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Recently, measurements of oxygen concentration in the ocean—one of the most classical
parameters in chemical oceanography —are experiencing a revival. This is not surprising,
given the key role of oxygen for assessing the status of the marine carbon cycle and
feeling the pulse of the biological pump. The revival, however, has to a large extent been
driven by the availability of robust optical oxygen sensors and their painstakingly thorough
characterization. For autonomous observations, oxygen optodes are the sensors of
choice: They are used abundantly on Biogeochemical-Argo floats, gliders and other
autonomous oceanographic observation platforms. Still, data quality and accuracy are
often suboptimal, in some part because sensor and data treatment are not always
straightforward and/or sensor characteristics are not adequately taken into account.
Here, we want to summarize the current knowledge about oxygen optodes, their working
principle as well as their behavior with respect to oxygen, temperature, hydrostatic
pressure, and response time. The focus will lie on the most widely used and accepted
optodes made by Aanderaa and Sea-Bird. We revisit the essentials and caveats of in-situ
in air calibration as well as of time response correction for profiling applications, and
provide requirements for a successful field deployment. In addition, all required steps to
post-correct oxygen optode data will be discussed. We hope this summary will serve
as a comprehensive, yet concise reference to help people get started with oxygen
observations, ensure successful sensor deployments and acquisition of highest quality
data, and facilitate post-treatment of oxygen data. In the end, we hope that this will lead
to more and higher-quality oxygen observations and help to advance our understanding
of ocean biogeochemistry in a changing ocean.

Keywords: dissolved oxygen, ocean observation, operational oceanography, marine technology, calibration,
intercomparison, luminescence Quenching

1. INTRODUCTION

The dissolved oxygen concentration of seawater was among the suite of parameters measured
during the famous H.M.S. Challenger expedition in 1873-1876 (Dittmar, 1884), which is usually
considered as the start of modern oceanography. Even then the distribution of oxygen was
recognized as a both complex and informative quantity. This is evidenced by Dittmar’s surprise
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FIGURE 9 | Results of the in air analysis according to Equation (21) (gray triangles; without pO»-T slope &) and (23) (black circles; with pOo-T slope a) for optodes
with factory batch calibration. Error bars give the 95 % confidence interval. Floats with Aanderaa 3830 optodes are marked with an x whereas all other floats carry an
Aanderaa 4330 optode. Floats intermittently operating under sea ice are denoted by an asterisk.

particular to reduce uncertainties for the air sea difference of O,.
In fact, optode in-air measurements are primed for this purpose
and thus to improve O, flux estimates, since they provide a
reference and thus highest accuracy (£0.2 % O, saturation,
Bushinsky et al., 2016) where it is needed for O, flux calculations.

Nonetheless, we feel that more data with properly,
individually multi-point calibrated O, optodes are needed
to draw a sound conclusion on the stability or drift of optodes
during deployment. So far, both views, i.e., (1) optodes continue
their O, sensitivity loss albeit at much lower rates and (2)
optodes are stable on average and show both positive and
negative drift when being deployed, can be justified. In any case,
optode in-air measurements help to correct the much larger and
hence more troublesome O, response drift that occurs before
/ after deployment (section 3.5.1.1) and are thus extremely
useful and needed to allow high-quality autonomous O,
observations.

3.5.2.2. From recalibrations of moored optodes

In contrast to floats, where optodes are deployed once and stay
deployed until their end of life, optodes on moorings and similar
platforms are generally recovered at the end of their deployment.
This gives the chance to fully re-calibrate such optodes. While
thus primed to assess O, optode drift, however, data from
moored optodes as well as their calibration information are not

as easily available as, e.g., data from floats®. In addition, the
attribution of a potential drift to the time being deployed or the
time during transport and storage (until recalibration) is often
not straightforward.

Nonetheless, we want to show an example of 4 Aanderaa 3830
optodes that were used on moorings between 300 and 800 dbar
in the Eastern Tropical North Atlantic three times each (Nov.
2009-May 2011, Aug. 2011-Jan. 2013, Nov. 2013-Jan. 2015). All
four optodes were recalibrated and re-referenced several times by
different approaches, including

the
2008,
an individual multi-point calibration at the BCCR Bergen
facilities in October 2008 (for only 2 out of the 4 optodes,
though),

an individual multi-point calibration at the GEOMAR Kiel
facilities in September 2013 following Bittig et al. (2012),

an on-ship two-point calibration in combination with some
deployments/recoveries at 0 and 100 % O, saturation at 5 °C,
or at both 5 °C and 20 °C, respectively, and

° factory batch two-point adjustment in

July

3Unlike the Argo program with its uniform data and meta data format as well
as its open data access requirement and distribution through central data centers,
O, data from other platforms are usually distributed over various locations and
sometimes access is limited to the principal researcher.
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e an in-situ CTD cast deployment in combination with the same
deployments/recoveries following Hahn et al. (2014).

The exact timing is shown in Figure 10 (top). For the in-situ
calibrations, optodes were mounted on the ship’s CTD rosette
using GEOMAR-built, self-powered loggers that were also used
during mooring deployment. On the upcast, the CTD rosette
package was stopped at 6-9 depths for 2 min each to allow
equilibration of the optode O,. Optode data were then compared
to the CTD O, sensor data at the end of these stops which
were themselves calibrated against discrete Winkler samples
(Hahn et al.,, 2014). To assess stability and drift, we used the
GEOMAR laboratory calibrations and compared them with the
other reference data (Figure 10).

The general picture matches our O, optode understanding,
with a very strong O, sensitivity reduction on the order of
10 % during the first years, and an exponential decrease of the
drift rate. At the same time, the zero intercept shifts toward
more positive pO, within each calibration approach. Moreover,
the BCCR laboratory and the in-situ calibrations support a
linear pO, drift dependence. However, all four optodes show
a remarkably consistent offset at zero O, between laboratory
calibrations and in-situ references of ca. —3 hPa for unknown
reasons.

Regarding a potential drift during deployment, the first,
1.5 year-long deployment is best framed by on-ship and in-situ
reference data, acquired just three days before deployment and
one day after recovery. The other two deployment periods are
less well constrained, as between 2 and 8 months passed between
calibration and deployment or recovery, respectively. For these
periods, we can not accurately assign an optode sensitivity drift
to the period during deployment or during storage.

The on-ship two-point calibrations just before and after the
first deployment agree with each other (mean difference of
—0.1 % for the O, slope and of 0 hPa for the zero intercept),
suggesting no drift during deployment. For the period between
second and third on-ship two-point calibration, covering two
more deployment periods (18 and 14 months) as well as 20
months of storage, optodes drifted toward lower O, sensitivity on
average by 2 % over 4.3 years while the zero intercept increased by
0.5 hPa. This is a much smaller optode drift than initially during
the first months and years (Figure 10), but in a reasonable range
for O, sensitivity drift (e.g., during storage) of old optodes.

In turn, the in-situ reference data suggest a significant O,
sensitivity change during the first deployment of —3 % (intercept
increase by +1 hPa) over 1.5 years. For the second period, the
O, sensitivity is reduced by 2 % on average and the intercept
changes insignificantly (—0.2 hPa), which is comparable to the
two-point data. However, while the two-point calibration data
fit well with the multi-point laboratory calibration in September
2013, the in-situ reference data are somewhat below (including
the —3 hPa offset). We can therefore draw no sound conclusion
whether the moored optodes drifted during deployment from our
mixed evidence. However, O,-response drift may be an issue even
during deployment, and we would recommend that adequate
means are taken to track the temporal evolution of optode O,
response in-situ.

4. FIELD ASPECTS
4.1. How to Calibrate O, Optodes

Oxygen optodes should receive an individual multi-point
calibration at least once during their lifetime to have their O,-
T-response characterized well. The description of the O,-T-
response by a batch calibration of the sensing foil does not yield
satisfactory results since variability between individual sensing
foils and optodes is not adequately adjusted using a two-point
calibration.

With a once well-characterized O,-T-response, simpler means
of recalibration can be appropriate when taking the optode
drift character into account, i.e., a slope factor on optode pO,
and an offset at zero oxygen. Data for such a recalibration can
originate from various sources, e.g., a concurrent depth profile
with discrete Winkler samples, optode in-air measurements at
the surface together with hydrographic data on a deep isopycnal
(to allow for a two-point correction), or a laboratory or on-
ship calibration at 0 % and 100 % O saturation (preferably in
the temperature range at which the sensor will be deployed).
In the latter case, care must be taken to avoid unintended
supersaturation for the “100 %” calibration, in particular when
using classical bubbling stones®. If only one cluster of reference
data is available (e.g., only in-air measurements), preference
should be given to a slope-only correction on pO,.

4.2. What Accuracy Can Be Obtained

Numerous Aanderaa optodes have been deployed or used
with only a factory batch calibration, in particular before
the manufacturer introduced its factory multi-point calibration
option in mid-2012. While it would be preferable to individually
recalibrate each of these optodes, this is not always possible
or practical, e.g., because the sensor is no longer accessible.
To assess the quality of O, data obtained with such batch
calibrated optodes, we compared calibration data from several
multi-point laboratory calibrations with the batch calibration
procedure. Similarly, (repeated) multi-point calibrations require
some effort and may not be possible due to time, logistical or
other constraints. We therefore looked at the accuracy of simpler
recalibration approaches of multi-point calibrated optodes as
well. Both assessments are summarized at the end of this section.

4.2.1. Refit Assessment

To assess the quality of the batch calibration approach, we
derived the batch foil O,-T-response Fpan from the foil
calibration certificate (using Equation 31). Subsequently, we
adjusted or refit ¢, for each optode multi-point calibration by
(1) varying the amount of information provided to the refit and
(2) varying the kind of refit. In fact, both the choice of reference
points (1) and the choice of refit Equation (2) are critical.

For (1) the choice of reference points, we tested three
approaches of increasing information but also increasing
operational demand: (i) two points close to the Aanderaa two-
point calibration standards, (ii) 4 references at 0 % and 4

4The bubbling stone should not be submerged but stay at the water surface to avoid
hydrostatic overpressure. The water needs to be mixed by other means.
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FIGURE 10 | Laboratory calibration and in-situ reference data from four Aanderaa 3830 optodes used on moorings in the Eastern Tropical North Atlantic. The timing

of factory batch two-point calibration (purple), BCCR Bergen and GEOMAR Kiel laboratory calibrations (green and red bar, respectively), on-ship calibrations

and moored periods (blue patches) along with the time difference between events (in days) is given on top.

Below, residuals of the GEOMAR laboratory calibration (September 2013) are shown in (O», ¥, ¢)-space in the second column from right. The other four columns give

(two-point laboratory and in-situ CTD casts, black bars)
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deployment is thus mixed for these 4 optodes.

FIGURE 10 | the difference between laboratory-calibrated optodes and reference data against pOs» in chronological order (2008, October 2009, May 2011, and
September 2015). Laboratory data are denoted by circles and in-situ reference data by crosses. Optode and in-situ data are consistently offset by ca. —3 hPa for
reasons unknown. Dashed lines denote linear two-point calibration fits while continuous lines give linear fits to multi-point data. In general, the optode O» drift
character is well visible, with an exponentially decreasing Oo sensitivity (linear with pO») and a zero offset that shifts toward more positive values. Apart from the offset,
in-situ data suggest a significant drift during the first deployment period, while the on-ship two-point calibrations indicate stable optodes (second and third column).
However, two-point data fit better to the laboratory calibration between second and third deployment than in-situ data. The evidence for drift or stability during

references near 100 % O, saturation, each stretched between 4 °C
and 36 °C, and (iii) all reference points available from the full
multi-point calibration matrix (20-45 points). Case (iii) basically
assesses how well Fp ¢, can be mapped to the individual optode
response with the given refit approach (2), while (ii) and (i) give
an estimate of this mapping with limited information.

For (2) the choice of refit equation, we systematically tested all
kinds of refits with two degrees of freedom with a slope and/or
offset on temperature, phase, or oxygen (not shown). Similarly,
we proceeded with refits using three degrees of freedom (only
slope and/or offsets, no squared terms).

The quality of the refit was quantified with the 90-th percentile
of the absolute pO, difference between adjusted-batch calculation
and individual multi-point calibration-based calculation (using
again Equation 31), i.e., 90 % of the data were within the given
ApO; for the individual refit. To adequately cover the variability
within the sensing foil batch and differences between sensors,
we averaged the results from multiple recalibrations (and thus
refits) of the same sensor—sensing foil pair. This avoids a bias
of optodes calibrated several times over optodes calibrated only a
few times within a given foil batch, and increases the robustness
of the individual sensor—sensing foil refit estimate. Finally, the
quality of the sensor—sensing foil pair refits was quantified by
the 90-th percentile on the foil batch level (Table 1), i.e., for 90 %
of the optodes of a foil batch we encountered, 90 % of the data
were within the given ApO; for the respective refit approach.

To assess the quality of adjustments for multi-point calibrated
optodes, we followed the same approach as above, except that
we used only optodes that have been calibrated several times
(27 Aanderaa optodes with 152 calibrations and 4 Sea-Bird
optode with 12 calibrations). For each optode, one multi-point
calibration was used to derive individual calibration coefficients
Fmulti (using Equation 31). Subsequently, the other multi-
point calibrations were used to adjust or refit F,4 by (1)
varying the amount of information provided to the refit and (2)
varying the kind of refit as above. This procedure was repeated
for all calibrations of a given optode to avoid a bias by the
choice of the initial calibration to derive Fp,;;. Again, the 90-
th percentile of the absolute pO, difference between adjusted
(initial) multi-point calculation and multi-point recalibration-
based calculation served to quantify the quality of the refit.
The results were averaged over all Fp’s for a given optode
multi-point calibration, and then averaged for each optode (i.e.,
on the sensor-sensing foil pair level) to avoid a dominance of
sensors with many recalibrations over sensors with only a few.
No differences between foil batches were discernable. Table 2
thus gives the 90-th percentiles of the |ApO;|-90-th percentiles
aggregated on the sensor model level as well as for all sensors.

4.2.1.1. Batch-calibrated optodes

The factory batch calibration procedure of Aanderaa optodes
consists of two steps, (1) a multi-point characterization of the
O,-T-response for 4 out of 100 sensing foils of a given batch,
and (2) adjustment of this batch response (in phase- or O;-space,
depending on calibration date) to the individual sensor by a two-
point calibration (at 100 % O, saturation and 10 °C, and at 0 %
O, saturation and 20 °C). The adjustment or refit is supposed to
compensate several effects:

e variability within the sensing foil batch

e a sensing foil O, response drift that may have occurred
between batch and two-point calibration

o differences between the reference and
measurements

sensor phase

In that respect, the batch calibration adjustment or refit is
conceptually different from an O, response drift correction,
which exclusively aims at the O, response drift (see below). An
example of the refits given in Table 1 for a model 3830, 4330, and
4330F batch-calibrated optode is shown in Figure S9.

Using approach iii, i.e., data of the full O,-T calibration
matrix, we assessed the suitability of all refits to reproduce the
multi-point calibrations to select appropriate refit equations (not
shown). With 2 degrees of freedom, the highest accuracies for foil
batch refits were obtained with refit e, refit b, and refit a, followed
by refits ¢ and d (in this order; refit equations are given at the
bottom of Table 1). If only limited information is available for the
refit (approach ii), refits ¢ and d slightly outperform refit a (not
shown). With three degrees of freedom, refits f-h are best suited
(refit equations given at the bottom of Table 1).

Refit equation a corresponds to the traditional, phase-domain
adjustment used by Aanderaa and also proposed by Drucker
and Riser (2016) (slope and offset on ¢). It gives the highest
uncertainty (up to 18 hPa for all optodes for a two-point
adjustment; approach i), mainly due to issues in a proper
temperature compensation of Fycp, (e.g., Figure S9a). Refits b-d
share a slope factor on pO, (together with a phase offset, a slope
on phase, or a pO, offset, respectively) and should thus be primed
to account for an O, sensitivity drift (see section 3.5.1.1). Out of
this group, refit b with an offset on ¢ performs best. The most
accurate results for a two degrees of freedom equation, however,
are obtained with refit e, which combines an offset on both ¢ and
pO». Also note that the best refits with three degrees of freedom
(refits f=h) are based on refit e. An offset on the sensor’s phase
shift ¢ thus seems to be of prime importance to adjust a batch
foil calibration Fpyq to the individual sensor, most likely to
account for differences between the reference and sensor phase
measurements.
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TABLE 1 | Accuracy of batch foil O-9-response adjustment to individual multi-point optode calibrations using refit approaches with two (a—e) and three degrees of

freedom (f-h).
Model FoillD Nopt Ncal 90-th percentile of refit |[ApO,|-90-th percentiles/hPa
2 degrees of freedom refits 3 degrees of freedom refits
a b e f g h
1707 5 iRl 12.9/5.2/4.5 9.8/7.3/6.7 5.2/4.8/4.6 —/4.1/2.6 —/4.7/2.6 —/3.3/2.4
3830 2408 1 7 15.9/6.2/6.0 7.4/7.8/6.8 5.0/3.3/2.9 —/2.9/2.3 —/3.3/2.7 —/3.5/2.7
4807 15 83 20.5/9.0/7.9 8.2/7.8/6.3 6.8/4.1/4.2 —/3.2/2.7 —/4.0/3.5 —/4.3/3.4
5009 27 15.0/6.9/6.3 9.1/8.5/8.3 3.5/3.7/2.9 —/3.5/2.6 —/3.7/2.6 —/3.5/2.7
All 25 128 20.5/8.9/7.8 9.1/8.3/7.7 6.7/4.1/4.2 —/3.4/2.6 —/4.0/3.5 —/4.3/3.3
1023E 21 28 7.0/7.1/3.9 6.1/4.0/4.1 5.6/5.5/3.7 —/10.0/3.6 —/7.6/3.7 —/5.0/3.4
4330 1206E 11 12 5.5/6.6/4.1 6.6/4.0/4.2 6.0/5.1/4.2 —/7.9/3.7 —/6.6/3.3 —/3.4/2.2
All 32 40 6.5/7.1/4.0 6.5/3.9/4.1 6.0/5.3/4.1 —/8.8/3.7 —/7.1/3.6 —/4.8/3.3
4330F 2808F 2 5 17.6/8.6/7.0 4.3/2.5/2.6 8.8/8.0/6.2 —/6.6/3.8 —/7.5/5.3 —/9.2/6.3
all all 59 173 17.7/8.1/6.8 8.6/7.7/6.6 6.6/5.3/4.3 —/7.7/3.6 —/7.0/3.5 —/4.8/3.4

refit equations: (@) Fbaten (@, C1-¢+C2)
() €1 - Foateh(?, ¢)+C2

(f) Foatch (¥ +C1, p+Co)+C3

(0) ¢1 - Foatch (@, ¢+C2) (©) ¢1 - Foatch(?, C2-¢)
() Fbateh (@, p+C1)+Co

(9) Foatch(??, C1-9+Co)+C3 (M) Foatcn(C1 -9, p+Co)+c3

Refits were quantified by the 90-th percentile of | ApO» | between refit and multi-point reference pO». Numbers give the 90-th percentile of this quantity aggregated over all optodes for
each foil batch (denoted by its FoillD). The three figures for each foil batch and refit equation designate a refit approach using (i) only two reference points (Aanderaa-analog) / (i) 4 points
each at 0 % and 100 % O, saturation spread between 4 °C and 36 °C/(iii) the full multi-point calibration matrix. (No three degrees of freedom refit is possible with only two reference
points, i.e., approach i, refits t-h.) Nop and Nea give the number of sensors and multi-point calibrations for each foil batch, respectively.

TABLE 2 | Accuracy of multi-point Fryi O2--response adjustments to individual multi-point optode calibrations using refit approaches with two degrees of freedom

(a—e).
Model Nopt Ncal 90-th percentile of refit |[Ap02|-90-th percentiles/hPa
2° of freedom refits

a b c d e
3830 14 121 4.7/2.5/1.9 2.0/1.7/11 1.6/1.3/1.0 1.4/1.3/1.0 2.6/1.9/1.5
4330 11 26 4.8/21/1.7 1.8/1.9/1.7 1.9/1.9/1.8 2.1/2.0/1.8 2.7/1.8/1.7
4330F 2 5 1.3/1.2/0.6 1.1/0.9/0.7 1.2/0.9/0.7 1.1/0.9/0.6 1.2/1.0/0.6
SBE63 4 12 2.9/2.2/1.5 3.5/2.3/1.4 1.2/1.3/0.9 1.1/1.2/0.9 1.9/2.0/1.5
all 31 164 4.6/2.4/18 21/19/15 1.7/15/13 1.7/15/13 26/19/1.7

refit equations: (@) Fmutti(@, cq-9+Co)

(d) C1 - Fmuti(@, 9)+C2

(0) ¢1 - Frmuiti(?, ¢ +02)
(@) Froutti(@, p+c1)+co

(©) &1 - Fruiii(?, C2-¢)

Refits were quantified by the 90-th percentile of | ApO» | between refit and multi-point reference pO». Numbers give the 90-th percentile of this quantity aggregated over all optodes for
each sensor model. The three figures for each sensor model and refit equation designate a refit approach using (i) only two reference points (Aanderaa-analog)/(ii) 4 points each at 0 %
and 100 % O, saturation spread between 4 °C and 36 °C/(iii) the full multi-point calibration matrix. Refit approaches with three degrees of freedom give 90-th percentiles that are only
slightly smaller (—/1.2/1.0 hPa for all sensors). Nopt and Ncg give the number of sensors and multi-point calibrations, respectively.

When using not only one reference point at 0 and 100 % O,
saturation (approach i), but a set of 0 and 100 % O, saturations
at a wide temperature range (approach ii), the uncertainty of the
refit can be significantly reduced (range of 1-10 hPa for the given
refit equations). However, this expansion of the temperature
range affects mostly refit a (improvement of 10 hPa), whereas the
other refits benefit to a smaller degree (1-3 hPa), but nonetheless

become more robust (through using more reference points). This
underlines that a phase-domain adjustment does not adequately
capture and correct the O,-T-response. Compared to using the
full calibration matrix (approach iii), approach ii tends to be
1-3 hPa less accurate for refits with two degrees of freedom,
and 1-5 hPa less accurate for the refits with three degrees of
freedom.
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Adding a third degree of freedom generally improves the
refit (by ca. 1 hPa) when using all data (approach iii). However,
adding another degree of freedom in multidimensional space
while using reference data that does not cover all dimensions
can yield adverse results. With limited information (approach ii),
refits f-h tend to perform only as good or even worse as refit e.
Here, reference data covers well the temperature dimension (2 x
4 samples) but is poorly resolved in the oxygen dimension (4 x 2
samples only at 0 % and 100 % O, saturation). Consequently, the
extra degree of freedom can be used to reduce the mismatch along
¥ while sacrificing accuracy at intermediate and supersaturated
O, levels (e.g., refit e vs. refit f/g, Figure S9b). In case of
reference approach ii, we would therefore recommend to keep
refit equation e with only two degrees of freedom.

For the two 4330 optode foil batches that we encountered, the
traditional two-point adjustment approach i together with refit
a performs much better (7 hPa) than for the other foil batches.
One could speculate that the temperature dependence of 4330
foil batches is already well-described by Fp ., compared to 3830
foil batches, since their batch calibration uses 9 temperatures
between 3 and 40 °C instead of 5. However, this would hold for
the fast response foil batch 2808F, too, where we observe the same
pattern as for 3830 foil batches for refit a. Moreover, differences
between refits b—e are small for the 4330 optode foil batches.
In fact, refit b gives the lowest uncertainty both for 4330 and
4330F optodes when combined with recalibration approach ii,
i.e,, limited information in both O, and . Their refit uncertainty
is comparable to approach iii.

Our results thus suggest to use refit e with recalibration
approach i (i.e., two-point calibration), refit e with approach ii
for 3830 optodes and refit b for 4330 optodes, and to derive a
complete multi-point calibration Fy, ¢ of its own with approach
iii (i.e., full calibration matrix). Approach iii here only gives the
lower accuracy limit of the respective refit equations (Table 1).

4.2.1.2. Multi-point calibrated optodes

A multi-point calibration characterizes the O,-T-response for
each individual sensing foil-sensor pair. A later adjustment or
refit is thus only supposed to compensate one effect:

e a sensing foil O, response drift that may have occurred
between multi-point and re-calibration.

For multi-point calibration refits with two degrees of freedom,
refit Equations b-d give the best, hardly distinguishable results
(Table 2). Refits a and e were added for comparison. The results
underline that O, sensitivity drift should be corrected with a
factor on O, (also compare refit a vs. refits b-d, Table 2).

For refits with three degrees of freedom, 5-7 out of the 20
possible refit equations are near-indistinguishable (not shown),
and the improvement for multi-point calibrations adjustments is
only marginal compared to refits with two degrees of freedom
(90-th percentiles of —/1.2/1.0 hPa for the three approaches
i/ii/iii vs. 1.7/1.5/1.3 hPa using refits ¢ and d). We therefore
recommend to refit multi-point calibrations with two degrees of
freedom and to invest the effort of additional reference points
(i.e., approach ii vs. approach i) into better constraining the two
parameters rather than adding a third degree of freedom. From

our analysis, a slope correction on pO, together with either a
slope on ¢ or an offset on pO, (refits c and d) give an adjustment
closest to the multi-point calibration data (1.7 hPa for a two-point
calibration; approach i).

4.2.2. Summary and Decision Tree/Flow Chart

The accuracy of an optode calibration is the sum of three factors:
(1) The quality of the O,-T-response characterization, (2) the
refit accuracy, and (3) the O, sensitivity drift, both when not
deployed (section 3.5.1) and when deployed (section 3.5.2).

For the GEOMAR Kiel and the BCCR Bergen/CSIRO-
O&A Hobart calibration setups, we looked at all multi-point
calibrations against Winkler samples and determined the 90-
th percentiles of the absolute pO, calibration residuals (using
Equation 31). The 90-th percentile of all calibrations is 1.5 and
0.9 hPa, respectively, which we take as representative for the
quality of multi-point calibrations (1). We assume that the batch
foil characterization occurs with a comparable accuracy against
reference samples. The refit accuracy (2) has been discussed
above, where the numbers give the difference between refit
(with only a subset of the multi-point data) against a multi-
point calibration (using all multi-point data), i.e., the “excess”
uncertainty introduced by the refit. For the O, sensitivity drift,
we take a conservative estimate of 5 % per year (10 hPa per year)
for “storage” drift and 0.5 % per year (1 hPa per year) for drift
in-situ. The storage drift magnitude is probably lower for old
sensing foils, but not uncommon for new sensors (e.g., D’Asaro
and McNeil, 2013; this work, Figure 7). The accuracy that can
be obtained with O, optodes depends thus on a range of factors,
how the sensor was prepared, and how it is deployed, which is
summarized as a flow scheme in Figure 11. It covers an order of
magnitude from 1 hPa (i.e., meeting the accuracy goal of Gruber
et al,, 2010) for sensor deployments that were carefully prepared
to more than 20 hPa for optodes just used out of the box.

We propose to do the accuracy estimate in pO, (see
Figure 11), since that is what the optode is sensitive to, and then
convert it to the desired unit. For water column applications,
a pressure correction uncertainty of 0.3 % of the pO, should
be added per 1000 dbar (Bittig et al., 2015a), starting from the
depth(s) of the reference(s), i.e., from the surface for laboratory
calibrations or when the optode was in-situ adjusted with in-air
observations, or from 2000 dbar if the sensor was in-situ adjusted
by comparison with reference data at 2,000 dbar depth.

4.3. How to Deal with O, Response Drift
4.3.1. During Storage: Timely Reference or
(Re-)Calibration

The aim for every optode deployment should be to acquire
sufficient information shortly before deployment or after
recovery to enable a proper drift correction, i.e., to provide
data with at least two (clusters of) reference points. Reference
data can originate from any source (e.g., from a concurrent and
ideally co-located Winkler-based CTD-O, profile at deployment,
hydrographic databases, in-situ in-air measurements, etc.) since
the kind of correction is independent of how the reference data
were obtained. Even better but more demanding would be a
timely, full multi-point recalibration of the optode to cover the
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entire O,-T-response and to avoid having to use assumptions  making multiple measurements in air during each surfacing (e.g.,
on the drift character. If it is impossible to obtain any in-  Bittig and Kortzinger, 2015; Bushinsky et al., 2016). Moreover,
situ data (e.g., when deploying from a ship of opportunity), data suggest that preference should be given to nighttime in
the main optode drift (the O, sensitivity drift) can be roughly  air observations, which will not always be possible though, e.g.,
assessed through on-deck in-air measurement of the optode  on a Biogeochemical-Argo float with concurrent radiometric
before deployment under controlled conditions (i.e., sun-shaded, = measurements.

windward-side with proper barometric pressure data). For moored applications, regular reference measurements,
e.g., through in-air observations have only been described
4.3.2. During Deployment: In-Air Measurements for surface moorings (Bushinsky and Emerson, 2013) and

There might be chance-encounters or deliberate crossovers with ~ are likely impossible elsewhere. In such cases, on-deck in-air
other oxygen observations during the deployment of an oxygen =~ measurements or on-ship calibrations immediately prior to
optode. Given the limitations due to either the proximity or the ~ deployment and after recovery (see, e.g., section 3.5.2.2) are a
accuracy of other platforms’ oxygen observations, it is preferable ~ promising approach to frame the O, response evolution during
to achieve regular reference measurements with the optode  deployment.
itself. For profiling applications, this is feasible through regular . ;
optode in-air measurements which are recommended by the 4.4. How to Improve the Dynamic Time
SCOR Working Group 142 (Bittig et al., 2015b) and have been ~ Response
implemented on profiling floats and gliders. They should become  The key and core requirement to correct for the dynamic
arequirement for autonomous oxygen observations to ensure O,  time response of optodes is to know the time interval between
data quality. Major float manufacturers have already started to  subsequent measurements (or to have at least a good estimate
implement this function into their float routines. of the timing of each sample). Without timing information, no
For properly utilizing such data, one needs to take into  post-correction is possible since the dynamic time response is
account that optode measurements “in air” close to the sea  essentially a time series effect. To date, the Biogeochemical-Argo
surface do not measure pure air but an air-water mixture.  data system is capable to store abundant measurement timing
Therefore, such measurements must be corrected for a “carry-  information together with the profile data (Bittig et al., 2017).
over” effect (Equation 18). Accuracy can be easily improved by  Previously, this has not been the case and the acquisition and

0,-T-characterization foil batch calibrated optodes g% individually multi-point calibrated optodes <--
H |
| y
v i
calibration adjustment v A v A v A v A v B v B v i
foil batch adjustment & approach i approach i i approach ii i approach iii i approachi i approachii | approach iii
“storage” drift correction refit a refit e i refit e/b i refit c/d | refit c/d
c c c
kel o ] .
® S ©
calibration proximity Irﬂ t>6n|\o _}_5 10 t>6r}10 tD 1>6r:10 -§ I1U t>6r}10 _§ tD 1>6r:10 t‘j t>6rro d
immediate deployment (t,) \J Yy § Yy § V & V V
vs. later use (t>6months) 20 25 £ >1 4 7 >12 & < i
deployment scenario* AL DX ’/Jg; ’J—’“ "J-"( "J-"(
\J \J
X without in-air obs. Above accuracy +~ 1 hPa per year in- 5|tu drlft Above accuracy +~1 hPa per year in-situ dnft
v with in-air observations \ # \ y y v y y
.. @100% O, with m (m&a) corr. 5(2) 5 (2) 4 (2) 4 (2) 4 (2) 4 (2) 1(1) 2(1) 1(1) 2(1) 1(1) 2(1)
.. elsewhere In-air accuracy + 3 — 5 hPa uncertainty of O, correction elsewhere*  In-air accuracy + 1 — 3 hPa uncertainty of O, correction elsewhere*

* O, drift correction applies a slope m (or m & a) on pO,, based on reference data only at 100 % O,. Accuracy at other O, levels depends on the validity of such a
slope-only correction, which relies on an adequate O,-T-characterization.

+ Accuracies valid at the hydrostatic pressure of the reference. The hydrostatic pressure corrections adds an uncertainty of ca. 0.3 % of the O, value per 1000 dbar
(from the pressure level of the reference).

adjustment approaches: (i) two-point adjustment (0 % O3, 20 °C and 100 % O; sat., 10 °C) (Aanderaa standard)
(ii) 0 % and 100 % O, sat. adjustment at 4 temperature each (between 4 - 36 °C)
(iii) full multi-point calibration matrix in O, and T (20 - 45 points)

refit equations: () Fpaten (P, c1-9+c2) (b) c1+ Fparen (P, 9 +c2) (©) c1-Frnuii (P, ¢2-9)
(d) 1+ Frnuti (9 @) +c2 (€) Fratcn (¥, @ +c1)+c2

FIGURE 11 | Scheme to estimate the accuracy (in hPa) achievable with Aanderaa and Sea-Bird oxygen optodes. The accuracy depends (1) on the kind of

O, -T-response characterization (batch vs. multi-point), (2) the kind of adjustment/refit to the individual sensor, (3a) its temporal proximity to the deployment (e.g., drift
during storage or shipment), as well as (3b) whether in-air observations are performed during the deployment. With in-air observations, the accuracy at 100 % O»
saturation is given once using (Equation 21) (to derive a correction factor m) and once using (Equation 23) (to derive a correction factor m by including a
temperature-compensation a of the O»-T-response at 100 %; in brackets). At O levels other than 100 % O saturation, some additional uncertainty remains with
respect to the in-situ drift behavior and the O»-T-response. The hydrostatic pressure correction adds an uncertainty of ca. 0.3 % of the O, value per 1,000 dbar (from
the pressure level of the reference / calibration). The adjustment approaches i—iii and refit equations a—e are given at the bottom of the scheme.
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storage of timing information has been the responsibility of the
platform operator.

The key to reduce the effect of the dynamic time response itself
is to enhance the flow and thus the transfer of O, at the interface
between sensing foil and sea water. To achieve this, optodes can
either be operated in a pumped water stream if feasible with
respect to the energy budget and additional constraints like in air
measurement capability. Or, in an unpumped mode of operation,
optodes should be placed at a position on the platform with the
most dynamic flow regime and hence thinnest boundary layer
(compare, e.g., optode placement on a glider for Nicholson and
Feen, 2017, with the standard attachment shown in Bittig et al.,
2014). In any case, a reproducible and properly characterized flow
regime helps to improve time response corrections (e.g., Bittig
and Kortzinger, 2017).

4.5. How to Ensure a Successful
Deployment: Preparation, Preparation,

Preparation

A successful deployment comes with adequate preparation. The
sensor configuration should always be kept for reference, and the
treatment of the data stream anticipated before deployment (e.g.,
to adjust the platform’s firmware to actually log and transmit
timestamps for each optode sample). Raw data should be kept
to allow reprocessing and to keep all information provided by
the sensor. Apart from the measurement time, these data are
the temperature and phase delay for Sea-Bird SBE63 optodes,
whereas the temperature and the blue phase shift (BPhase or
C1Phase for 3830 and 4330 models, respectively) as well as the
red phase shift (C2Phase for 4330 models) should be kept for
Aanderaa optodes.

Moreover, O, optodes should always be assumed to be out
of calibration if not very recently calibrated (weeks for newly
produced optodes, months for old ones). Consequently, options
for reference O, data (e.g., by regular in-air measurement or
other approaches) need to be explored before deployment.

5. DATA PROCESSING
5.1. What O, Unit Should | use?

Dissolved oxygen comes in various units, e.g., jtmol O, kg™,
pmol O, L™!, mLgrp O, L1, mg O, L=, hPa, or % O,
saturation, which at the end of the day all carry the same
information (i.e., the amount of dissolved oxygen). This indeed is
a confusing aspect of dealing with oceanic O, measurements and
the general practice should be to always double-check the unit
of a new data set, e.g., by verifying that surface O, saturation is
within a reasonable range. However, each unit has its strength by
stressing a different aspect of oxygen measurements and analysis,
and it is best to be aware of the reasons for this (persistent)
plurality.

Oxygen concentration can be expressed in two ways, either as
number of moles of dissolved oxygen per unit mass of solution
(wmol O kg™!; gravimetric unit) or per unit volume of solution
(wmol Oy L~1, mLgrp O2 L™1, mg O, L™1; volumetric unit). The
unit wmol O, kg™! is the unit of choice for oceanic applications

because of its independence of temperature and pressure, both
of which will change the concentration when expressed in a
volumetric unit even without any production or consumption of
oxygen. To allow using of O, as a conservative tracer for ocean
mixing and advection, zmol O, kg™! is the recommended unit
for oceanic applications and used by all larger observing systems
(see, e.g., documentation for GO-SHIP and Biogeochemical-
Argo, Hood et al., 2010, and Thierry et al., 2016).

The standard reference method for O, is a wet-chemical
titration analysis (e.g., Winkler, 1888; Carpenter, 1965) which
essentially is a volumetric analysis, ie., it yields the amount
of O, in a given sample volume. Thus, the natural unit for
Winkler titration is umol O, L™!. This holds for laboratory
applications in general, and seagoing applications in particular,
where measuring volumes of solutions is much more common
than measuring their mass, which is impossible at sea. Moreover,
O, concentration units per volume (e.g., mLstp O3 L mg O,
L~!) are also common for limnological applications.

Gravimetric and volumetric oxygen concentration can be
converted by multiplying/dividing with the solution’s density
(mass per volume). For seawater, this gives about 3 % larger
values for the O, concentration in wmol L™! than in pmol
kg~!, a difference that is difficult to spot but very important for
applications. Therefore, care must be taken when dealing with a
new data set and it is best practice to verify the O; unit, e.g., by
confirming reasonable surface O, saturations or deep O levels.

At interfaces like the sea surface or the optode sensing foil—
water interface, oxygen data solely expressed as water-based O,
concentration are not sensible, in particular when part of the
observations are in different phases. At interfaces, the oxygen
partial pressure pO, and a corresponding pressure unit (e.g.,
hPa) is the natural quantity and unit for both phases. We would
discourage the use of atmospheres (atm, 101,325 Pa) but suggest
to use a full power of ten of the SI unit Pascal (e.g., hPa, bar, or
mbar).

Detailed conversions between the units listed here are given
in the SCOR Working Group 142’s recommendations on O,
quantity conversions (Bittig et al., 2016). Converted values for
100 % O, saturation, 205 hPa, and 250 pwmol L~! both in
freshwater and at a salinity of 35 as well as at the surface and at
2,000 dbar are shown in Table S4.

5.2. How to Calculate O;

5.2.1. Data Validation

The first step of optode O, calculations is to check the raw data
(optode temperature ¥, optode phase shift ¢) and ancillary data
(e.g., salinity S, hydrostatic pressure P, ...) for completeness and
consistency with any other concurrent observations (e.g., CTD
temperature), for an adequate range (compare, e.g., with the valid
ranges defined for Biogeochemical-Argo: Schmechtig et al., 2016,
and “Argo physical parameters list: Core-Argo and BGC-Argo”
at http://www.argodatamgt.org/Documentation®), and whether
they are sensible.

“http://www.argodatamgt.org/content/download/27444/187206/file/argo-
parameters-list-core-and-b.xlsx, (Accessed May 9, 2017).
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5.2.2. O, and Temperature Compensation
Next, all environmental factors that affect the O, measurement
need to be accounted for (section 3). There are various ways
described in the literature to account for the O,-T-response, i.e.,
the mapping F(T, ¢) —> O, (Equation 12):

The standard way for Sea-Bird SBE63 optodes to calculate
a (freshwater-equivalent) O, concentration follows a modified
version of Uchida et al. (2008),

C4+C5~L9+c6~(pazdj
€7+C8Padj

C1+C2~17+C3~ﬁ2,

-1

COz,adj ‘S=0 = (24)

where @, is the optodes adjusted phase delay in s (see
Equation 28, section 5.2.4 below), ¥ the optode temperature
in °C, and c¢;_ g the eight calibration coefficients (Sea-
Bird Electronics, 2013). The standard unit for the SBE63 optode
factory calibration is mLgrp O, L1

For Aanderaa optodes, the mapping F(T,¢) evolved
significantly with time (an exhaustive description of different
cases can be found in Thierry et al, 2016). Previously, only
“batch-calibrated” optodes were available. Here, 4 out of a batch
of 100 sensing foils are calibrated in detail with respect to their
non-linear O,-T-response and their behavior is assumed to be
representative for the entire batch. The non-linear behavior is
described by so called foil coefficients that parameterize a high-
order polynomial with 20 terms up to order 4 in phase and order
3 in temperature for 3830 optodes (F3g39, see Aanderaa Data
Instruments AS, 2006) and with 27 terms (of which typically only
21 are non-zero) up to order 5 in both phase and temperature for
4330 optodes (Fu330, see Aanderaa Data Instruments AS, 2009).
Subsequently, each individual sensor—sensing foil pair is two-
point calibrated with one point at zero O, and room temperature
and one point at 100 % O, saturation near 10 °C. Depending on
the version of the calibration certificate, these data were used for
a linear (offset and slope) correction either on the phase shift
(“phase-domain”), on the result of F (“oxygen-domain”) or at
both locations, i.e.,

Coz,adj|5:0 = c1 - F3830/4330(D, €3+ @agj + €1) + 2 (25)
where @,4; is the optode’s adjusted phase shift in ° (see
Equation 28, section 5.2.4 below), ¥ the optode temperature
in °C, and F3g30 and Fy330 the polynomial function of foil
coefficients for 3830 or 4330 optodes, respectively. c;/, are the
so called ConcCoefs and c3/4 the first two PhaseCoefs (Aanderaa
Data Instruments AS, 2009). Since mid-2012, Aanderaa optode
models 4330 can be individually multi-point calibrated by the
manufacturer. The calibration data are used to derive seven
calibration coefficients ¢;_ 7 following Uchida et al. (2008) to
calculate a (freshwater-equivalent) O, concentration,

Ccqtcs-0
C67C7Padj

C1+C2'ﬁ+C3~7}2.

€0,,adj | 5=0 — (26)

All Aanderaa factory calibrations provide O3 in units of umol O,
L-L

As discussed for the in-air measurements, the two-point
calibration of batch foil coefficients is inadequate to fully adjust
the O,-T-response to each individual optode. Therefore, an
individual multi-point calibration for every optode is advisable
to allow high-quality O, data.

In addition, the above Uchida et al. (2008)-type mathematical
model F (Equation 26) has the advantage of a better interpolation
and in particular extrapolation behavior with respect to
the scattered calibration data compared to the high-order
polynomial mathematical models F3g39 and Fa330 (Equation 25).
However, the mathematical model F is always independent of
the calibration or reference data itself. Matlab code to refit
calibration coefficients after Equations (26, 31) from Aanderaa
batch calibration data sheets is provided by Bittig (2018).

5.2.3. Salinity Compensation

The response of oxygen optodes is sensitive to the partial
pressure pO; of the ambient medium. For mathematical models
F that do not provide the pO, directly but a (freshwater-
equivalent) O, concentration in the ambient medium (i.e., all
the ones mentioned in section 5.2.2), the result of F needs to be
corrected for the salinity dependence of the conversion between
O, concentration and partial pressure, i.e.,

1013.25 hPa — pH,0(8, S=0)
1013.25 hPa — pH,0(¥, S)

“Scorr * COZ,adj}szo >

(27)
where pH,O is the partial pressure of water vapor (Weiss and
Price, 1980) and Scopr the salinity-dependent factor of the O,
solubility ¢y following Garcia and Gordon (1992) using the
Benson and Krause refit (see Bittig et al., 2016). Note that the
salinity corrections given by both Aanderaa and Sea-Bird are not
fully correct since they neglect the salinity-dependence of pH,O
and thus the associated (albeit small) change in atmospheric
equilibrium pO, (Bittig et al., 2016).

COz,adj |S =

5.2.4. Hydrostatic Pressure Compensation
The pressure correction of optode observations should be done
in two steps to account for the two different processes observed
in laboratory studies (Bittig et al., 2015a). To compensate the
pressure effect on the luminescence lifetime Ay, the raw phase
measurement @, from the optode should be adjusted following
Equation 28 with a phase offset z depending on the sensing foil
and manufacturer (PSt3 foils: 0.100° per 1,000 dbar for Aanderaa
optodes, 0.115 s per 1,000 dbar for Sea-Bird optodes).
QPadj = Praw T 2 p (28)
After application of the oxygen, temperature, and salinity
compensation to the adjusted phase data ¢,q; (subsections 5.2.2
and 5.2.3), the pressure effect on quenching and on the
membrane O, equilibrium level can be corrected by

€O, = COz,adj . (1 +f(ﬁ) : P) (29)
with f(2) following
F() / % per 1,000 bar = 4.19 + 0.022 - (30)
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for both Aanderaa optodes and Sea-Bird optodes. The
uncertainty in f is ca. 0.3 % per 1000 dbar (Bittig et al.,
2015a), i.e., wherever the reference data are obtained (e.g., in the
laboratory or near the surface from in-air measurement vs. at
depth from hydrographic data), the uncertainty of the optode
measurements increases by this amount the farther they are from
the pressure level of the reference data.

5.2.5. Simplification of Optode Calculations
The above steps can be simplified into one by using a
mathematical model F that provides the partial pressure pO,
instead of an estimate of the O, concentration that depends on
conditions (either a freshwater setting with S=0 or a subsequent
salinity-correction to give sensible results). The advantage of pO,
mathematical models is that (1) they avoid the ambiguity of
€0y adj |S=0 V8. €0, adj } ¢ which by necessity have the same unit and
are thus easily confused, (2) they provide a sensible O, quantity
directly (see section 5.1), and (3) they adequately represent the
processes at work, i.e., the interface and equilibrium between
optode sensing foil and ambient seawater medium.

At GEOMAR, good experience has been obtained with a
modification of Uchida et al. (2010) following

14-c4-0
C5C6 Padi+C7 ¥

. 31
cg+c-0Fcs-02 (31)

PO2.di =

that in general yields lower root-mean-squared-errors to
calibration data than the original Uchida et al. (2008) model
(Equation 26), its Sea-Bird modification (Equation 24), or
the McNeil and D’Asaro (2014) model. Again, the kind of
mathematical model F is independent of how calibration data
were obtained and any kind of mathematical model can be
applied to calibration data of arbitrary origin. Matlab code to refit
Aanderaa batch calibration data (as well as Aanderaa and Sea-
Bird multi-point factory calibrations for comparison) according
to Equation (31) is provided by Bittig (2018).
Comparison of Equations (14, 15, and 29) gives

) o
to correct pO, ,4j from Equation (31) for the effects of hydrostatic
pressure.

For surface applications, Equation 31 gives a fully valid
O, quantity in one step. With hydrostatic pressure effects,
Equations (28, 31, and 32) (including Equation 30) need to be
combined. Conversions from pO, to O, concentration or other
O, quantities are easily done using the SCOR Working Group

142’s recommendations on O, quantity conversions (Bittig et al.,
2016).

. VE(0y) - P
POz = pOyaqi- (14 f() - P) - exp (m

5.2.6. Dynamic Time Response Correction

Time response correction is basically inverse filtering or
deconvolution of the optode observations to remove the
smoothing and lag of the optode time response. This, however,
includes all caveats that come with this operation, in particular
amplification of noise in the observations, which can create

artifacts especially in regions of strong and/or changing O,
gradients. To permit an accurate reconstruction, data need to
be logged at an adequate temporal resolution (with respect to
the magnitude of 7) and the response time estimate should be
appropriate. One possible algorithm is described in Miloshevich
et al. (2004), which has been applied by Fiedler et al. (2013)
to oceanic pCO, observations. The algorithm given in Bittig
et al. (2014), which they also used to correct O, optode data, is
reproduced in the Supplemental Material.

Unrealistic overshoots (e.g., at the base of the mixed layer) or
similar artifacts in changing O, gradients can occur, e.g., due to
a too coarse temporal resolution of the data or an inadequate
response time 7 estimate. In such cases, the magnitude of the
correction should be manually reduced, e.g., by lowering t’s
by 10 %.

6. SUMMARY

Driven by the growing interest in the marine oxygen cycle and
motivated by the prospects of a global Biogeochemical Argo
program (http://biogeochemical-argo.org), the oceanographic
community has invested a great deal of effort into characterizing
and understanding the promising oxygen optode technology.
Through thorough laboratory and field studies on the one
hand and careful analyses and theoretical considerations
of the data on the other hand, a consistent picture of the
properties, limitations and best practices has emerged for the
most prominent commercially available oceanographic optode-
based oxygen sensors. We have tried to put this here together
in a comprehensive but still concise way. The main findings
(following the structure of the manuscript) can be summarized
as follows:

e Oxygen optodes are based on the principle of dynamic
luminescence quenching the theory of which is well
understood. All oxygen optodes show a non-linear
Stern-Volmer behavior.

Mathematical models to describe the sensor O,-T-response do
not adequately follow physical relationships®, however, they
are able to properly describe the sensor response for practical
purposes. Preference should be given to mathematical models
with a small number of calibration coefficients, i.e., without
high-order polynomials.

Oxygen optodes respond to the partial pressure of O, (pO5),
which is independent of salinity. For a conversion to O,
concentration both in volumetric (tmol L™!) and gravimetric
units (umol kg~1), the salinity-dependence of the conversion
between pO, and O, concentration has to be taken into
account by means of a “salinity correction”.

Pressure affects the O, measurement in two ways, destabilizing
the luminophore as well as reducing the amount of quenching,
which requires a two-fold compensation for application at
greater depths.

OThis includes McNeil and D’Asaro (2014), despite the title. Their starting point,
Equation (6), is invalid for lifetimes and only holds for intensities.
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e The optode response to a change in ambient O, concentration
is not instantaneous. This has consequences for profiling
applications. Operation of optodes in pumped mode is
characterized by significantly shorter response times.
Response times in unpumped operations depend on the
platform-dependent flow regime in front of the sensing
window. Lookup tables allow estimation of response time as a
function of T and flow regime for optodes with PSt3 sensing
foils (Aanderaa and Sea-Bird optodes).

Optodes with PSt3 foils generally show significant drift (i.e.,
several percent per year) when not submerged continuously
in seawater, i.e., during storage and transport. Drift is linear
with oxygen and can be corrected by a corresponding
slope factor and zero offset. The slope correction should be
applied on oxygen, not phase, and works best with pO,.
The drift is strongest in new optodes (foils) and less in
older ones.

This means that optodes with PSt3 foil should be regarded as
uncalibrated unless they have been calibrated very recently,
i.e., within a couple of weeks for new optodes, few months for
optodes older than 5 years.

Optodes are far more stable when deployed in the ocean.
The majority of optodes with PSt3 foil are characterized
by a moderate (mostly negative) drift, which typically does
not exceed 0.5 % year!. This may be tolerable for shorter
deployment but can accumulate to several percent over multi-
year deployment such as on Argo floats.

Since PSt3 sensing foils become more stable with time, we
recommend to not replace them unless they are mechanically
damaged. We have not experienced a limit for the lifetime
of sensing foils due to aging factors other than mechanical
damage.

Depending on the kind of optode calibration, handling
and usage scenario, accuracy of O, measurements can vary
considerably (from 1 hPa to more than 20 hPa, see Figure 11
for PSt3 foil optodes). To achieve highest accuracy, each sensor
requires an individual multi-point calibration in T- and O,-
space at least once during its lifetime. Foil batch calibrations
fail to achieve such high accuracy.

To correct for any possible drift prior to and after deployment
as well as any in-situ drift (which on a few optodes may
significantly exceed the typical 0.5 % year™! drift rate)
some means of in-situ calibration should be implemented.
When optodes can be recovered after deployment, an in-
situ calibration at deployment and recovery is recommended.
For deployments where the optode regularly gets in contact
with air (e.g., on floats and gliders), the well-established in-
air measurements routine can be implemented. This should
be done by default for float-mounted optodes for which
detection of in-situ drift is not straightforward otherwise.
A minimum standard calibration routine should involve a
two-point calibration (at 0 and 100 % oxygen saturation)
at deployment and—for glider, moorings etc.—at recovery.
During the lifetime of an optode-foil combination, drift effects
can be compensated with, e.g., simpler two-point calibrations,
if their O,-T-response has been well characterized once by an
individual multi-point calibration.

e The “smearing” effect of the response time on O,
measurements can be corrected for if data are logged at
adequate temporal resolution and with precise time stamps.
Time response correction is basically inverse filtering
the optode data, with all caveats that come with it (e.g.,
amplification of noise). Nonetheless, we found that it
improves data quality. However, the response time effect on
O, accuracy depends strongly on response time (i.e., flow)
and O, gradient, ranging from near negligible to several tens
of umol kg ™.

No single O, quantity is suitable to express all aspects of
O, observations, e.g., (dis-)equilibrium between air and water
or water and sensing foil (O, saturation or pO,), or water
mass mixing (O, concentration). They give, however, the same
information and we recommend to follow the SCOR WG 142
recommendations for conversions (Bittig et al., 2016). For sea
water concentration, umol kg~! should be the preferred unit.
For partial pressure, we advise to use hPa or another full power
of 10 of the SI unit rather than atmospheres (atm).

Aanderaa O, optodes (and to some degree Sea-Bird optodes)
with PSt3 foils are by far the most well-studied. Following
the guidance of this manuscript, they can be prepared to
provide O, data with an accuracy of 1 hPa. Knowledge and
experience with other O, optodes (JFE Advantech, Contros,
RBR, Aanderaa optodes with WTW foils) is much more
limited or non-existent, which prevents us to give a sound
and complete assessment. They show some promising features
(e.g., a fast time response; JFE Advantech, Contros), which
may come at a cost (e.g., strong drift, inconsistent pressure
dependence, ...?). Nonetheless we feel that some commercial O,
optodes and their characterization have reached a maturity that
allows their wide-spread use for high-quality autonomous O,
observations.

7. CONCLUDING REMARKS

In light of the “Sensors for Autonomous Ocean Observations”
Research Topic, to which this manuscript contributes, we want
to add some guidelines for new and upcoming optical oxygen
sensors on how to ensure that they become widely accepted and
used by the oceanographic community:

e Characterize the O;-T-response, and how it can be
approximated by a mathematical model.

Characterize how exactly the O,-T-response changes with
time and characterize the magnitude of the O,-T-response
change in different settings, e.g., stored in the lab or when
deployed at depth. (Simply stating “no drift” does not increase
trust into the sensor—“drift linear with pO, but independent
of temperature” or “drift below detectability of x hPa per year
when stored wet, in the dark, and at room temperature” would
be much more helpful characterizations.)

Characterize the time response. (A statement like “z of
6 s” does not allow meaningful interpretation without the
conditions being stated, e.g., “r of 6 s at a flow of 7,000
mL L7! and at 20 °C though at 4 °C would be more
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informative for oceanic applications.) A more complete
characterization at different temperatures but constant flow, as
well as its dependence on flow, in fact, would ease the sensor’s
deployment in different settings.

Verify that your optode responds to the O, partial pressure. If
not (or if the membrane is salinity-sensitive), characterize the
salinity response.

Check whether any of the above (O, response, time response,
...) changes with hydrostatic pressure. For the O, response,
perform these test at at least zero oxygen and two other
O, levels (ie., linear or not?) and preferably at cold (i.e.,
deep ocean) temperatures, if experiments at more than one
temperature are not possible.

Disclose all your findings openly so that users can employ
them for and perhaps verify/falsify them by their own work.
Explore ways to compensate some of the shortcomings
(e.g., pre-treat membranes with a burn-in to reduce drift
and let your users know about the difference, enable in-
air observations to compensate O, sensitivity drift post-
deployment).
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