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Abstract. The Electrochemical Concentration Cell (ECC) ozomele has been the main instrument for in
situ profiling of ozone worldwide; yet, some detadf its operation, which contribute to the ozone
uncertainty budget, are not well understood. Hare,investigate the time response of the chemical
reactions inside the ECC and how corrections camsbkd to remove some systematic biases. The amalysi
is based on the understanding that two reactiohwaats involving ozone occur inside the ECC that
generate electrical currents on two very diffetéme scales. The main fast reaction pathway witima
constant of about 20 s is due the conversion dfl@tb molecular iodine and the generation of tveef
electrons per ozone molecule. A secondary slowtimapathway involving the buffer generates an szce
current of about 2% — 10% with a time constanthafua 25 min. This excess current can be interprased
what has conventionally been considered the “backg¥ current”. This contribution can be calculaed
removed from the measured current instead of theKipround current”. Here we provide an algorithm to
calculate and remove the contribution of the sleaction pathway and to correct for the time laghef

fast reaction pathway.

This processing algorithm has been applied to czmmde profiles at Costa Rica and during the Central

Equatorial Pacific Experiment (CEPEX) and to labonaexperiments evaluating the performance of ECC

ozonesondes. At Costa Rica, where a 1% KI, 1/10ftebsolution is used, there is no change in #érived

total ozone column; however, in the upper troposplaand lower stratosphere, average reported ozone
concentrations increase by up to 7% and above 3@darease by up to 7%. During CEPEX, where a 1%

K1, full buffer solution was used, ozone concerntnag are increased mostly in the upper troposphéhe

no change near to the top of the profile. In thmtatory measurements, the processing algorithms ha
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been applied to measurements using the majoritpioent sensing solutions and using only the s&ong
pump efficiency correction reported by Johnson.€R802). This improves the accuracy of the ECdso
ozone profiles, especially for low ozone conceiuret or large ozone gradients, and removes sysiemat

biases relative to the reference instruments.

In the surface layer, operational procedures pgddaunch, in particular the use of filters, inflwe how
typical gradients above the surface are detecthd.cbrrection algorithm may report gradients thrat a

steeper than originally reported, but their ungetyas strongly influenced by the pre-launch praaess.

Introduction

The Electrochemical Concentration Cell (ECC) ozonég is one of the most important instruments for
the measurement of vertical profiles of ozone andsed in a number of important networks, e.g. the
ozonesonde network of Global Atmosphere Watch (GAWE Southern Hemispheric ADditional
OZonesondes (SHADOZ) and the Network for the Daacbf Atmospheric Composition Change
(NDACC). It provides observations of high fidelind high vertical resolution, which among otheses ar
considered a reference for satellite based renawtsirgg observations. Its operation has been deskiib
detail elsewhere (e.g. Komhyr, 1969; Komhyr andridad971; Smit et al., 2014; Sterling et al., 2018
Tarasick et al., 2020).

The ECC generates an electrical current througihehetion of ozone in a potassium iodide (KI) solut
which produces approximately two electrons per oulke of ozone. The ozone partial pressure)(is

then calculated using the ECC equation:

(1)

where is in [mPa]; in [pA] is the cell current attributed to the reactiminozone with iodide; ¢ =

4.309-1¢ is the ratio of ideal gas constant and Faradagteon divided by the yield ratio of 2 electrons
per ozone molecule; T in [K] is the air temperatentering the cell, approximated by the temperatfire
the pump; fooin [s] is the flow rate time to pump 100 ml; ang a pressure dependent pump flow correction
factor. Other efficiency corrections may be incldde (e.g. Witte et al., 2017; Sterling et al. 2018;
Tarasick et al., 2020), but are omitted here fowdicity.

Throughout the ECC ozonesonde community, theseumsints are operated using predominantly three
chemical solution recipes; these differ mostlyhia telative concentration of the potassium iodiak the

concentration of the buffer [see Johnson et aDZY0 The original solution recipe introduced byrioyr
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(1986) is referred to as the 1% Ki, full buffer@ibn and has been used in many ozone soundinigsling
those during the Central Equatorial Pacific Expernitn(CEPEX; Kley et al., 1996, and Vomel and Diaz,
2010, hereafter VD2010). When it was understoodtti@buffer in these solutions not only regulates

pH value but also contributes to the generatioexafess electrons, Komhyr (EnSci, 1996) proposed to
dilute the original recipe by a factor of two. Thégipe will be referred to as the 0.5% KI, %2 buffelution.
Sterling et al. (2018) introduced a third solutionwhich only the strength of the buffer was restiby a
factor of 10 while maintaining the original conaation of potassium iodide. This solution will eferred

to as 1% Kl, 1/19 buffer solution and has been used across the N&Zohesonde network as well as in

Costa Rica.

The pump flow correction factor compensates foreduced pump efficiency at low pressure, which
becomes relevant at pressure less than 100 hPia, e stratosphere. Three pump flow correctaiids

are currently in widespread use (Komhyr, 1986; Kgrrét al., 1995; and Johnson et al., 2002; see Smit
and ASOPQOS panel (2014) for more detail), whickths middle stratosphere (10 hPa) differ by as much
as 10%. The pump flow corrections by Komhyr (19864 Komhyr et al. (1995) are recommended for
sondes using the more strongly buffered soluti@fs KI, full buffer, and 0.5% KIl, ¥ buffer respeatly).

The pump flow correction by Johnson et al. (200&)ich provides a stronger correction than the other
two, is recommended only for sondes using the 1% K10" buffer solution. By pairing these
recommendations, systematic biases due to the ajérerof excess electrons in a particular sensing
solution have historically been compensated bynhéching pump efficiency correction. However, only
the pump flow correction by Johnson et al. (20Q&yently describes the true loss of pump efficieaoy

is consistent with measurements from other grotijpgssgmi Nakano, personal communication). Pairing
this pump efficiency with the more strongly bufférsolutions leads to an overestimation of stratesph

ozone.

Prior to launch on a meteorological sounding bal|d6CC ozonesondes are prepared largely following
standard operating procedures, which are descib& AW report 201 (Smit and ASOPOS panel, 2014)
and which are currently under review. A centrapsiaring the preparation of the ECC is the exposéire
the cell to defined amounts of ozone, typically 3Jomin. The amount of ozone is regulated suchttiet
cell generates an electrical current of 5 pA. Aieone exposure, air free of ozone is pumped throlog
cell and the decay of the cell current is measurgdical parameters measured are the time duririghwh
the cell current drops from 4 pA to 1.5 pA (abodits} and the cell current 10 min after exposurm@ztine
has ended (typical values in the range of about @A to 0.05 pA). In addition, the time the pumges.

to sample 100 ml air is measured.
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Commonly, a “background current is subtracted from the measured cell curtgnit obtain the current

attributed to the reaction of ozone with iodide:

(2)

This “background current” has been assumed to dedh current in the absence of ozone and is amaj
contribution to the uncertainty of ozone measurds)grarticularly, in the tropical upper troposphanel

in the boundary layer of clean regions of our aphese, where ozone concentrations are low (Wité. et
2018, Tarasick et al., 2020} is treated as a constant offset from the meastue@nt throughout the
profile and is measured multiple times as parthef standard operating procedures; however, there ar
inconsistencies about which of these measuremkatddsbe used as the finglih Equation (1). In current
data recordsglmay have been taken as the cell current prioheocbnditioning of the cell with ozone
(IBO), as the cell current 10 min after conditiani(iB1), as the cell current using an ozone destmc
filter just before launch (IB2), or as a constaalue used for all sondes. A decaying background,
recommended by one sonde manufacturer (SPC, 231#ss well defined and has caused additional
ambiguity in processing and interpreting of ozomesoobservations. The arbitrary nature of this term
introduces uncertainty that is difficult to quaptiHere, we investigate how the temporal respoffisbeo
ECC controls the “background current” and how timiay be used to improve the processing of ECC

ozonesonde measurements.

VD2010 studied the cell current during preparatérihe ECC in more detail and pointed out that the
concept of a constant background is not supporyetthd behavior of the instrument during preparation
After exposure to ozone, the measured cell cunemtinues to decrease with a slow time constaabotit

25 min. Although the absolute value of the cellrent during this decrease differs between the three
different solutions, the slow rate of decay of ted current after ozone exposure is similar fasethree
solution types. In none of their tests was a conidigvel established that could be justifiably used

constant background in the calculation of the ozmaréial pressure.

VD2010 also pointed out that for many field statigdhe availability of ozone free air is limited.rFied
air using ozone destruction filters are most comignased at both operational and campaign drivesssit
It cannot be assumed that these filters operate peitfect efficiency and under all conditions (Reidl.,
1996; Newton et al., 2016; Witte et al., 2017). rEfiere, the measurement of the cell current after t
exposure to ozone using such filters may stilludel some contribution from the reaction of residuzaine

and iodide, further complicating the determinatdma “background current”.
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Here, we argue, that the term “background currémta misnomer and suggest that the term “post-
preparation current” is more suitable, tying théam to the standard operating procedures and irgderr
explicitly to the cell current measurement 10 miterathe exposure of ozone. This preparation ctirren
provides valuable information about the functiotyatif the sensor and connects to the establistamde

of ECC operations over the past 50 years.

VD2010 emphasized the role of side reactions ofbilféer with ozone and the time dependence of the
different reaction pathways, which may generatetetal currents in excess of the conversion edfficy

of two. Tarasick (2020) proposed considering théednt reaction pathways explicitly and deriving a
guantitative method linking the slow side reactibmsvhat has historically been called the “backgidbu
current”. Here, we explore this proposal furthed &valuate a quantitative algorithm, which takds in
account the slow reaction path involving the bu#ierwell as a correction for the time responseydeia

the fast reaction path in the reaction between ®@zom iodide.

The time response of the ECC has been studiedeipaist. De Muer and Malcorps (1984) studied the
frequency response of Brewer Mast type electroct@nozone sondes, which is based fundamentally on
a similar chemistry as the ECC. They recognized aheonvolution of different frequency responses is
required to correct the time response of that styyke Imai et al. (2013) et al. applied a cor@tfior the
fast reaction pathway for the validation of SMILE&ellite observations. Huang et al. (2015) deriaed
different correction for the fast reaction pathwasich in effect is very similar to that applied byai.
However, none of the previous studies consideredithe response of the slow and fast reaction pathw
and their connection to the “background currend”wall as the fact that these processes requinesihef

a proper pump efficiency correction to avoid a cermgation of biases.

We argue that the preparation current should naotskd in the calculation of the ozone partial pressand
that its role is replaced by the explicitly caldeth contribution of the slow reaction path. Thigtcibbution
combined with correcting for the response timedathe fast reaction and using a proper pump efficy

correction better accounts for the generation oees electrons by the more strongly buffered swmigti

In the calculation of the total ozone column, we the satellite climatology by McPeters and Lab201@)
to estimate the amount of ozone not measured byE@E above the balloon burst or above 10 hPa,
whichever comes first. Using this climatology ahd timit to 10 hPa for the top of the ozone sondile

reduces the influence of the strongest pump eff@iecorrection near the top of the profile.
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Method

VD2010 showed that the decay of the ECC cell cauméier the exposure of ozone in the laboratorylzan

described by the superposition of two exponengahg functions:

3)

wherel; is the instantaneous contribution of the fasttteaavith a time constant of 20 s, ands is the

contribution of the slow reaction with a time cargtof s 25 min.

The fast term is due to the reaction of ozone watassium iodide and constitutes about 90-98% @f th
measured cell current. Komhyr (1969) and Komhyridadis (1971) attribute its time constant to diffte
transport of iodine through the diffusion layethe cathode electrode. They report a time consfdaster
than 20 s at 25°C with a strong temperature deperdand a slowing to 40 s at 2°C.

Saltzman and Gilbert (1959) and Flamm (1977) attelthe slow reaction path to additional reactions
involving the neutral phosphate buffer used in $basing solutions. Flamm (1977) determined at time

constant of 27.4 min, Tarasick et al. (2020) usee constant of 20 min for the slow reaction path.

The decay of the cell current signal differs in miagde between the two solution recipes studied by
VD2010, even though the time constants for the sotution recipes are very similar. Therefore, we
concluded along with others (e.g. Johnson et @02pthat the concentration of the buffer is thémneause

for the different responses. This also implies tha different solution recipes may be handled

mathematically in the same way, but differing imgoparameters.

Only the current; generated in the fast primary reaction with iodstieuld be used in the calculation of
the ozone partial pressure in Equation (1). In bt the current contributidg generated from the slow
secondary reactions must be considered as an exaesst that should be subtracted from the medsure
cell current. Therefore, the term, which in thetgess been considered a constant “background dlirren

should rather be considered a time-dependent egoe®sit due to the secondary reactions withireG€e.

To understand the partitioning between the twotr@agathways, we can first analyze the slow reacti
pathway separately, since its time constant is aBstimes larger than that of the fast reactidme Time

dependence of the exponential decay can be weten

— - )

wherelsssis the steady state of the slow reaction at any emyim the ozone profile. This can be integrated

over short time periods during which the steadiestalue of the slow reaction can be consideredteoit
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This equation can be evaluated iteratively ovetiale steps of a profile beginning with the stéfrtlata
recording prior to launch. Doing so requires somewedge of the slow pathway contribution at the

beginning of data recording(to= 0) and some understanding of the steady stateedfltiw reaction.

If an ozone destruction filter was used as patheflaunch preparation procedures, then the celeot
reading ato= 0, i.e. the moment just before the filter was rea{B2), is equivalent to the slow reaction
pathway only. Without the use of an ozone destoudilter, a slow pathway contributide(to= 0) must
be assumed. The influence of the slow reactionvmttat the surfack (to= 0) decreases exponentially as
the sounding progresses and justifies abandonagdhcept that IB2 or any other arbitrary valueustho

be applied as constant background throughout thidear

After removing the ozone destruction filter beftmanch or after the conclusion of the ECC prepamati
the measured cell current becomes the superpositiooth pathways. The uncertainty in the develapme
of the slow pathway prior to launch is the largesitribution to the uncertainty of the measuremantke
boundary layer, but decreases as the contributfothe pre-launch reading decreases. Variations in
operational procedures, such as when is the ozesteudtion filter removed and time elapses betviken

end of the ozone conditioning and launch, conteliatthe uncertainty.

At the same time, the contribution of the slow path steady statk ssincreases. The value of this steady
state cannot be measured directly during a souratidghas to be determined in laboratory experiments
VD2010 measured the excess cell current as a moficell current under steady state conditiomgHe
three solution recipes and determined a lineatiogiship between the excess and the measuredicedht
(their Figure 4). Their measurements showed tleastbady state contribution of the slow reactidhyway

is directly proportional to the measured cell catre i. e.

I+ Im. This can be used to write Equation (5) as

TH U N (6)

VD2010 derived steady state bias factors ¢0.090+0.005 for the 1% KI, full buffer solution,
=0.031+0.004 for the 1% Kl, 1/f®uffer solution, and=0.024+0.009 for the 0.5% KI, ¥ buffer solution.

Equation (6) allows an iterative calculation of ttwntribution of the slow reaction pathway using time
constants 25 min, the measured cell current, and an assumetkasured slow reaction pathway cell

currentls(to= 0) prior to launch. The iteration preferably stamith pre-launch measurements, but in
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practice may be limited to calculations startindaainch. In that case, the uncertainty of theahgiow

reaction pathway may be significant, dependinghersimount of ozone in the near surface boundaey.lay

With that knowledge of the slow reaction pathwag, @an now evaluate the response of the fast reactio
pathway and remove its time lag, which is introdubg the response time of about 20 s. After renmvin
the contribution of the slow reaction from the mead cell current, we can write the fast reaction

contribution as

& (7)

Its time response can be written similar to thahefslow reaction as

5 —s g ( (8)

&
wherelsssis the steady state of the fast reaction at any ambim the ozone profile. The contribution of the
fast reactiori; to the measured cell currdptis subject to time lag, whereas the instantanemagly state
Itssrepresents the fast reaction cell current that dibelmeasured if the ozone concentration was augte

state. Equation (8) can be rearranged to

& & = 9

This equation is identical to the equation deribgdHuang et al. (2015) and removes a small bidken
fast reaction pathway due to its time constantppiraximately 20 s. For small time steglis<< 1, this is
also equivalent to the equation used by Imai g2@lL3). The steady state cell currént reflects the

reaction pathway, which is only due to the reactibazone with iodide, and represents the curigythat

is used in Equation (1) to calculate the ozondadgrtessure.

)+

Any level of noise in the raw data will be ampldiby the term introducing an additional random

uncertainty, which is proportional to the time ciam$ and the ozone gradient. Here, we smooth téte fa
component;s (t) of the cell current with a Gaussian filtergarto time the time lag correction using a width

equal to 20% of the time lag constant.

5 C 1

A (10)

with
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C
where =0.2 ; andt; are time steps around the current tim&o reduce the computational effort, it is

sufficient to use data in the time series of ABound the current time step for the smoothing.

A running mean of equal width may be used but nmagyce slightly larger noise and less realisticlsma
structures in the final profile. Other smoothinigefis such as B-splines may also be used to rethise in

the raw data.

To show the effect of removing the slow pathway apglying the time lag correction, we apply these
algorithms to the laboratory measurements of VD2®@ure 1 shows the measurements of Figure 3 in
VD2010, calculated as mixing ratio. This laboraterperiment used the 1% KiI, full buffer solutiopgy

and sonde 2Z4773. The conventionally derived mixaim is shown in orange, the time response ctedec
mixing ratio in red. The calculated contributiontbé slow pathway is shown in purple and demoresdrat
the effect of the slow increase of that pathwaye Dhiginal measurements focused on the steady state
towards the end of each plateau to avoid the skeaction path. The corrected data, in which the
contribution of the slow reaction has been explicemoved, show a much better agreement with Zoa®

calibrator. In particular, the slow behavior at ttenge of the plateaus has been removed.

The classical processing of the ECC ozonesondegquations (1) and (2) assumes a constant “backdroun
current”; however, the contribution of the slowatien pathway to the measured cell current is dngth
but constant. This result shows that using a “@rtdbackground” is not valid, regardless of whiclue

is chosen.

The difference between the corrected ECC mixing eatd the TEI 49C ozone calibrator (Figure 1, doit
is nearly constant with a value of 0.53 ppb, cowgthe first four step changes over the seriesthad
pattern differs significantly from the time depentldifference shown in Figure 3 of VD2010. The bhéba

of the difference changes after about 5.5 hourst tileely due to evaporation of sensing solution.

The effect of the time lag correction on the regaoof the ECC during the step changes is showigiré-

2. These experiments used two different 2Z seri@8 Bondes from EnSci and one 6A series ECC sonde
from Science Pump Inc. and the three most commasirsgsolution recipes. While the originally
processed measurements show the effect of resgioreséag, the corrected data show a responseghat i
nearly indistinguishable from the drop of ozoneeageated by the TEI 49C. In particular, the smalkln&

the ECC remains almost constant across any stegeha

The measurements show that the time response i/ ndantical for these three sondes and sensing

solutions, suggesting that this approach can bdiegpp the most commonly used sonde types and
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solutions. The time lag corrections for the sipsthanges shown in Figure 2 are a representatbsetof

a total of 60 step changes in 25 different expemisieThe correction approach may be applied toadiny
these instruments and solutions and could be usegeaational stations to remove the effect ofdtosv
reaction in existing time series. The small bidsssveen the corrected ozone mixing ratio and thefBE
may in parts be due to the accuracy of the TEI 4alibrator and in parts be specific to the indibu
sondes or sensing solutions used in these tesks. sifall, observed differences may already be
representative for the ECC model or sensing saidjipe; however, more work would be required tddyet

explain these small differences.

Validation in independent laboratory experiments: JOSIE

The World Calibration Center for Ozone Sondes (WS &t the Research Center Jilich has conducted a
series of ozonesondes tests, comparing instrunopetsated by staff from different ozonesonde station
against a reference ozone photometer (OPM). Thdesowere tested in the Environmental Simulation
Chamber at Jalich, in which temperature, pressuré,0zone mixing ratio were regulated simultangousl
to represent a mid-latitude, a sub-tropical, atipical profile. Here, we use data from two ozameies
tested during the Jilich OzoneSonde Intercompaismeriment (JOSIE) in September 2000 (Smit et al.,
2007).

The two sondes shown here used the 0.5% KIl, ¥ bséfeition and were originally processed with the
pump efficiency correction of Komhyr (1986). We baxeprocessed these measurements using the
algorithms described above and summarized here:sldve reaction contribution to the measured cell
current was calculated iteratively using Equati®n & time constant of 25 min, and a steady state bias
of 0.024 (2.4%), based on VD2010. To initialize tadculation, we assumed that the “background” was
measured 20 min before the start of the simulatind that the ozonesondes were measuring at the
simulated surface value for that period. This dak®d slow reaction contribution was subtractediftbe

raw current instead of any “constant backgrounddrtwvide the fast reaction contribution (EquationTo
reduce noise in the subsequent time lag corrediienfast reaction cell current was first smoothsithg

the Gaussian filter in Equation (10). For correcid the time lag of the fast reaction contribut{&aquation

9) we used the fast time constant reported for d&BIE simulation, which had been measured prior to
each simulation run (on the order of 20 s). Indhkulation of the partial pressure and mixingaatie

used the average pump efficiency correction reddiyelohnson et al. (2002) for Science Pump 6Aasnd

Figure 3 shows simulations of a tropical and a tatdude profile, including two periods each durimlgich

the ozone concentration in the chamber was swittdheelro to study the time response of the ozordeson

10
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The original ozonesonde measurements, the repextelsda, and the differences to the OPM are shown.

The pressure approximately followed a typical batlascent and is shown as well.

The reprocessing shows some interesting differeffdes reprocessed tropical measurements between 55
min and 100 min show on average about 5% highemeo#tman the reference, while the original data star
with a low bias of about 10% and then show agre¢mih the reference. During this time, the repsses

data follow the OPM data slightly better than thegioally uncorrected data. At the lowest pressures
between 100 min and 120 min, the reprocessed datetdfall off as rapidly as the originally proceds
data and show good agreement with the referendée Wie originally processed data drop to a 10 % lo
bias. The different pump efficiency correction usedthe reprocessing, which corrects the pump
inefficiency at low pressures more strongly, cdnttes most to this difference, with a smaller dbootion

by the slow reaction.

In the simulated tropical profile, the reproces€8dC ozone concentration in the simulated upper
troposphere between 30 min and 60 min is larger tha reference, and much larger than the near zero
ozone concentrations reported by the original siog. However, since the true ozone concentragion

very low, overall uncertainties and relative diffaces are large in this segment of the profile.

The reprocessed mid-latitude simulation shows anhall changes, except at the lowest pressures after
about 100 min. Again, the reprocessed data donogt aff as quickly due to the different pump efficcy

correction used with the reprocessed data.

Figure 4 shows the different cell current contribng of the original and reprocessed measureménéese
data are shown on logarithmic scale to highlighhlsbow and fast reaction contribution on the saiog
Most importantly, the slow reaction contributionttee cell current may vary by almost a factor of ite
both the tropical and the mid-latitude simulatidmis is in contrast to the assumption of a constant
“background” in the original processing. The effisatnost noticeable in the tropical simulation, vehthe
“background” corrected cell current is much smatllkemn the fast reaction contribution to the celrent,
leading to a strong underestimation of ozone. Besibzone peak after around 60 to 90 min, the slow
reaction contribution is larger than the constésaickground” assumption and slightly lowers the dlalked
ozone. However, since the total ozone concentrasidarge, the net effect is small. Near the enthef
simulation, i.e. at the lowest pressure, the ske&ction contributions become slightly larger arduce the

effect of the larger pump efficiency correction.

There is some uncertainty in the contribution of #low reaction pathway at the beginning of the

simulation, since the history of the ECC chemigtripr to the start of the data recording is notwno

11
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Changing the time when the “background” was meak(ne assumed 20 min prior to the start of the

simulation) has some influence on the slow reaatmmtribution in the early phase of the simulation.

In both the tropical and mid-latitude simulatione treprocessed data show an improved responsiweelat
to the OPM reference compared to the originallcpssed data. The zero ozone periods in both thieéto
and mid-latitude simulation after about 60 min sinewn in Figure 5 and demonstrate that the repsedes
ozone partial pressures closely follow those of@#M. Results are very similar to the earlier zezone

periods at 15 min, confirming the improvement adyeseen in the lab measurements shown in Figure 2.

The integrated ozone amount in the reprocessedgwaf about 5% larger than the OPM integratechezo
for both the tropical and mid-latitude simulatidinis is slightly worse compared to the originalgessing,
which had shown agreement with the OPM in the t@psimulation and a 3% larger value for the mid-
latitude simulation. However, in the reprocessatutations, the excess is almost constant througtheut
entire profile, in contrast to compensation of escand shortage in the original processing. These
remaining biases indicate that not all sources mfedainty have been captured yet; however, the
improvement in consistency indicates a better wtdading of the role played by the slow reaction

contribution.

The JOSIE 2017 campaign tested over 70 differentle® with a combination of sensing solutions and
sonde manufacturers. Preliminary results are shpwrhompson et al. (2019) and these data are dlyren
analyzed in more detail. Here, we applied the tiegponse corrections to all simulations using thady
state bias matching the respective sensing solutienfast time response provided with each soade r
and a slow time constant of 25 min. Furthermotesiaiulations are processed using the pump effigien
corrections by Johnson et al. (2002). The aver#tgrehce between the original and corrected salade
and the OPM data is shownFHigure 6 There are many details in this data set, whiehsaroothed out by
the averaging and require a more detailed analgsfgcially in the 12-20 km region, where the shatd
error is large. Nevertheless, we show that thettra in the difference profile is strongly redueedi that

on average the ECC sondes agree with the OPM tawitkeln 3% throughout all pressures.

Differences due to sensing solution and manufacstiterequire careful analysis; however, the mbekter
agreement after applying the time response coomrgtishows that the time behavior of the ECC

ozonesondes must be considered in the analysi€Gfdzonesonde data.

Application to atmospheric measurements

We processed the series of 0zonesonde observati@usta Rica using the algorithm introduced aliove

evaluate its impact on real world observationsthat site, we have used the 1% K, #/tuffer solution
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since the beginning, with the exception of a siperiod when the 0.5%, %2 buffer solution was usdt. A
soundings with the 1% KI, 1/f0buffer solution used the pump efficiency correctlny Johnson et al.
(2002), while the sounding with the 0.5%, ¥ buffelution used the pump efficiency correction by Kgm
(1995). The steady state bias for the 1% KI, #/46lution was assumed to be 3.1% and that for &0

4 buffer solution was assumed to be 2.4% baseldeoméasurements by VD2010. Figure 7 shows a profile
measured at Heredia, Costa Rica, in 2010 andgtecessed profile. The largest difference is inupper
troposphere and lowermost stratosphere with ove®®@arger reported ozone concentrations after

reprocessing. At the top of the profile, the repssed 0zone concentration is 5% lower.

The contribution of both the slow and the fast tieacpathway is shown in Figure 8. The constant
“background current” used in the original procegssishown for reference. Up to about 23 km, tHe ce
current contribution of the slow reaction is ldsart the original “background current”. In the stsgthere,
the contribution of the slow reaction pathway exisethe original “background current” due to thenslo
buildup of secondary reaction products. This ingptfet the ozone profile has been slightly undeneséed

in the troposphere and slightly overestimated endtnatosphere.

The effects of smoothing and correcting for timg d&@e shown in Figure 9, where we show a closefup o
the profile shown in Figure 7. This particular sding exhibits two significant peaks between 11 kid a
14 km. The originally analyzed profile is shownblue. The first processing step (orange) removes th
contribution of the slow reaction pathway, followey the Gaussian smoothing (purple), and finally th
time lag corrected profile (red) on the right oktket of profiles. The difference between constant
“background” subtraction and removing the slow tiesiccomponent is evident in the agreement between

the original and corrected profile at 10 km andfedence of about 15 % at 15 km.

The time lag correction enhances both peaks bytdifduand places them at a lower altitude than the
uncorrected measurements by about 100 m to 15imamplification of features depends on the vattic
gradient [see Equation (9)]. In this example, thedr peak at 12 km is amplified stronger than theeu

peak at 13.3 km because of its steeper gradienhaarly identical rise rate of the balloon.

The noise amplitude of the time lag corrected dat@mparable to that of the original data, busgsctral
characteristics are different as a result of theathing algorithm. Therefore, scientific analyskewdd be
based on layer averages, since individual datapane heavily influenced by the noise characterdit

the smoothed data.

The behavior of the same ozone profile at and Bhafter launch is shown in Figure 10. The gradient
ozone above the surface layer is strongly enhabgéke time lag correction and appears even strange

the corrected data than in the uncorrected datate(lthat in the laboratory experiments shown abeven
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stronger gradients are well represented afteraghections have been applied.) Furthermore, thesored
0zone mixing ratio at launch depends on the histibtige ECC prior to launch and therefore the djiemal
procedures prior to launch. In Figure 10, we shewprofiles with different assumptions on the parich
history of the ECC. The purple trace assumes tieabtuA ozone conditioning was stopped 40 min prior
to launch and that the ECC was then exposed toazmoe air for 10 min, when it reached a prepanatio
cell current reading of 0.05 pA. After that, itdssumed that the sonde was moved to the launchreite
continued measuring until launch. The orange tes®imes that an ozone destruction filter was used
between the 5 pA ozone conditioning and 5 min godaunch. The difference between both casesaatab
10% at launch and decays after launch. The timed®t ozone conditioning and launch as well asitie t
prior to launch during which the ECC was exposedrtient ozone is highly variable. As a result, the
surface reading of operational ECC sondes at laoantain significant uncertainties, which decayhit

the first couple of km as the ozone concentratibove the surface increases and the influence of the

operational procedures decreases.

Newton et al. (2016) reported ozonesonde measutsrfrem the Western Pacific, where, due to failure
of their sonde preparation equipment, a numberoafies were launched with very high “background
currents”, which had to be corrected by an ad-hgurii background correction. We believe that this
problem could be addressed using Equation (6) argpropriate choice for the slow reaction contitu

at the surface.

We have applied the correction algorithm to 577nesondes launched at Costa Rica, which allows us to
evaluate its impact statistically. The median dédfece between the corrected and originally reparsese
profiles is shown in Figure 11. Here, we show tifleience of only removing the slow reaction conitibn

and of removing the slow reaction contribution apglying the time lag correction.

Three features of the complete correction of remgpthe slow reaction contribution and applyingtihe

lag correction can be highlighted.

1) The surface layer readings are significantlyeased with the new correction algorithm. Howetlee,
surface reading itself has a larger uncertaintyntit@e rest of the profile. This effect disappears

approximately 1 — 1.5 km above the surface.

2) The ozone mixing ratio in the upper tropospleerd lower stratosphere between 10 km and 25 km is
larger as a result of these corrections, with &éingdst correction at the tropical tropopause. Fusease is
due to both processing steps, i.e. the smalleribotion of the slow reaction compared to the cansst
“background current” processing and the time lagestion. In fact, at the tropopause at about 17tk

change is mostly due to the time lag correction l@sd to the smaller slow reaction contributione Th
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overall increase in this region is due to the nm&zape of the tropical ozone partial pressure grofihich

has its maximum around 25 km.

3) The ozone mixing ratio near the top of the peafiecreases on average by about 5 %, which isdata
equal parts due to the removal of the larger sleaction contribution and the time lag correctioheT
influence of the time lag correction is again dodtte climatological shape of the tropical ozonefife
above the mean ozone partial pressure maximumchhisge improves agreement with simultaneous MLS

observations, which are lower than the Costa Ricaas for much of the record (Stauffer et al., 2020

Interestingly, there is very little change in thaldie troposphere between about 3 km and 10 kmyrevhe
the different removal of the slow reaction conttibon compared to the constant “background current”
compensated by the time lag correction. This magypieal for tropical profiles, but not necessarfiby

mid and high latitude profiles.

VD2010 had suggested using constant steady stdecbirection and a fixed small constant “backgdoun

current” offset without consideration of the temglatesponse in processing of ozonesondes. Thesesul
shown here indicate that the time response of thattiast and slow reaction must be considered ayd m

have equal contributions to the overall deviatifsom the simple ECC equation. A simple bias corogct

as suggested by VD2010 is not sufficient.

Figure 11 indicates that the areas of increasedlanctased 0zone mixing ratio are approximatehalequ
For the calculation of the total ozone column, ¢haseas may cancel and the influence on the tataden
column is likely small. Figure 12 shows a histografithe change in total ozone column for all ozone
profiles at Costa Rica and demonstrates that lsesbmost no change at all. The median changedi 0.
1.0 DU. Therefore, even though the profile strugtgrchanged, comparisons with observations maaguri
total ozone column would not be affected much ®s¢hnew processing algorithms, at least for sitels s

as Costa Rica.

We also applied the correction algorithms descrédsalve to 28 ozone obtained during CEPEX, which had
already been reprocessed by VD2010 to study theadimpf the “background current” on ozone
measurements in the upper tropical tropopause. XYDa6gued for a different treatment of the “back
current” using a steady state correction approachwhich a modified background depended on the
instantaneously measured cell current. In contrese we explicitly consider the temporal behawiothe
slow and the fast correction pathways separateigthErmore, we use the pump efficiency correctipn b
Johnson et al. (2002), instead of the original peffipiency correction by Komhyr (1986). During CER,

the original 1% KiI, full buffer solution was usedtigrefore, we use the steady state bias of 9% uatitm

(6) based on the measurements by VD2010.
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Figure 13 shows the results explicitly consideriagiporal characteristics of the slow and fast feact
pathways. The left panel shows the originally psseel and the reprocessed CEPEX data. Similar to
VD2010, the most significant effect is in the uppreposphere, which eliminates all of the near-zermne
observations. The middle panel shows the contobutif the slow reaction contribution in comparigon
the original constant “background current” of 0.Q65% and the modified “background” used by VD2010.
The slow reaction contribution is similar to thedifed background in VD2010 in the upper troposgher
but smaller in the middle and lower troposphere iarithe stratosphere, which is due to the slowduyl

of the slow reaction pathway with exposure to ozdrteere is a significant spread in the slow reactio
contribution near the ceiling of the profile, whishn part also due to the significant variatiorthie balloon
ascent rate during that campaign, giving some sorma®e or less time to build up the contributioriref
slow reaction pathway. A simple scaling of the rfiedi background as used by VD2010 overestimates

that contribution and slightly underestimates tleasured ozone in the stratosphere.

The relative difference of the reprocessed andtignal data is shown in the right panel of Figdf
Similar to VD2010, the largest relative changenishie upper troposphere; however, the less ob\wwatis
more important result is that there is virtual &gnent between the reprocessed and the originahéata
the ceiling despite using the stronger pump efficjecorrection by Johnson et al. (2002). The meéad t
ozone column for the CEPEX data set changes bytabddU or 3%. The increases in the upper
troposphere, where the change in the pump effigiencrection is insignificant, contributes the mijo

to this change in the column.

In the reprocessed data, the excess cell currethieofull buffer solution is explicitly considerduy
removing the contribution of the slow reaction wedly. This approach no longer requires the compmmsat
of errors when using the weaker pump efficiencyexiions by Komhyr (1986) and Komhyr et al. (1995),
which compensate the excess cell current of tlmgér buffer solutions. Our approach allows prooess
of soundings with a proper pump efficiency cormctand without the need to match the pump effigienc

correction to the sensing solution.

The lowest part of the troposphere also shows aifsignt increase in the reported ozone after the
reprocessing. However, this increase depends ondheell-recorded use of the ozone destructiderfil
prior to launch. Here, we assumed that the slowti@acontribution has decayed to 0.02 pA 5 mimipri
to launch based on scanning the available pre-fadata. However, there may be a significant uniceyta

in this assumption.
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Discussion

Processing ECC ozone data with an explicit calmnadf the slow reaction path and a time lag cdioac
for the fast reaction path requires knowledge abimete coefficients: the slow reaction time constdre
steady state bias, as well as the fast reactiandonstant. In addition, an assumption about thi#ipaing

of the measured cell current between slow andéastion pathway at the start of the data serireesled;

however, this assumption mostly influences theuwated ozone mixing ratio in the boundary layer.

For the slow reaction pathway, VD2010 reported ealaf 24 min for the 1% KI, full buffer solutionn
28 min for the 1% KI, 1/10buffer solution, which is comparable to what hasrbreported by other studies
(e.g. Davies et al., 2000). However, the exactev@dunot well known and no level of confidence hasn

determined.

The steady state bias depends on the sensingosoand has been reported by VD2010 and a nhumber of
other studies (e.g. Johnson et al., 2002; Smi#h €2007). The measured values vary consideralfiich

is, in part, due to the laboratory setup and datdyais. Furthermore, the steady state bias maggeha
during a sounding as water evaporates from thdienh) increasing the concentration of its ingratie A
dependence of the steady state bias on the tempeEtthe solutions may also be possible and bas n

been well studied.

A fast reaction time constant is typically measudedng the preparation of the ECC sonde and has be
used in the analyses above. Komhyr (1971) and Korehwl. (1995) report a dependence of the fast
reaction time constant on temperature, solutiorumel, and pressure. During JOSIE (Smit 2007),
measurements of faster time constants after thepletion of simulation runs were attributed to the
evaporation of solutions. Therefore, the time camisineasured during the preparation of ECC ozomeson

may not exactly represent the time response darsgunding.

To evaluate the uncertainty of the algorithm deframndn the uncertainty of these coefficients, weeed
the correction of the ozone profiles at Costa Ribde independently varying the coefficients usedhe
correction. The slow reaction time constant is ey a factor of 2 from 12 min to 50 min. The fast
reaction time constant is varied by a factor of fiobn 0.66 to 1.5 , where is the originally measured
fast reaction time constant. The steady staterbasted by VD2010 for the 1% KI, 1/10th buffergadn

is varied by a factor of 2 from 1.5% to 6%. We mastie that these intervals cover a range, whicludesd

the true value with a 95% probability (2 sigma).

Figure 14 shows the contributions to the uncenamftthe corrections of the ozonesonde record ataCo
Rica shown in Figure 11. The single most importsotirce of uncertainty in the corrections is the

uncertainty of the steady state bias, which doremte uncertainty budget in the free troposphedelze
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middle stratosphere. Only in the lowermost stratesp and the surface layer, the regions of thegtst
gradients in the ozone profile, is the uncertagitthe fast reaction time constant the dominantrdaution.
These regions are also the regions experiencinigtpest correction. The uncertainty of the sloactan

time constant is secondary throughout the entioéilpr

Therefore, further studies, such as a detailedyaisabf all JOSIE simulations, may focus on a lvette

guantification of the steady state bias of theedé@ht sensing solution recipes.

The uncertainties discussed here describe the neezoval of systematic biases due to the time respon
of ECCs for the entire data set and help quantfyfie uncertainty of ozonesonde profiles in thédaion
of remote sensing observations. Estimating the nmio¢y of the correction of individual profiles,hich
depends strongly on the structure of the eachlpreéquires a more detailed analysis based orptbéte

structure.

The corrections and uncertainties discussed hqyly aply to the time response model described above
Other effects, such as response differences okesdnom different manufacturers and pump relatéstef
are not captured by the processes described hevee\dr, the corrections for time response of th€ EC
need to be considered in properly quantifying otpeocesses influencing the accuracy of ECC

ozonesondes.

Summary

Two reaction pathways occur in an ECC ozonesorais, ef which generate electrons: the well undedstoo
reaction between ozone and iodide, which geneBagbsctrons per ozone molecule, and a secondamy slo
reaction, which generates additional electronswinitth is not well understood. Here we considetieitly

the time constants of both reaction pathways toveléhe ozone partial pressure. The contributiothef
slower secondary reactions to the measured ceakmiis calculated separately and subtracted fimm t
measured cell current. The remaining fast reaac@nponent is then smoothed using a Gaussian ditter
corrected for its lag in response. The resultingeszted fast reaction cell current, which is atitésl to the
ozone-iodide reaction, is finally used to calculdite ozone partial pressure. This approach oversahee
guestion whether there is a constant or a decdpanckground current” and replaces it with the ckdtian

of the contribution of the slow secondary reaction.

The algorithm considers the steady state biaseoflifierent sensing solution recipes allowing pesieg
any sensing solution independent of the pump efficy correction. Selecting weaker and inappropriate

pump efficiency correction factors to compensateside reactions in more strongly buffered solugicm
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no longer required to produce profiles in good agrent with validating measurements (e.g., JOSIE

chamber experiments, OMI integrated columns, etc.).

The cell current measured during preparation widene free air is pumped through the cell, which ha
been called “background current”, should rathecaibed “post-preparation current”, and should net b
subtracted as a background current from the celentiduring flight. This measurement is an indmat

of the proper functioning of the sonde and senef@eptance criterion for the instrument and the
preparation procedure as long as a certain thrésolot exceeded. It is not a property of the st

remains constant throughout operation.

The time lag correction of the fast reaction pathwahances vertical features and removes a systemat
bias, which is introduced in regions of strong geats due to the relatively slow response relatiovéhe
balloon ascent rate, i.e. a low-bias in the redpelow the ozone peak and a high-bias in the regibmve

the ozone peak.

An initial value for the slow cell current contritoon is required during the analysis of the profilga. This
value may be derived from experience, it may beswesl using a high-quality filter prior to laundn,it
may be set to zero. The contribution of this chdieeays with the slow time constant and mostlyiriices
the uncertainty of the ozone concentration in tohendary layer. It has no influence on the ozone
measurements above the middle troposphere, incplkatiin the tropical upper troposphere, where
erroneous “background current” values have ledexy Varge uncertainties (e.g. VD2010; Witte et al.,
2018). Specific requirements for the operating pdares prior to launch may help reducing the unuest

in the boundary layer and will be included in tegised standard operating procedures.

The net effect of this process on the total ozasteron derived from ECC sonde launches at CostaiRica
zero. Therefore, this correction does not affe@ tomparison with remote sensing instrumentation
measuring the total ozone column, at least fod#eKI, 1/10" buffer solution and using the correct pump
efficiency correction measured by Johnson et &02¥, however, it will affect comparisons with athe

profiling instruments.

Reprocessing the CEPEX data using this method \aehia similar result in the upper troposphere as
VD2010, but improves the ozone calculation in tinatssphere, since it allows replacing the old mect
pump efficiency correction by Komhyr (1986) withethetter pump efficiency correction by Johnsori.et a
(2002).

More work is required to properly quantify the stgatate bias of the different sensing solutiorsedaon
high quality laboratory measurements. The theaktioderstanding of both chemical pathways needs to

be improved, which may lead to a further refinemanthe approach demonstrated here. However, it is
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clear that including the reaction dynamics in thecpssing already removes some systematic biabash) w

have previously only been addressed through adviathods.

Other processes affecting the uncertainty budgdi@E ozonesondes such as the different conversion
efficiency of sondes from different manufacturdtge uncertainty of the pump efficiency, or a polsib
temperature dependence of the chemical procesgesibibeen considered here. These effects ndeal to
studied separately; however, they do require tbegmition that the time dependence of the chempays

an important role in calculating the concentrattbozone under realistic (i.e. non steady statayitmns.
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Figure 1: Top: ozone mixing ratio generated by the'El 49C ozone calibrator (blue) and measured by th&CC (original
675 processing in orange, time response corrected inde The contribution of the slow reaction is showrnin purple. Bottom:
difference of raw (orange) and corrected (red) ECGneasurements from TEI 49C ozone concentration.
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Figure 2: Response of three ECC sondes using thrdiferent solutions during two plateau changes. Theolor-coding is the
680 same as in Figure 1. The reference time is definad the time, when the TEI 49C drops below 59 ppb ding the first change
of plateaus.
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Figure 3: Reprocessing of JOSIE 2000 environmentaimulation chamber ozonesonde data. Left: tropicadimulation; right:
685 mid-latitude simulation. Blue lines in top panels:ozone photometer measurements. Orange lines: origily processed
ozonesonde measurements. Red lines: reprocessedmemmnde measurements using the separation of slonddfast reaction

contribution. Thin grey line: chamber pressure.
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Figure 4: Cell current components of the tropical ad mid-latitude simulations shown in Figure 3. Redines: corrected cell
current. Blue lines: fast reaction contribution. Puple lines: slow reaction contribution. Orange lines: originally measured
cell current minus constant background. Light bluelines: constant background.
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695

Figure 5: Same data as Figure 3 showing the time sponse periods after about 1 hour. Left: tropical nulation; Right:
mid-latitude simulation. The differences are showras absolute differences, since the reference actesvzero ozone.

700
Figure 6: Comparison between ECC and OPM mixing rab in 77 simulation experiments during JOSIE 2017The
originally reported difference is shown in blue; the difference calculated using the corrected data ishown in red. The
shaded areas indicate the standard error. Dottedries indicate + 3%.
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Figure 7: Ozone profile measured at Costa Rica. Theriginal profile is shown in blue, the reprocessegrofile in red. The
710 right hand profile shows the difference of the repocessed profile minus the original profile.

Figure 8: Contribution of the fast reaction path (red) and the slow reaction path (purple) to the meased cell current. The
constant background used in the original processing shown for reference.
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Figure 9: Tropospheric detail of the ozone profileshown in Figure 7.

720

Figure 10: Boundary layer detail of the ozone profe shown in Figure 7. The two different assumptionfor the preparation
current prior to launch have only been used for theslow reaction path, without applying a time lag coection for the fast
reaction path.
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725

Figure 11: Median difference between corrected andriginally reported ozone mixing ratio for 577 ozomsondes launched
at Costa Rica. Thin orange line: fast reaction comibution only. Thick red line: complete correction algorithm including
time lag correction. The thin blue lines: one stanard deviation around the complete correction algoiihm.

730

Figure 12: Change in the total ozone column due tie correction algorithms.
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735 Figure 13: Left: Original and reprocessed CEPEX oznesonde profiles. Center: original constant backgwund, reprocessed
background following VD2010, and slow reaction comibution. Right: difference between reprocessed andoriginal
ozonesonde profiles.

740

Figure 14: Contributions to the total uncertainty introduced by the correction shown in Figure 11.
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