone column derived from the ozonesonde profile (Q,):
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N, = (12)

where the total ozone column from the ozonesonde (Q,) consists of an amount derived by integrating the
ozonesonde profile from the surface to balloon burst height (Q,) plus an estimated residual ozone column
(Q,) above the burst altitude; that is

Qp = Q4 +Qp (13)

with

burst

Qg =F' [ Pode (14)

surface
The oldest and simplest standard procedure to calculate Q, assumes a residual column with constant ozone
mixing ratio (CMR) equal to the measured value at the top of the ozonesonde profile. Since the 1970s
satellite observations have shown that the ozone mixing ratio is not constant but generally declines above
about 35 km. The CMR method therefore tends to overestimate the residual and, depending on the burst
altitude, will yield a normalization factor that is about 2-4% too low (McPeters et al., 1997). In addition,
uncertainties in the sonde readings of pressure and ozone at the burst altitude can introduce significant un-
certainties in the estimation of the residual by this method (e.g., Jeannet et al., 2007). The use of a residual
ozone column climatology obtained from satellite observations is now preferred (McPeters & Labow, 2012;
McPeters et al., 1997, 2007). However, the influence of uncertainties in pressure readings at the bursting
point remains.

The uncertainty of the normalization factor is:

vy _ /*[ a0 ] (405 + (a04) »
Ny Qc (Q + )

The uncertainties described in 3.1-3.9 vary randomly between soundings, but are assumed to be constant or
to vary in a predictable way within a sounding (e.g., with altitude, but not randomly with time). This implies
that they are fully correlated in the vertical integral, and the uncertainty of the integral AQ, can therefore be
calculated simply as the integral of the uncertainties in the partial pressure from the surface to the balloon
burst height

. burst
AQg =B [ APy dz (16)

surface
This neglects any uncertainties that vary randomly during the flights, such as electronic noise or those

due to the stochastic nature of bubble formation. As noted in Section 2, these uncertainty components are
small and uncorrelated in the vertical integral, and so their contributions to the integral will be relatively
small.

From the uncertainties in the satellite residual columns given by McPeters and Labow (2012), the uncer-
tainty AQ, can be similarly calculated (Witte et al., 2018). The uncertainty AQ . can be as low as +2-3% but
will be higher for scattered-light (e.g., zenith-sky) measurements (Fioletov et al., 2008).

ECC ozonesonde profiles are now not typically normalized, as normalization introduces additional uncer-
tainty (AQ,) because the amount of ozone above the balloon burst height can only be estimated. It also
renders the ozonesonde record dependent on the total ozone record, an important issue for trend studies,
although this concern is alleviated if there is no trend in correction factors. However, the normalization
factor provides a useful indicator for the quality of ozonesonde profile data. In routine operation, for ECC
ozonesondes that reach at least 30 hPa (24 km), most normalization factors (~96%) are in the range 0.9%-
1.1%, and 99% within 0.8-1.2 (Stauffer, personal communication, 2020).
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g:s::e: of Ozonesonde Profile Uncertainty Considered in Figures 9 and 10 and Their Estimated Magnitudes
Uncertainty (10)

Source Midlatitude (Edmonton) Tropical (Watukosek) Confidence
Stoichiometry 7. +3.0% +3.0% Low
T, measurement +0.3% +0.5% High
@, measurement +1.0% +1.0% High
@, RH correction +0.5% +0.5% Moderate
Current measurement (interface) +1.0% +1.0% High
7, pump efficiency correction JMA; see Figure 3 JMA,; see Figure 3 High
7, absorption efficiency +1% =+ 1%*P/P, (2.5 ml solution) +1% Moderate
Background current 0.02 pA 0.02 pA Low
Ascent rate variation +129%e~ A1 V,0, +129%e~ A1 V,0, High
Pressure offset +1.0 hPa +1.0 hPa Moderate
Total ozone normalization factor 5.2% (7.9%) 5.2% (5.2%) High

Note. Total ozone normalization factor uncertainties are calculated for a balloon bursting at 30 km in June, and at

25 km in January (in parentheses). See text for details.

Note that the biases previously discussed can also have a large effect on the calculated normalization factor
(e.g., pressure offsets). Where biases are largely independent of altitude, normalization may improve sonde
accuracy by approximately removing a mean bias, but in this case the uncertainty of the normalization fac-
tor must be added to the estimated uncertainty at each point of the profile; that is, the uncertainty of each
point becomes

N 2 2
AP33 _ [APm ~ AQSJ +(ANT] a7
Fo3 Fos Qg Nr

which for random errors will always be larger than the uncertainty of the uncorrected profile. The quanti-
ties on the right-hand side refer to the nonnormalized data.
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Figure 10. Uncertainty analysis for a tropical station (Watukosek, Java),
showing the influence of different uncertainty terms, for the assumed
values in Table 2. Because of the very low ozone in the tropical upper
troposphere, the uncertainty due to the background current dominates at
these altitudes.

3.11. Two Examples of Uncertainty Budgets

Average uncertainties as a function of altitude are calculated for a typical
midlatitude site (Edmonton, Canada, 53°N), and a tropical site (Watu-
kosek, Java, 8°S), following the estimates for each source discussed above.
Details are given in Table 2. All quoted uncertainties are one standard
deviation (10). It is clear that while the background current uncertain-
ty is important in the upper troposphere at midlatitudes (Figure 9), it
dominates in the upper tropical troposphere (Figure 10), even though
the assumed value of 0.02 A is small (Table 1). In both cases the un-
certainty due to pressure bias, for sondes without GPS altitude registra-
tion, dominates at altitudes above 25 km. Several smaller terms that are
not altitude-dependent are combined in the gray line “Constant terms”;
this includes uncertainties in pump temperature and initial flow rate
calibration, as well as the current measurement, but is dominated by the
assumed uncertainty of the stoichiometry (3%). As noted in Section 3.3,
this may be an overestimate between 12 and 25 km, where the empirical
curves from intercomparisons show smaller variances; however, it is like-
ly to be an underestimate at higher altitudes where the stoichiometry is
more affected by the slow response (Equation 5). Note that the sondes in
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the JOSIE and Vanscoy intercomparisons were compared to a common pressure sensor, so these curves do
not include any variance due to pressure offsets.

4. Outstanding Issues: Recommendations for Future Research

From the foregoing analysis it is clear that there are several significant sources of uncertainty that may be re-
duced with further research, as well as several others that may be eliminated by adherence to recommended
standard operating procedures. Consistent SOP use will eliminate some of the largest sources of uncertainty
(the ENSCI 1% KI correction uncertainty) as well as some smaller contributions (e.g. the 2.5 ml solution
correction uncertainty). The largest remaining sources of uncertainty in Table 1 are also the most poorly
understood; viz. conversion efficiency and background current, and so should be considered high priority
for further research, as the most significant impediments to achieving the goal of 5% overall accuracy.

4.1. Conversion Efficiency and Stoichiometry of the O, +KI Reaction

Modern benchtop ozone calibrators render many experiments simple that were difficult in the past. More
experiments are needed to better understand, or at least predict, the behavior of the ECC sensor with respect
to time and ozone exposure. Both its temporal response (time constants) and the impact of the phosphate
buffer and solution strength should be characterized, for each sensor model. Better uncertainty estimates
for the stoichiometry of Reaction R1 can be derived, as well as variability of the time constants of the slow
(20 min time constant) and fast reaction pathways.

It is not known whether sensor response time is constant, or varies with sensor model, or from ozone-
sonde to ozonesonde. If the latter, then the sensor decay test information (from sonde preparation checkout
sheets) may provide useful information for reanalysis of older records.

The effects of interfering gases with the KI reaction are known primarily from laboratory work, in glass
vessels, that predates modern ECC sondes. There is some evidence that the degree of interference may be
different in an ECC sonde (Tarasick et al., 2000). Interference by ammonia is occasionally suggested (An-
fossi et al., 1991), but not quantified. Although heterogeneous ozone loss on mineral dust is well known
(Bonasoni et al., 2004; Chang et al., 2005; Mogili et al., 2006), interference with electrochemical sondes has
been thought to be negligible (Andry et al., 2014; Rosen, 1968). It is not evident in simultaneous launches of
aerosol sondes (H. Vomel, private communication), but dust effects on ECC sondes have not been explored
systematically.

4.2. New Pump Efficiencies

While it is clear that the older pump efficiency tables (Komhyr, 1986; Komhyr et al., 1995) should be retired
and replaced by the more recent experimentally obtained tables (Johnson et al., 2002; Nakano, personal
communication, 2019), this will result in an overestimate of ozone, owing to the increase of stoichiometry
that is compensated by the Komhyr pump corrections (Figure 4). A prerequisite to using accurate pump
corrections is that the conversion efficiency as a function of pressure first be measured under a variety of
conditions, in the WCCOS environmental chamber. As a large data set of appropriate measurements exists
from past JOSIE campaigns, it may be possible to derive suitable profiles of 7). from existing data. The extent
to which these profiles vary for different sounding conditions remains to be determined. It is also not clear
whether the effort of measuring individual pump flow efficiencies at each site, for each sonde, would yield
significant improvements in uncertainty (over the use of an average table). The accuracy (repeatability) of
the pump measurement needs to be determined.

4.3. Background Current

While we have suggested that to a large degree, the background current is a manifestation of the slow
secondary response of the ECC sensor, this has not been unequivocally established. The work suggested in
Sections 4.1 and 4.2 will also help determine whether even after correction for the slow secondary response,
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a constant (or decaying) initial offset is needed to account for issues like NO, interference or a leaky ion
bridge.

4.4. Radiosonde Pressure Measurements

While this is the dominant error source above the lower stratosphere (Figure 9), it can be largely eliminated
by the use of GPS-equipped radiosondes. This should be part of SOPs in the future. It is not clear how to
correct older data for radiosonde pressure errors, in the absence of a more accurate GPS measurement of
altitude, although larger offsets may reveal themselves by nonlinearity in the apparent balloon rise rate or
unrealistic mixing ratios at higher altitudes (Stauffer et al., 2014). Sterling et al. 2018 have also suggested
comparing temperature profiles from nearby meteorological soundings to the temperature profile measured
by the ozonesonde package as a way to detect pressure offsets. In the absence of a robust method to correct
for pressure biases, they should be treated as a random uncertainty as described in Equation 11.

Fortunately, most or all newer radiosondes use GPS sensors with typical accuracies in height in the strato-
sphere of £20 m (da Silveira et al., 2006; Nash et al., 2006, 2011), which will reduce this source of error in
future to the insignificant range of 0.1%-0.3% in ozone.

Care must be taken with the differences between geometric height (the native coordinate for GPS) and
geopotential height, as well as with the formula used for the conversion of pressure or geometric height
to geopotential height (i.e., a constant or latitude-dependent acceleration of gravity, g). In either case the
difference can be about 150 m at 30 km altitude, or ~2% in ozone. Even such modest changes, if systematic,
can affect trend calculations.

4.5. Total Ozone Normalization Factor

This is largely dependent on the stratospheric column, as this contains the major fraction of the total ozone
amount, and the tropospheric portion of the profile may be poorly represented (Morris et al., 2013). The use
of sonde data above 10 hPa may also introduce larger errors. Although normalization of ECC sonde profiles
is no longer recommended (Smit & ASOPOS Panel, 2014), these questions have never been systematically
addressed. This could be done using existing JOSIE UV-photometer data. Such a study is recommended, as
it may provide useful insight into the value of N as a data quality indicator.

4.6. Instrument Biases

ECC-ozonesondes have gone through several modifications of the instrument and procedures since they
were first manufactured in the early 1970s (Johnson et al., 2002). These changes, if they introduce new
systematic uncertainties in any of the parameters in Equation 1, may cause significant uncertainties in
ozonesonde trend analysis (SPARC-IOC-GAW, 1998).

The differences found between the ENSCI-Z ozonesonde and the SPC-6A ozonesonde (Deshler et al., 2017;
Smit et al., 2007) demonstrate that the conversion efficiency () can be different for apparently modest dif-
ferences in sonde construction, and so may be different for other changes in manufacture or in preparation.
Such changes will need to be carefully tracked by the sonde community so that ozonesonde data are relia-
ble, that is, free from artifacts or drift, as a transfer standard for comparing and merging satellite time series,
and for long-term trend analyses. Intercomparison data indicate that other changes to ECC response have
been modest, in the troposphere (Tarasick et al., 2019b), and the lack of significant trends in total ozone
normalization factors at most sites suggests that they have been small in the stratosphere as well.

Ozonesonde-satellite comparisons may also detect biases among ozonesonde profiles measured at vari-
ous stations, presumably due to differences in ozonesonde instrument type and preparation (Thompson
etal., 2017; Witte et al., 2017). This was noted when total ozone measured by tropical ozonesondes at various
SHADOZ sites was compared to total ozone from the nadir viewing BUV satellite instruments, TOMS and
OMI (Thompson et al., 2007, 2012). Recent changes relative to satellite data have been observed at a number
of stations in the global network (Stauffer et al., 2020). The comprehensive analysis of Hubert et al. (2016),
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comparing sonde results to 14 satellite sensors, is a particularly valuable approach, and should be performed
regularly. Comparisons with IAGOS aircraft data (Staufer et al., 2013, 2014; Tanimoto et al., 2015; Tarasick
et al., 2019b; Zbinden et al., 2013) can independently detect tropospheric biases.

It is imperative that sonde intercomparisons (Attmannspacher & Diitsch, 1970, 1981; Deshler et al., 2008;
Hilsenrath et al., 1986; Kerr et al., 1994; Smit et al., 2007) continue to be held regularly, and that these be
related to the modern UV-absorption standard (BIPM, 2019; Tarasick et al., 2019b).

4.7. Re-Used Ozonesondes

Current experience with re-using ozonesondes shows that recuperated ozonesondes can be re-used and
perform well, after careful cleaning and testing in the laboratory (Van Malderen et al., 2014). However, cur-
rently there are no quality assurance standards for refurbished sensors, and a number of ozonesonde sites
fly refurbished ozonesondes using manufacturer SOPs or their own set of SOPs. It is recommended that
universal SOPs be developed and promulgated. In addition, the uncertainties of re-used ozonesondes versus
new ozonesondes should be evaluated, especially with respect to background currents, pump corrections,
and conversion efficiency.

4.8. Ozone Destruction Filters

While background current is measured at the launch site ideally by sampling laboratory-grade ozone-free
(“zero”) air, this is not always available at remote sounding sites, and so must be produced by passing am-
bient air passing through an ozone filter. These are generally commercial filters containing hopcalite (a
mixture of copper and manganese oxides, which catalyzes the conversion of ozone to ordinary oxygen), or
charcoal. The efficiency of these filters at removing ozone is assumed to be 100%, but this may not be true
in all environments. Although most operators replace them periodically, it is not well known how they may
degrade with time. They are thought to degrade somewhat rapidly in very humid tropical environments. It
is not known to what extent they remove NO,. It is recommended that a comprehensive study be undertak-
en to better quantify this potential source of error.

It is further recommended that the ASOPOS panel develop detailed specifications for the quality and relia-
bility of ozonesonde preparation equipment: for example, bench testers, and the other instruments used to

record RH . P, .,and T, .

5. Conclusions

The accuracy and stability of the ECC sonde record has made it very valuable for long-term trend analysis,
and as a transfer standard for satellite validation and for comparing and merging different satellite records.
This importance implies that more effort should be placed on understanding and reducing ECC sonde
uncertainties. While spatial inhomogeneity has been reduced, and the overall accuracy of the global ozone-
sonde network improved, by adopting strict standard operating procedures (Smit & ASOPOS Panel, 2014),
there is more that can be achieved by improving SOPs and homogenizing the historical record. Efforts to
date (e.g., Sterling et al., 2018; Tarasick et al., 2016; Thompson et al., 2017; 2019; van Malderen et al., 2016;
Witte et al., 2017; 2019) have reduced both stratospheric and tropospheric biases, and improved agreement
with coincident total ozone measurements. New merged global data sets (Hassler et al., 2018; McPeters &
Labow, 2012; Moeini et al., 2019) that include ozonesonde data additionally justify this effort.

These continuing efforts should proceed in tandem with research, described herein, to better quantify and
understand systematic and random uncertainty in ECC data, and to closely monitor systematic changes in
response. We have presented a “roadmap” of issues, recommendations, and solutions to bring ECC accuracy
to the 5% level. This appears to be quite achievable, with international effort.

The major remaining sources of uncertainty, in large part because they are poorly understood, are stoichi-
ometry and background current. Fortunately, these can be well addressed by suitable experiments using the
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WCCOS facility. They should be considered high priority for further research. At the same time there are
questions related to the effects of total ozone normalization, or equivalently, its characterization as a data
quality indicator, that could be answered with the same data.

‘We have made specific recommendations, which we summarize here:

1) Stations should follow strictly the ASOPOS recommendations (Smit & ASOPOS Panel, 2014; Smit
et al., 2020); however, changes to SOPs, including those that may be recommended by future ASOPOS
panels, must be carefully documented so that their effects on ozone time series can be estimated and
corrected.

2) Conversion efficiency (7),.) should be measured as a function of pressure and temperature, in the WCCOS
chamber, for different models of sondes from both manufacturers. While it is hoped that this may lead to
better understanding of the stoichiometry in the cell, the primary objective is to empirically characterize
7. and its uncertainty and variation with altitude, under a range of conditions. This may also eliminate
the need for empirical bias corrections (e.g., Deshler et al., 2017).

3) The sonde response model of Section 3.4 should be investigated in the same manner with existing data
from past WCCOS chamber (JOSIE) experiments.

4) Pump flow efficiencies should be characterized in a more systematic fashion, with regard to uncertain-
ties, repeatability, and variability with model, manufacturer, and batch of sondes.

5) The relationship of the total ozone normalization factor to the ozonesonde profile, and therefore its
value as a data quality indicator, should be systematically investigated. This could be done using existing
JOSIE data.

6) Universal SOPs for re-used ozonesondes should be developed and published. In addition, the uncertain-
ties of re-used ozonesondes versus new ozonesondes should be evaluated (Smit et al., 2020).

7) The behavior of commonly used ozone destruction filters should be investigated, with regard to efficien-
cy, sensitivity to contaminants, and degradation with time.

8) The detection of artifacts in ozonesonde time series should be a priority for the global network (Stauffer
et al., 2020). More ancillary data, such as pump motor voltage, current, speed, and cell temperature
should be routinely recorded. Stronger communication with ECC manufacturers would be of mutual
benefit, if it can be achieved despite proprietary limitations.

Finally, the importance of regular sonde intercomparisons, employing UV standard instruments traceable
to the modern UV-absorption standard, such as through the WCCOS facility, cannot be overemphasized. It
is essential to detect and quantify any systematic changes in response (biases) that could affect the integrity
of ozonesonde records, and the reliability of ozonesonde time series for merging shorter satellite data sets
and for evaluation of satellite sensor drift. Regular comparison with multiple satellite sensors will be a val-
uable tool for detection of such artifacts, while the WCCOS facility can help understand them.

Data Availability Statement

No new measurements were made for this review article. All data sets discussed in the text were obtained
from the published scientific literature. Ozonesonde data used in this publication are publicly available,
from the World Ozone and UV Data Centre (http://www.woudc.org).
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Erratum

In the originally published version of this article, there were errors in Equations (10) and (11). The equa-
tions have been updated and this may be considered the authoritative version of record.
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