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Abstract The recent Assessment of Standard Operating Procedures for Ozonesondes 2.0 (WMO/

GAW Report #268) addressed questions of homogeneity and long-term stability in global electrochemical
concentration cell (ECC) ozone sounding network time series. Among its recommendations was adoption of

a standard for evaluating data quality in ozonesonde time series. Total column ozone (TCO) derived from the
sondes compared to TCO from Aura's Ozone Monitoring Instrument (OMI) is a primary quality indicator.
Comparisons of sonde ozone with Aura's Microwave Limb Sounder (MLS) are used to assess the stability of
stratospheric ozone. This paper provides a comprehensive examination of global ozonesonde network data
stability and accuracy since 2004 in light of the sudden post-2013 TCO “dropoff” of ~3%—4% that was reported
previously at select stations (Stauffer et al., 2020, https://doi.org/10.1029/2019GL086791). Comparisons with
Aura OMI TCO averaged across the network of 60 stations are stable within about +2% over the past 18 years.
Sonde TCO has similar stability compared to three other TCO satellite instruments, and the stratospheric ozone
measurements average to within +5% of MLS from 50 to 10 hPa. Thus, sonde data are reliable for trends, but
with a caveat applied for a subset of dropoff stations in the tropics and subtropics. The dropoff is associated
with only one of two major ECC instrument types. A detailed examination of ECC serial numbers pinpoints
the timing of the dropoff. However, we find that overall, ozonesonde data are stable and accurate compared to
independent measurements over the past two decades.

Plain Language Summary Ozonesondes provide accurate ozone measurements from the surface
to ~30-km altitude and are used as a reference for studies of satellite data, trends, pollution, and climate.
Updated guidelines for sonde preparation and adoption of sonde total column ozone (TCO) comparisons with
satellite TCO as a “data quality” reference were published in 2021 by the Assessment of Standard Operating
Procedures for Ozonesondes (ASOPOS) 2.0 panel in WMO/GAW Report 268. We report the first application
of the ASOPOS 2.0 protocol to TCO evaluation from the 60-station global ozonesonde network (42,042
profiles total). With Aura OMI TCO as the satellite reference (October 2004 to mid-2021), we find that TCO
readings from the global ozonesonde network are remarkably stable, consistently within +£2% of the satellite.
An exception occurs at only a small subset of tropical and subtropical locations that use one type of ozonesonde
instrument. The latter result confirms our earlier report that a sudden TCO drop occurs at selected sites after
2013. The timing and magnitude of the dropoff are revisited. The hypothesis that ozonesonde production
changes are a contributor remains, with station-specific factors possibly affecting the magnitude of the bias.
Overall, global ozonesonde network data are of high quality and stability.

1. ECC Ozonesondes and Data Quality Assurance
1.1. The ECC Ozonesonde and Evaluations of Its Data Quality

The electrochemical concentration cell (ECC) ozonesonde, versions of which have existed since the 1960s
(Komhyr, 1969, 1986; Komhyr & Harris, 1971), are expendable, balloon-borne instruments that serve a vital
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role in global atmospheric ozone monitoring. Always paired with a meteorological radiosonde, the ECC provides
continuous, high-quality, in-situ measurements of ozone with high vertical resolution (100-150 m) from the
surface to over 30-km altitude, characteristics that no other instrument, remote-sensing or otherwise, can match.
The measurement principle of the ECC is based on the wet chemical reaction of ozone in a neutral-buffered
potassium iodide (KI) solution, such that approximately two electrons flow in an external circuit in the ECC
for each ozone molecule absorbed into the solution (Smit et al., 2021; Tarasick et al., 2021). The magnitude of
the resulting current is transmitted via the radiosonde to a receiving station and converted into ozone partial
pressure. ECC ozonesondes are currently launched at over 50 stations around the globe with regularity (Smit
etal., 2021), forming the global ozonesonde network. The data are used for satellite and model evaluation (Hubert
et al., 2016; Stauffer et al., 2019), developing ozone climatologies (Hassler et al., 2018; Liu, Liu et al., 2013; Liu,
Tarasick et al., 2013; Stauffer et al., 2018; Tilmes et al., 2012), pollution and climate studies (Cooper et al., 2010;
Logan et al., 2003; Moeini et al., 2020; Witte et al., 2008), and calculating ozone trends (Logan et al., 1999;
Petropavlovskikh et al., 2019; Thompson et al., 2021; WMO, 2018). Ozonesondes produced by one of two ECC
manufacturers are operated at nearly all global network stations: Environmental Science (EnSci; currently Z
model; Westminster, CO, USA) and Science Pump Corporation (SPC; currently 6A model; Camden, NJ, USA).

Over the past 25+ years, significant effort has been invested to increase our understanding of ECC measure-
ments and the factors affecting their uncertainty. Instrument performance has been evaluated through laboratory
experiments (Smit & ASOPOS, 2014; Smit et al., 2007, 2021; Thompson et al., 2019), field campaigns (Boyd
et al., 1998; Deshler et al., 2008; Komhyr et al., 1995), and analysis of historical records (Tarasick et al., 2019).
Uncertainties associated with ECC ozonesonde measurements have decreased from >10% in the late 1990s, to
near 5% today (Smit et al., 2021; Tarasick et al., 2021; Witte et al., 2018). The satellite instrument community
has requested even more stable and reliable data to detect and quantify drift in satellite measurements that span a
decade or more (Hubert et al., 2016).

Laboratory tests include the series of Jiilich OzoneSonde Intercomparison Experiments (JOSIE; Smit &
Kley, 1998; Smit & Straeter, 2004; Smit et al., 2007; Thompson et al., 2019), held at the World Calibration
Centre for OzoneSondes (WCCOS) in Jiilich, Germany. In the JOSIE experiments, ozonesondes are placed in the
WCCOS environmental chamber and compared to a reference UV ozone photometer (OPM) during simulated
atmospheric soundings (Proffitt & McLaughlin, 1983; the OPM was also flown in the field experiment described
in Deshler et al. (2008)). The JOSIE experiments have examined the varying performance among ECC (and other
ozonesonde type) manufacturers, multiple KI sensing solution types (SSTs) employed in the network, and the
parameters used in the equation to convert the raw ozonesonde cell current to ozone partial pressure, e.g., pump
efficiency (Johnson et al., 2002) and temperature, ‘“background” current (Newton et al., 2016; Reid et al., 1996;
Thornton & Niazy, 1982; Vomel & Diaz, 2010), ozone absorption (Davies et al., 2003) and conversion efficiency,
and time response of the cell (Johnson et al., 2002; Vomel et al., 2020).

The results from the JOSIE experiments led to the formulation of ozonesonde standard operating and data
processing procedures by the Assessment of Standard Operating Procedures for Ozonesondes Panel (ASOPOS;
Deshler et al., 2017; Smit & ASOPOS, 2012). The data processing techniques devised by ASOPOS led to a
common method by which a station's ozonesonde data record can be “homogenized.” Homogenization accounts
for changes in instrumentation, SST, preparation procedures, and other factors, and reduces or eliminates artifacts
which may otherwise appear as step changes in the ozonesonde time series. Homogenized ozonesonde data show
better agreement with independent ozone measurements compared to the nonhomogenized versions (Ancellet
et al., 2022; Sterling et al., 2018; Tarasick et al., 2016; Thompson et al., 2017; Van Malderen et al., 2016; Witte
et al.,, 2017, 2019). The most recent report on ozonesonde measurement principles and best-practices was
published in mid-2021 by the ASOPOS 2.0 Panel (Smit et al., 2021).

1.2. Data Quality Indicators for Ozonesonde Measurements

One of the most significant advances in the ASOPOS 2.0 Report was the adoption of stronger recommendations
for assessing ozonesonde data quality across the global network. Although colocated ground-based instruments
are a logical first choice for evaluating the quality of soundings at individual sites (e.g., Sterling et al., 2018;
Witte et al., 2019), not all stations have such an instrument, usually a Dobson, Brewer, or SAOZ. Furthermore,
ground-based instruments must themselves be calibrated with global standards and the frequency of calibration
varies from site to site. Thus, with the emergence of high-quality, consistently calibrated, and regularly updated
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satellite ozone measurements over the past two to three decades, providers of ozonesonde data typically compare
their integrated total column ozone (TCO) amounts with satellite overpass measurements. Improved agreement
of reprocessed sonde data with satellite TCO has been a major criterion for evaluating the success of homogeni-
zation in the studies cited above.

Given the longevity and coordinated calibration of the NASA and NOAA UV-based satellite instruments,
ASOPOS 2.0 recommends that Aura's Ozone Monitoring Instrument (OMI) be used to assess global data quality
in sondes after 2004 (Chapter 5 in Smit et al., 2021). For example, the post-2013 ozonesonde TCO “dropoft,”
first noted at Costa Rica in reprocessed SHADOZ data (Thompson et al., 2017) and at several NOAA stations
(Sterling et al., 2018) was identified with OMI comparisons. Likewise, with Aura's Microwave Limb Sounder
(MLS) giving very stable ozone measurements for 18 years, ASOPOS 2.0 recommends the use of MLS profiles
to track data quality in the stratospheric segment of the sondes. Thus, using a combination of OMI and MLS
from 2004 to 2019, Stauffer et al. (2020; “S20” hereafter) were able to demonstrate that most of the unexpected
low ozone at ~1/3 of 37 stations worldwide is due to anomalous apparent losses in the lower and middle strat-
osphere. Other than at the Hilo and Costa Rica stations, no systematic low bias in tropospheric measurements
was found. The anomalously low tropospheric ozone found at those two stations may or may not be related to
the TCO drop. Several potential sources of the bias, including the radiosondes paired with the ozonesondes and
radiosonde pressure offsets (Inai et al., 2015; Stauffer et al., 2014; Steinbrecht et al., 2008) were ruled out. The
TCO drop appeared only at stations launching the EnSci ECC. Manufacturing changes in the EnSci ECC were
suspected as a contributor, as an analysis of serial numbers (S/Ns) revealed that the sudden drop and a consistent
low ozone bias began approximately with S/N 25,000 (~2013-2014, depending on station) when considering all
affected stations.

Since the revelation that significant portions of the global network appear to be affected by this problem, ASOPOS
2.0 formed a Task Team to more closely examine the TCO drop and expand the analysis to additional ozonesonde
stations. Efforts have been focused on metadata gathering, additional laboratory and field tests, and enhanced
data analysis, the last of which is the subject of this paper. Our intentions are: (a) to provide the community with
an update on the current state of the stability and quality of ozonesonde data in the global network and (b) better
characterize the TCO drop throughout the global network.

This study is the first application of the ASOPOS 2.0 recommendations for data quality evaluation to data
collected from the global ozonesonde network since 2004. Measurements are taken from 60 stations for which
data are publicly available. We extend the records of the 37 stations analyzed in S20 and feature more homoge-
nized data than the earlier study. The paper is organized as follows: Section 2 describes the data sets and methods
used to assess the global ozonesonde network data; Section 3 presents the time series of ozonesonde and satellite
comparisons for the network in various latitude bands, and a detailed analysis of EnSci S/Ns to better pinpoint
the timing of the dropoff and quantify the resulting step change in ozone. We also discuss the next steps that the
ASOPOS Task Team will pursue to solve the TCO drop. Section 4 is a summary, and advocates standard operat-
ing procedures to monitor the future stability of network data against changes to instrumentation or preparation
procedures, and to quantify the effects of ozonesonde data homogenization.

2. Data and Methods

We employ satellite data as our primary reference to evaluate global ozonesonde network data because independ-
ent ground-based TCO data are unavailable at some stations.

2.1. Ozonesonde Data at 60 Global Stations

A total of 60 global ozonesonde stations are analyzed to assess the recent stability of the large majority of global
network data. All but one station, Hohenpeissenberg (Brewer-Mast type; Steinbrecht et al., 1998), currently
launch ECC ozonesondes from the two major manufacturers, EnSci and SPC. Ozonesonde stations included in
this analysis appear on the map in Figure 1, with S20 dropoff stations indicated by the red dots (see Section 2.3
for a brief note on corrected Canadian data; orange dots). Metadata and the data repository accessed for each
station are contained in Table 1. Of the 60 ozonesonde sites, 37 have had their data homogenized according to
ASOPOS/ASOPOS 2.0 standards (Section 1). There are 42,042 ozonesondes analyzed for the 60 stations in our
study period of August 2004 to present.
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Global Ozonesonde Stations (60 Total) All ozonesonde profile data are first placed into 100-m binned averages. To
(2 3 e — g

&

obtain TCO from the ozonesondes, an identical method to S20 is used: The
ozonesonde ozone is integrated up to 10 hPa or balloon burst, whichever is
lower in altitude, and the McPeters and Labow (2012) ozone climatology
is added to that value to obtain TCO. Any ozonesonde not reaching 30 hPa
is discarded from the TCO data set.

2.2. Satellite and Ground-Based Ozone Data

‘ e S20 =3% TCO Dropoff Station o Corrected Canadian Stations e "Non-S20" Stations‘

Satellite TCO and stratospheric ozone profile data are used as references to

Figure 1. Map of the 60 global ozonesonde stations used in this study. evaluate the quality of the past 18 years (since mid-2004) of global ozone-
All stations except Hohenpeissenberg (Brewer-Mast type) currently launch sonde network data. Ground-based TCO (Dobson, Brewer, SAOZ) measure-
electrochemical concentration cell (ECC) ozonesondes. Stations (12 total) ments from the World Ozone and Ultraviolet Data Centre (WOUDC) are

identified as having a >3% total column ozone (TCO) drop relative to Ozone
Monitoring Instrument (OMI) in S20 are shown as red dots, and the two
Canadian stations (Kelowna and Yarmouth; see Figure S2 in Supporting

available at 40 of the 60 stations (Table 1). While ground-based TCO compar-
isons are typically preferred over satellite data, unfortunately, as discussed in

Information S1) with corrected data for this study are shown as orange dots. S20, a number of the affected dropoff stations (e.g., Costa Rica, San Cris-
Those two stations are still grouped with the “S20” stations for this analysis. tobal, Ascension, Fiji, Kelowna, Yarmouth) do not have ground-based meas-

All other stations (“non-S20’; 46 total) are shown as blue dots.

urements available. However, the characteristics of the ozonesonde dropoff
and sudden TCO low bias at stations such as Hilo are identified by both
satellite and ground-based Dobson and Brewer data (see Figure S4 in S20
of Supporting Information S1). Level 2 (L2) satellite TCO and stratospheric ozone overpass data from multiple
satellites are available at all 60 stations.

All L2 satellite overpass data are collected from NASA/GSFC's Aura Validation Data Center (AVDC; https://
avdc.gsfc.nasa.gov/pub/data/satellite/). There are five satellite instruments included for analysis. For TCO, we
use Aura OMI (McPeters et al., 2008, 2015), the Suomi National Polar-orbiting Partnership Ozone Mapping
and Profiler Suite (OMPS; McPeters et al., 2019), the Meteorological Operational satellites A/B Global Ozone
Monitoring Experiment-2 (MetOp-A/B GOME-2A/2B; Munro et al., 2016), and for stratospheric ozone Aura
MLS (Froidevaux et al., 2008; Livesey et al., 2021). The Aura MLS instrument team recently released the v5
ozone data used here (Livesey et al., 2022), which show negligible differences in the stratosphere compared to
v4.2 (used in S20; MLS Version 5.0x Level 2 and 3 data quality and description document: Livesey et al., 2021).

MetOp-A (GOME-2A) was retired in November 2021 and data are unavailable thereafter. In general, GOME-2A/B
measure higher TCO amounts than OMI and OMPS (Figure S1 in Supporting Information S1), a result consist-
ent with that observed in comparisons to the ozonesonde data in Section 3, and in the analysis of GOME-2A/B
compared to ground-based Dobson and Brewer TCO by Hao et al. (2014). OMI has a continuous, nearly 18-year
record and is the primary satellite TCO instrument used in our analysis.

The ozonesonde/satellite overpass coincidence criteria are as follows: For satellite TCO comparisons, the L2
data are restricted to within 12 hr and 100 km of the ozonesonde launch. The +12 hr coincidence criterion was
chosen to ensure that virtually every ozonesonde had a candidate satellite TCO comparison (e.g., to account for
days when the station was located between satellite measurement swaths). No filtering for satellite cloud fraction
is applied. As discussed in S20, cloud fraction filtering produces no appreciable change to our results. Only one
satellite TCO measurement (closest in time and space) from each instrument is matched to each ozonesonde.
An addition to this analysis is that satellite/ozonesonde (and ground-based) TCO differences beyond +20% are
discarded as outliers, although this is rare. Just 0.8%, or 246 of all ozonesonde/OMI TCO comparisons exceed
+20%. These outliers are mostly confined to midlatitudes to high latitudes, but no clear pattern emerges to
otherwise explain the causes for the cases of poor agreement. For Aura MLS stratospheric ozone, all ozone
profiles within 1 day, +5° latitude, and +8° longitude of the ozonesonde are averaged, and the 100-m averaged
ozonesonde data are linearly interpolated to the MLS pressure levels to make comparisons. As with S20, the MLS
weighting functions are not applied to the ozonesonde data.

Comparisons among satellite and ground-based TCO data are included in Figure S1 of Supporting Informa-
tion S1. These indicate the relative stability of satellite TCO compared to ground-based measurements during our
study period, and that the satellite TCO data are a consistent reference suitable for characterizing the ozonesonde
network data quality.
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Table 1
Metadata for the 60 Global Ozonesonde Stations Used in This Study Including Latitude/longitude, Number of Profiles
From August 2004-Present, Data Source, Whether the Station Has Colocated Ground-Based TCO Data Available in
the WOUDC Archive, and Whether the Station's Ozonesonde Data Used Here Have Been Homogenized (See Text for
Explanation of the Homogenization Process)
Station Lat (°) Lon (°)  #Profiles Dates Source Ground-based? Homogenized?
Alert* 82.49 —62.34 705 20042020 HEGIFTOM Y Y
Eureka? 79.98 —85.94 1,064 20042021 HEGIFTOM Y Y
Ny-z&lesund 78.92 11.93 1,245 2004-2020 NDACC Y N
Thule 76.53 —68.74 118 20042016 NDACC N N
Resolute 74.7 —94.96 622  2004-2021 HEGIFTOM Y Y
Summit 72.34 —38.29 635 20042017 NOAA N Y
Scoresbysund 70.48 =211197 849  2004-2021 NDACC Y N
Sodankyla 67.37 26.65 670  2004-2019 NDACC Y N
Lerwick 60.13 —1.18 621 2004-2016 WOUDC Y N
Churchill* 58.74 —94.07 510  2004-2021 HEGIFTOM Y Y
Edmonton?® 53.54 —-114.1 766 20042021 HEGIFTOM Y Y
Goose Bay 53.31 —60.36 761 2004-2021 HEGIFTOM Y Y
Legionowo 52.4 20.97 974  2004-2021 HEGIFTOM N N
De Bilt 52.1 5.18 862  2004-2020 HEGIFTOM Y Y
Valentia 51.94 —10.25 460 2004-2020 WOUDC Y N
Uccle 50.8 435 2,348  2004-2020 HEGIFTOM Y Y
Praha 50.01 14.45 794 2004-2021 WOUDC N N
Kelowna® 4993 -1194 673  2004-2017 HEGIFTOM N Y
Hohenpeissenberg 47.8 11.02 2,116  2004-2021 WOUDC Y Y
Payerne 46.49 6.57 2,528  2004-2020 HEGIFTOM N Y
Haute Provence 43.94 5.71 800 2004-2021 NDACC Y Y
Yarmouth® 43.87 —66.11 754 20042021 HEGIFTOM N Y
Sapporo 43.06 141.33 387  2004-2018 WOUDC Y N
Trinidad Head 40.8 —124.16 913 20042022 NOAA N Y
Madrid 40.47 —3.58 775  2004-2021 HEGIFTOM Y Y
Boulder 40 —-105.25 992  2004-2022 NOAA Y Y
Wallops Island 37.93 —75.48 850 2004-2020 SHADOZ Y Y
Tateno 36.06 140.13 516  2004-2021 WOUDC Y N
Huntsville 34.72 —86.64 777 20042020 NOAA N Y
Idabel 33.9 —94.75 149 2004-2016 TOPP N N
Houston 29.72 —95.34 505  2004-2017 TOPP N N
Izana 28.3 —16.48 745  2004-2020 HEGIFTOM Y Y
Naha 26.21 127.69 419 2004-2018 WOUDC Y N
Hong Kong 22.31 114.17 776 2004-2020 WOUDC Y N
Hanoi 21.01 105.8 337  2004-2020 SHADOZ Y Y
Hilo® 19.43 —155.04 839 20042021 SHADOZ Y (Mauna Loa) Y
Costa Rica® 9.94 —84.04 659  2004-2021 SHADOZ N Y
Paramaribo 5.8 —55.21 608  2004-2021 HEGIFTOM Y Y
Kuala Lumpur 2.73 101.27 318 20042021 SHADOZ N Y
Quito -0.2 —78.44 43 2004-2020 USFQ N N
San Cristobal® —0.92 —89.62 176  2004-2016 SHADOZ N Y
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Table 1
Continued
Station Lat (°) Lon (°)  #Profiles Dates Source Ground-based? Homogenized?
Nairobi® —-1.27 36.8 641 20042019 SHADOZ Y Y
Natal® —5.42 —35.38 472 2004-2021 SHADOZ Y Y
Watukosek =75 112.6 124 2004-2013 SHADOZ N Y
Ascension® —7.58 —14.24 490 2004-2021 SHADOZ N Y
Samo* —14.23 -170.56 568  2004-2021 SHADOZ Y Y
Fiji* —-18.13 178.4 236 20042021 SHADOZ N Y
Reunion —21.06 55.48 553 20042020 SHADOZ Y Y
Irene -259 28.22 233 2004-2020 SHADOZ Y Y
Broadmeadows —37.69 144.95 790 2004-2020 WOUDC Y N
Lauder —45 169.68 794 2004-2021 HEGIFTOM Y Y
Macquarie -54.5 158.95 794 2004-2020 WOUDC Y N
Marambio —64.24 —56.62 882 2004-2019 WOUDC Y N
Dumont d’Urville  —66.67 140 363 20042019 NDACC Y N
Davis —68.58 77.97 473 2004-2019 WOUDC N N
Syowa —69 39.58 529 2004-2021 WOUDC Y N
Neumayer —70.62 —8.37 1,186 2004-2021 NDACC N N
McMurdo —77.85 166.67 174 2004-2010 NDACC Y Y
Belgrano —77.87 —34.62 97 2004-2020 NDACC Y N
South Pole -90 —169 984 20042021 NOAA Y Y
Total profiles: 42,042
Note. The bold columns indicate the 14 S20 dropoff stations used here as a reference. URLs for the respective ozonesonde
data archives are given at the bottom of the table. NOAA: ftp://ftp.gml.noaa.gov/data/ozwv/Ozonesonde/; HEGIFTOM:
http://hegiftom.meteo.be; USFQ: https://observaciones-iia.usfq.edu.ec/; NDACC: https://www-air.larc.nasa.gov/missions/
ndacc/data.html; WOUDC: https://woudc.org/data/explore.php?lang=en; SHADOZ: https://tropo.gsfc.nasa.gov/shadoz/
Archive.html; TOPP: http://www.ruf.rice.edu/~ozone/.
aDenotes the S20 TCO dropoff stations. °Kelowna and Yarmouth data corrected since S20 publication.
The total number of available ozonesonde comparisons are as follows: 30,751 for OMI (October 2004-present),
19,280 for OMPS (January 2012-present), 22,026 for GOME-2A (January 2007-November 2021), 15,317 for
GOME-2B (January 2013-present), and 39,703 for Aura MLS (August 2004-present).
2.3. Focus of Analysis: Ozonesonde Network Data Stability and TCO Drop Status
Our primary focus is on expanding the analysis of ozonesonde/satellite TCO and stratospheric ozone comparisons
to assess the accuracy and stability of ozonesonde network data over the past two decades. The 14 S20 “dropoff”
stations will still be used here as a reference to characterize the effects of the TCO drop, and an analysis of ECC
S/Ns is leveraged to investigate potential biases at “unaffected” stations including the 23 stations not appearing
in S20 (total of 46 “non-S20” stations). To quantify the magnitude of the TCO drop, we determine the timing,
based on EnSci S/N, of a step change in ozonesonde TCO using the MATLAB function ischange, which locates
breakpoints in a time series by finding abrupt changes to the mean values for segments of the data set. Detailed
documentation on ischange can be found at https://uk.mathworks.com/help/matlab/ref/ischange.html, which is
based on work by Killick et al. (2012). The function was applied to the OMI and EnSci ECC TCO percentage
differences for the EnSci S/Ns at the 14 S20 stations. The ischange function iteratively minimizes cost functions
to determine how well segments of the data set are represented by its mean, and we use this method to identify
the single largest change in the mean of the OMI and EnSci ECC TCO comparisons.
Of the 60 global stations used here, 37 have homogenized their time series (see Table 1). It should be noted
that step changes in TCO of both signs are found in the data of a select few nonhomogenized stations (e.g.,
STAUFFER ET AL. 6 of 18
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Scoresbysund and Idabel for EnSci, Legionowo for SPC). The step changes in nonhomogenized time series can
be significant as shown in previous studies (e.g., Ancellet et al., 2022; Sterling et al., 2018; Witte et al., 2017).
However, these are often the result of instrumental, station operational, or data processing changes, and are typi-
cally removed with homogenization.

Since the publication of S20, the data from two Canadian “dropoff™ stations, Kelowna and Yarmouth, have been
properly homogenized by applying a transfer function for use of the 1% KI, full buffer SST in the EnSci ozone-
sonde (Deshler et al., 2008). The resulting update to the Canadian data homogenization reduces the pre-2015
EnSci TCO by ~4%. The corrected versions of the data are used here, which indicates that Kelowna and Yarmouth
are not nearly as affected by the TCO drop as reported in S20, although a small dropoff remains at both stations
(Kelowna is shown in Figure S2 of Supporting Information S1). The Canadian network has since switched to
the SPC ozonesonde, mitigating the ~2-3% TCO drop found in the network's EnSci time series (Figure S3 in
Supporting Information S1). For simplicity, we retain the 14 S20 TCO drop stations in this analysis to describe
the effects of the dropoff. As indicated below, data users should refer to Table to gauge the effects of the TCO
drop at EnSci stations in this analysis. Because of the corrected Kelowna and Yarmouth data, corrections to the
applied stratospheric pump efficiencies at Costa Rica in 2013-2015, and the addition of 23 more stations includ-
ing several with newly homogenized data, the results here supersede those presented in S20.

The focus of our analysis is as follows: (a) In light of the TCO dropoff, we assess the overall stability of the global
ozonesonde network data and examine the ozonesonde time series from stations grouped into latitudinal bands,
commonly used to report ozone trends in the WMO/UNEP Ozone Assessment Reports and related activities
(Petropavlovskikh et al., 2019; WMO, 2018). (b) We scrutinize the S/Ns of the ECCs to pinpoint step changes
in the global network data, and more precisely define which and to what degree stations are affected by the TCO
drop.

3. Results
3.1. Ozonesonde Comparisons With Five Satellite Instruments Since 2004

We begin with an analysis of the past ~18 years of ozonesonde network data compared to satellite measurements
to examine the overall stability of the measurements. Since ozonesonde ozone trends are typically computed for
stations within prescribed latitude (¢) bands, we examine ozonesonde/satellite TCO and stratospheric ozone
comparisons for various latitudinal regions. In Figure 2, we present the time series of ECC TCO and strat-
ospheric ozone comparisons with the five satellite instruments for all 60 stations. The top panel of Figure 2
shows the comparisons with Aura MLS on MLS pressure levels, which gives no indication of any sustained
low or high biases in the stratosphere above 50 hPa. Figure 2 middle panel shows the time series of 500-point
centered, moving averages for TCO comparisons in percent difference. The moving average comparisons with
OMI deviate by no more than +2% over the 18-year record. In general, the ozonesondes measure lower relative
to GOME-2A/B, as is also the case for the ground-based TCO data compared to GOME-2A/B (see Figure S1 in
Supporting Information S1).

The bottom panel of Figure 2 shows the 25th to 75th percentile, and median comparisons with the four TCO
satellite instruments for each year from 2005 to 2021. The middle and bottom panels of Figure 2 indicate a
slight drop in the ozonesonde measurements relative to satellite data in 2016-2018. However, for all four satel-
lite instruments and for each year, the interquartile range of the TCO comparisons always encompasses the 0%
line. Considering all available data, the means +1 standard deviation of ozonesonde TCO comparisons with
the four satellite instruments for the 60 global stations are +0.0 + 4.8% (u + 1o; OMI), —0.8 + 4.8% (OMPS),
—1.9 + 49% (GOME-2A), and —2.2 + 4.8% (GOME-2B). Overall, the global ozonesonde network data are
remarkably accurate and stable relative to the satellite data since late 2004.

Figures 3-5 present the same analysis as Figure 2 for various latitudinal groupings of ozonesonde stations.
The ozonesonde measurements at polar stations (|¢p| > 60°; 17 stations) shown in Figure 3 are arguably more
stable relative to the satellite TCO than the network as a whole in Figure 2. Again, the ozonesondes measure
lower relative to GOME-2A/B compared to OMI and OMPS. This is a common feature across all latitudes. The
midlatitude stations (Figure 4; 20° < |¢| < 60°; 31 stations) display a similar pattern in the time series as the
entire global network, which is not surprising since midlatitudes comprise the densest distribution of stations.
A small decrease in the ozonesonde TCO measurements relative to satellites is noted between ~2017 and 2018.
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Table 2 However, the deviation of the OMI comparison moving averages in Figure 4

Additional Metadata for the 60 Global Ozonesonde Stations Used in This

Study Including the Primary Ozonesonde Type and SST Used

never exceeds +2%, and the interquartile range of the comparisons for each
year encompasses the 0% line for all four satellite TCO instruments in both
Figures 3 and 4. We note the apparent annual cycle, which is out of phase

OMI% change
Station Ozonesonde type SST type (25,250)* for OMI/OMPS and GOME-2A/B, in the ozonesonde/satellite comparisons
Alert® EnSci, now SPC 1.0 0.1 at the midlatitude stations in Figure 4 T.hlS cycle in QOME-%A/B TCO is
et - e w0 " clearly shown by Hao et al. (2014; their Figure 13), which also indicates that
ur? a et fow ’ B GOME-2A/B measure about 1-2% higher than ground-based Dobson and
Ny-Alesund SPC 1.0 N/A Brewer TCO, and matches our results.
Thule EnSci 0.5 N/A ) . . .
Resol _— . 0 20 The tropical ozonesonde stations (Figure 5; || < 20°; 12 stations) meas-
solut 4 -2. L . . .
esotute HRXEH L ure within ~0% to —2% relative to OMI TCO for the entire period from
Summit EnSci 05 -12 2005 to 2014. After 2014, there is a marked decrease in ozonesonde
Scoresbysund EnSci 1.0 —56 stratospheric ozone mixing ratio and TCO compared to satellites. The
Sodankyla EnSci 0.5 -2.6 maximum low bias occurs in 2016-2017, when the tropical ozonesondes
Lereidk SPC 1.0 N/A average 4-6% low relative to the satellite TCO. A notable drop in the
Churchill® EnSci, now SPC L0 _58 str.atospl.lerlc. 029ne comparlsc.)ns with Aura MLS. also appears during
this period, indicated by the increased blue coloring on the top panel
Edmonton® EnSci, now SPC 1.0 -2.2 . ..
of Figure 5. The overall means and standard deviations of ozonesonde
Goose Bay EnSci, now SPC 1.0 -11 comparisons with the four satellite instruments for the 12 tropical stations
Legionowo SPC 1.0 N/A are —2.2 +4.0% (OMI), —2.9 + 3.8% (OMPS), —2.8 + 4.1% (GOME-2A),
De Bilt SPC 1.0 N/A and —4.0 = 3.9% (GOME-2B). Even prior to the low bias period that
Valentia SPC 1.0 N/A begins in 2014, the tropical ozonesondes measure consistently low relative
Uccle EnSci 05 ~0.9 to the satellite TCO. The ozone partial pressure .pealf at tropical l.atltude%s
occurs at ~20 hPa, compared to ~50 hPa at midlatitudes and high lati-
Praha SPC 1.0 N/A . .. . .
tudes. Thus, stratospheric pump efficiency corrections have more impact
b i . . . .
Kelowna EnSci Lo -1.1 on the calculation of ozone partial pressure and TCO in the tropics, and
Hohenpeissenberg ~ Brewer-Mast N/A N/A any under/overestimation of applied ECC pump efficiencies will have a
Payerne EnSci 0.5 -13 larger effect in the tropics compared to the extratropics. This is a topic for
e BiovEies EnSc 1.0 N/A further investigation by the ASOPOS 2.0 panel.
Yarmouth® EnSci, now SPC 1.0 =32 The low biases in the tropical ozonesonde network improved slightly after
Sapporo EnSci 0.5 0.1 2017, with a relative increase in the ozonesonde measurements of about 2%
Trinidad Head EnSci 0.1 12 TCO in the past 3—4 years. However, the TCO drop of several percent relative
Madrid SPC 10 N/A to satelht.e measu.rements from 2014 to 2017 may affect CfllCulatIOIlS of ozo.ne
trends using tropical ozonesonde data. Data users are advised to proceed with
Boulder EnSci 0.1 -15 . . . .
caution when computing tropical TCO and stratospheric ozonesonde trends
Wallops Island SPC 1.0 N/A over the past ~two decades. While we show that, on average, tropical stations
Tateno EnSci 0.5 -1 show larger TCO low biases associated with the TCO drop, it is important to
Huntsville EnSci 0.1 -2.5 note that not all tropical stations are affected by this sudden low bias. More
Idabel EnSci 0.5 33 discussion on the dropoff affected stations and magnitudes of the TCO drop
Houston EnSci 05 _14 are found in Section 3.2.
Izafia SPC 1.0 N/A Figure 6 provides a closer examination of the stratospheric ozonesonde
Naha EnSci 0.5 1 measurement comparisons with the Aura MLS instrument since late 2004.
sty s SPC 10 N/A The profile comparisons in percent difference (2:5th, SOt.h, and 75th percer.l—
tiles) are presented for the same groups of stations (Figures 6a—6d) as in
Hanoi EnSci 0.5 -13 . .
Figures 2-5. In general, the ozonesonde network agreement with Aura MLS
ilo® i . . L
Hilo EnSci 0.1 —2.8 is excellent, and lies within +5% from 50 to 10 hPa. Because a number of
Costa Rica® EnSci 0.1 5.6 factors can decrease the reliability of ozonesonde data above 10 hPa (e.g., the
Paramaribo SPC 1.0 N/A effects of boiling or freezing ozonesonde solutions, decreasing ozonesonde
Kuala Lumpur EnSci 0.5 N/A pump efficiencies/increasing pump efficiency uncertainties), we choose
Quito EnSci 01 N/A to halt ozonesonde 1ntegrat10n' at 10 hPa prior to addlgg the McPeters and
Y — o il _ Labow (2012) above-burst climatology when computing the ozonesonde
an Lristoba et ) TCO (as in S20). The tropical (Figure 6d) stratospheric ozonesonde profiles
Al . . . :
Nairobi EnSci 0.5 -2 measure slightly low relative to MLS compared to the other latitude bands, a
STAUFFER ET AL. 8of 18
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Table 2 result likely compounded by the increased low bias from 2014 to 2018 noted
Continued in Figure 5 top panel. As S20 showed, the dropoff appears to be confined
OMI% change to pressures above ~50 .hPa, except at Hilo a.nd Costa Rica wheTe there is
St Ozonesonde type SST type (25,250)* anomalously low ozone in the troposphere. With these two exceptions, trop-
ospheric ozone data from sondes are reliable for determining ozone trends in
Natal® SPC 1.0 N/A .
the tropics (Thompson et al., 2021).
Watukosek EnSci 2.0 N/A
Ascension® EnSci 05 N/A Figures 2—-6 show that the TCO dropoff described in S20 has only a minor
. effect on the overall stability of global ozonesonde network data, and that the
Samoa® EnSci 0.1 -3.6 . . . .
. . data should be considered reliable for trends analysis. However, when consid-
Fiji Bt L ) ering only tropical stations, the TCO drop will potentially have a detectable
Reunion EnSci 0.5 -09 effect on ozone trends. The rest of the analysis focuses on expanding the S20
Irene SPC 1.0 N/A analysis to characterize the effects and timing of the TCO drop found at a
Broadmeadows SPC 1.0 N/A subset of stations.
Lauder EnSci 0.5 -2.6
Macquarie SPC 1.0 N/A 3.2. Status Update to the TCO Dropoff
Marambio EnSci 0.5 -0.2
Dumont d'Urville  EnSci 05 N/A Figures 2-6 1nd1C?.1te that the? effects of the TCO drop described in S2Q are
) most pronounced in the tropical ozonesonde network. As yet, undetermined
Davis SPC 10 N/A manufacturing changes to the EnSci ozonesonde are suspected to be a factor
Syowa EnSci 0.5 1 in the TCO drop. Because S/N is a better indicator of a potential manufac-
Neumayer SPC L0 N/A turing change than date of ozonesonde launch, the remainder of our analysis
McMurdo EnSci 0.5 N/A focuses on ECC S/Ns to pinpoint the timing of the dropoff.
Belgrano SPC 1.0 N/A Figure 7 updates a similar ECC S/N analysis that was presented in S20
South Pole EnSci 0.1 0 (see also Figure S3 in Supporting Information S1). The bars on Figure 7
Average change: -1.8 span the 25th to 75th percentiles in percent TCO agreement with OMI for

Note. The bold values denote the S20 TCO dropoft stations. The farthest right
column indicates the average EnSci ozonesonde percentage TCO change
relative to OMI after EnSci S/N 25,250. The average EnSci ozonesonde TCO
change relative to OMI pre-EnSci and post-EnSci S/N 25,250 considering all
stations is —1.8%.

“Requires minimum of 25 valid pre-EnSci and 25 valid post-EnSci 25,250
serial number OMI TCO comparisons (otherwise marked N/A). Statistics
consider only EnSci ozonesondes. "Denotes the S20 TCO dropoff stations.

EnSci S/Ns placed in bins of 1,000, with the dots representing the median
value. Total valid ECC/OMI comparisons are indicated by the numbers
along the top and bottom of the figure for each S/N bin of 1,000. The EnSci
S/Ns from the 14 S20 stations are shown on (a), and the EnSci S/Ns from
the remaining “non-S20” stations are shown on (b). Panel (a) in Figure 7
makes clear the effects of the TCO drop on the ozonesonde comparisons
with OMI after S/N 25,000. The dropoff is ~3-5% when considering the
14 stations. There is also a notable drop for S/N ~21-22,000s, a “recovery”
for 23-24,000s, and a sharp drop and persistent low bias beginning with
25,000. Figure 7b shows that the non-S20 dropoff stations' median TCO
comparisons with OMI have remained within +2% for all S/Ns through the 35,000s. Figure 7b also illustrates
to importance of ongoing ozonesonde data evaluation, as the most recent data (36,000-38,000) display a
median low bias of up to 2.6%.

This expanded analysis of 60 global stations confirms that only the EnSci ECC displays the characteristics of the
ozonesonde TCO drop. Figure 8 shows an identical analysis to Figure 7 for all SPC 6A ozonesondes. Note that the
similar S/N values to EnSci are a coincidence. The variation in TCO agreement in the SPC 6A S/N bins is larger
than that for the 46 non-S20 EnSci stations. This suggests that SPC ECCs are also subject to possible variations
in production and thus data quality. However, there are no extended periods of high or low biases similar to those
displayed by the S20 dropoff stations in Figure 7a. For this reason, we confine the rest of our TCO drop analysis
to the EnSci ECCs.

A closer examination of the individual EnSci S/Ns, rather than through binning them into sets of 1,000, allows
a better estimate of the timing of the step change in ozonesonde TCO agreement with OMI. The location of the
step change was determined using the MATLAB function ischange, which is found at EnSci S/N 25,250. We
use the 25,250 S/N as a reference to divide the ozonesondes into two groups to quantify a single step change in
ozonesonde TCO for all EnSci stations. There is a nearly 4% (from +0.42% to —3.5%) TCO drop relative to OMI
for the 14 S20 stations after S/N 25,250 as shown in Figure 9a. Prior to S/N 25,250, the standard deviation of the
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All 60 Station Ozonesonde, Satellite Comparisons
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Figure 2. Coincident ozonesonde and satellite comparisons in percent difference for all 60 stations used in this study. (top)
Time series of comparisons among all ozonesonde and Microwave Limb Sounder (MLS) O, profiles ((ECC-MLS/ECC]).
Red or blue colors indicate where the ozonesonde ozone is greater or less than MLS. (middle) Ozonesonde and satellite total
column ozone (TCO) comparisons in percent difference ([ECC-satellite]/ECC) for OMI (blue), OMPS (red), GOME-2A
(green), and GOME-2B (cyan). The lines corresponding to each TCO satellite instrument indicate 500-ozonesonde centered,
moving averages. No average lines are plotted for the first 250 and last 250 comparisons. (bottom) Ozonesonde and satellite
TCO comparison statistics in percent difference for each individual year from 2005 to 2021. Bars represent the 25th to 75th
percentile, with the dots representing the median comparison.

EnSci/OMI comparisons is 4.3%, and after S/N 25,250 it is 4.4%. This indicates that the TCO drop is indeed a
step change, with no change to the variance in the TCO comparisons with OMI. This potentially means that the
uncertainties of the affected EnSci ozonesonde measurements have not increased, but future analyses are still
needed to fully characterize these results.

The same analysis technique applied to all the EnSci ozonesondes at the non-S20 stations (Figure 9b) indicates
that there may also be a detectable TCO drop, albeit just over 1% (mean differences with OMI change from
+0.68% to —0.39%), at those stations. Both the S20 and non-S20 station step changes in the mean values from
pre-S/N to post-S/N 25,250 are statistically significant based on a 95% confidence interval (see text on Figures 9a
and 9b). This interval is determined using 10,000 bootstrap resamples of each distribution to generate the confi-
dence bounds around the mean value (Efron, 1979; Efron & Tibshirani, 1993). The 1% TCO drop for non-S20
stations appears to support the hypothesis posed in S20 that a production change in the EnSci ozonesonde is a
factor leading to the dropoff, which leads to station-specific preparation procedures, SST, or other factors miti-
gating, or amplifying the effects of this production change.

The largest TCO drop for the EnSci ECCs is found relative to OMI. The S20 station TCO drops compared to the
other three satellite instruments (Figure S4 in Supporting Information S1) are smaller in magnitude at <3%. The
TCO drops for the non-S20 stations are statistically for OMPS and GOME-2A (Figure S5 in Supporting Informa-
tion S1). Determining whether there has been a drift in OMI TCO or one of the other three satellites is beyond the
scope of this paper, but the smaller ozonesonde TCO drops relative to OMPS, GOME-2A, and GOME-2B, albeit
with shorter available time series, are an important consideration.

The pre-S/N and post-S/N 25,250 percent change in TCO relative to OMI for each station is shown in Table 2,
provided that 25 valid OMI comparisons are available for both periods. When considering all EnSci ECCs, the
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20°S to 20°N Station Ozonesonde Satellite Comparisons
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Figure 5. As in Figure 2, but for stations within 20° latitude of the equator.

pre-S/N to post-S/N 25,250 TCO drop relative to OMI is 1.8%. Time series of comparisons with the five satellite
instruments (including GOME-2C) are posted to https://tropo.gsfc.nasa.gov/shadoz/SHADOZ_PubsList.html so
that users can examine the ozonesonde data stability relative to satellite measurements for all 60 stations since
late 2004. Table 2 should be used in conjunction with the posted station time series to assess the potential effects

All 60 Statlon Ozonesonde, MLS Comparisons Poleward of +60° Statlon Ozonesonde, MLS Comparisons
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Figure 6. Comparisons of all coincident ozonesonde and Aura Microwave Limb Sounder (MLS) ozone profiles in percent
difference for the four latitude bands (a—d) referred to in Figures 2—5. The shading represents the 25th to 75th percentile, with

the thick lines indicating the median (50th percentile) difference.
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Figure 7. Comparisons of electrochemical concentration cell (ECC)
ozonesonde total column ozone (TCO) with Ozone Monitoring Instrument
(OMI) in percent difference for (a) all EnSci ozonesondes at the 14 S20

TCO dropoff stations, (b) all EnSci ozonesondes launched at the other 46
global stations in this study (note that some stations have not launched EnSci
ECCs). EnSci S/Ns are grouped into bins of 1,000 (26 = 26,000 to 26,999) for
analysis. The bars show the 25th to 75th percentiles for each bin, with the dots
representing the median value. The total number of valid ozonesonde/OMI
comparisons for each bin are shown by the numbers along the top and bottom,
aligned with the bars.

lations in the Aura MLS ozone profiles, which have been reduced but still
exist in the v5 data (Livesey et al., 2022), in the tropical upper troposphere/
lower stratosphere make it difficult to exactly quantify the stratospheric
ozone drop at and below the 56.23 hPa level. However, other than the Costa
Rica and Hilo stations previously mentioned, we do not find evidence that
the TCO drop affects altitudes/pressures below this pressure level or in the
troposphere.

3.3. Potential Indicators of the Source of the Dropoff

We explore a possible relationship of the TCO drop with the SST used at
each station. Three SSTs are currently in use in the global network: 1% KI,
full buffer (SST1.0); 0.5% KI, half buffer (SST0.5); and 1.0% KI, one-tenth
buffer (SSTO.1; “low-buffer”). Tropical/subtropical stations are where the
largest and most persistent TCO drops are found. Five of the seven tropi-
cal S20 EnSci stations use SSTO.1 (Hilo, Costa Rica, San Cristébal, Fiji,
and Samoa) and show a larger post-S/N 25,250 dropoff compared to the two
SSTO.5 stations (Nairobi and Ascension Island; 3.8% average for SSTO.1
versus 2.7% average for SSTO0.5; Ascension Island is listed at “N/A” in
Table 2 because it did not launch EnSci ECCs prior to S/N 25,250). Given
this fact and the results of Figure 9b, which indicate that non-S20 stations
may also show small TCO drops, it is prudent to examine SSTO.1 stations
outside of tropical/subtropical latitudes.

Figure S6a in Supporting Information S1 presents an analysis of the EnSci S/Ns at three stations in the Contig-
uous U.S. (CONUS): Trinidad Head, Boulder, and Huntsville, that have used SSTO.1 since 2005 (Sterling
et al., ). The three stations show a TCO drop of 1.7% (significant with >95% confidence) relative to OMI after
EnSci S/N 25,250, and now average —1.43% TCO relative to OMI. Figure S6b in Supporting Information S1
shows the Boulder EnSci S/N comparisons with the colocated Dobson TCO, which confirms the OMI results.
The Boulder ozonesondes show a sharp 1.8% TCO drop (again, significant with >95% confidence) relative to
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Figure 8. As in Figure 7, but for all Science Pump Corporation (SPC) 6A
ozonesondes launched at any of the 60 stations. Note that the similar S/Ns for
EnSci and SPC 6A are a coincidence, and not all stations have launched SPC
6A ECCs.

the Dobson after S/N 25,250. From the results presented above, it appears
that all EnSci stations may be subject to some change in ECC performance
related to the TCO drop, with the magnitude of effects possibly dependent on
station-specific characteristics such as the SST formula. Although our analy-
sis suggests a potential role for SST type in the dropoff, this must be empiri-
cally tested in the laboratory and field before drawing definitive conclusions.
In general, SSTO.5, which is the ASOPOS-recommended SST for the EnSci
ECC, is apparently less affected at global network stations. We point out that
several stations using the low-buffer SSTO.1 solution are affected by the TCO
drop. However, the S20 study effectively ruled out other potential sources
of the sudden EnSci low bias including the type of radiosonde paired with
the ozonesondes and radiosonde pressure offsets (Inai et al., 2015; Stauffer
et al., 2014; Steinbrecht et al., 2008).

A large data set of lab-measured EnSci pump efficiency corrections by
Nakano and Morofuji (2022) shows that changing stratospheric pump
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EnSci S20 Station and OMI TCO Comparisons
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Figure 9. Comparisons in percent difference between ozonesonde and Ozone Monitoring Instrument (OMI) total column
ozone (TCO) for all 14 S20 station (a) and all non-S20 station (b) EnSci S/Ns (all S/Ns are shown). The thick blue dashed
line indicates the mean value for S/Ns prior to 25,250, and the thick red dashed line indicates the mean value after S/N
25,250. The mean values and their 95% confidence intervals (CI) are shown in text below both figures and the 95% Cls are
indicated by the thin dashed lines.

efficiencies are a potential contributor to the TCO drop. Their analysis indicates that larger pump efficiency
corrections above 50 hPa are necessary for EnSci ECCs beginning with S/N ~25,000 (see their Figure 15).
Raw ozonesonde ECC cell currents are processed using an average pump efficiency that is assumed to not vary
significantly based on ECC production and S/N. However, application of the larger Nakano and Morofuji (2022)
pump efficiency corrections after S/N 25,000 will increase EnSci ECC stratospheric ozone and TCO. Also note
on their Figure 15 the lower pump efficiency corrections for S/N 24,000s, which corresponds to the high-biased
ozonesonde TCO for S20 stations on Figure 7a.

The ASOPOS Task Team will quantify the effects that the Nakano and Morofuji (2022) pump corrections have on
EnSci ozone time series, and determine if the TCO drop is mitigated with the application of their lab-measured
pump efficiencies. A change to the EnSci stratospheric pump efficiencies would explain why it appears that,
on average, all EnSci stations may show at least a small TCO drop coincident with S/N 25,250. Furthermore,
because the tropical stratospheric ozone peak is found at higher altitudes/lower pressures compared to midlatitude
and high latitude stations, larger than expected EnSci stratospheric pump efficiency corrections would dispropor-
tionally affect TCO at tropical sites, potentially explaining the clustering of S20 stations in the tropics.

A discussion on our communications with the EnSci manufacturer is found in the Supporting Information S1.
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4. Summary and Discussion

S20 Station EnSci a

nd MLS Comparison

1 We have presented the first examination of data quality from the 60-station
1 global ozonesonde network using the ASOPOS 2.0 guidelines that recom-
mend comparison of sonde TCO and stratospheric ozone profiles with
consistently calibrated and updated satellite data. We evaluated ozone-
i sonde network data since late 2004 by comparing satellite TCO and
stratospheric ozone measurements with ~40,000 ECC profiles from the
. 60 stations. This investigation extends our 37-station S20 study and adds
measurements from 2020 to 2022. The expanded analysis reveals that over-

all, the ozonesonde measurements are stable and accurate relative to satel-
. lite TCO and stratospheric measurements over the past 18 years. Average

20 ozonesonde TCO comparisons with Aura OMI remain within +2% for each
year from 2005 to 2021. Ozonesonde TCO stability is slightly better rela-
tive to OMPS and GOME-2A/B, over shorter periods. Stratospheric ozone
measurements from ozonesondes also agree within +5% of Aura MLS data
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for all stations and pressure levels from 50 to 10 hPa. However, the TCO
] dropoff affects about half of tropical (+20° latitude) ECC stations, with an
overall average 4-6% TCO low bias relative to four satellite instruments

in 2016-2017 at tropical latitudes. A new data set of lab-measured EnSci
stratospheric pump efficiencies offers a promising path toward investigat-
ing the role of the ECC pump for TCO drop-affected station data (Nakano
& Morofuji, 2022).

The results described above reinforce the importance of following the
ASOPOS 2.0 guidelines for continuous evaluation of ECC sonde data

-20 -15 -10 -5

[ECC-MLS]

Figure 10. As in Figure 6, but here the comparisons are for EnSci
ozonesondes only at the (a) 14 S20 stations and (b) non-S20 stations. The
comparisons with Aura Microwave Limb Sounder (MLS) ozone are shown
for EnSci S/Ns prior to 25,250 (blue) and after S/N 25,250 (red). The shading
represents the 25th to 75th percentile, with the median (50th percentile)

difference shown by the solid lines.

quality with satellite observations as well as with colocated ground-based
instruments: Dobson, Brewer, SAOZ, Fourier Transform InfraRed (FTIR),
Microwave (MW), lidar. TCO data from OMI, OMPS, GOME-2A/B, and
stratospheric ozone profile data from Aura MLS are available as L2 overpass
files for all 60 stations used in this analysis, and dozens more (websites in
Acknowledgments and Data Availability Statement). The availability of these

0 5 10
/ECC O, (%)

15 20

files eliminates cumbersome downloading of full satellite ozone data sets.
With such streamlining, the sonde community has an “early warning system”
for unexpected changes to a station's instrumentation or preparation proce-
dures. The satellite and ground-based instrument comparisons also serve as
a guide for homogenizing data from ozonesonde time series. Comparisons
among ozonesonde and satellite data since the beginning of the Aura OMI record in late 2004 for all 60 stations
used in this study have been posted to https://tropo.gsfc.nasa.gov/shadoz/SHADOZ_PubsList.html.

Finally, our assessment has shown that the global ozonesonde network data are of exceptionally high quality over-
all. This is especially true given the success of ozonesonde data homogenization that has been applied to dozens
of stations, reducing or eliminating step changes, and biases in the nonhomogenized time series. The metric
of 5% uncertainty in the ozonesonde measurement, requested by the satellite and trends communities is nearly
achieved. As data from additional stations are homogenized, users will see greater uniformity in ozone profile
quality throughout the global network data.

Data Availability Statement

The following URLs were accessed for ozonesonde data, and specific stations corresponding to the vari-
ous archives can be found in Table 1 of this manuscript: National Oceanic and Atmospheric Administration
(NOAA/GML, 2022): ftp://ftp.gml.noaa.gov/data/ozwv/Ozonesonde/; Harmonization and Evaluation of
Ground-Based Instruments for Free Tropospheric Ozone Measurements (HEGIFTOM; RMI, 2022): http://
hegiftom.meteo.be; Universidad San Francisco de Quito (USFQ, 2022): https://observaciones-iia.usfq.edu.
ec/; Network for the Detection of Atmospheric Composition Change (NDACC, 2022): https://www-air.larc.
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GSFC, 2022c), https://avdc.gsfc.nasa.gov/pub/data/satellite/MetOp/GOME2/V03/L20VP/GOME2A/ (NASA/
GSFC, 2022d), and https://avdc.gsfc.nasa.gov/pub/data/satellite/MetOp/GOME2/V03/L20VP/GOME2B/
(NASA/GSFC, 2022¢). Time series of the comparisons of satellite and ozonesonde data for all 60 stations used
in this study can be found at https://tropo.gsfc.nasa.gov/shadoz/SHADOZ_PubsList.html (NASA/GSFC, 2022f).
All analyses were performed using the MATLAB 2017b software package (https://uk.mathworks.com/help/
matlab/release-notes-R2017b.html; MATLAB, 2017).
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