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Abstract

The concentration of dissolved oxygen in seawater is routinely measured using a stan-
dardized titration method that involves analysis shortly after the water sample has been
collected. However, none of the existing procedural documents are specific about how
soon after collection the titration has to be done. Here, we report on a small number of5

samples where duplicates were collected and one batch was titrated within days after
collection, while the other batch was stored for several weeks before titration. In addi-
tion, for a subset of the samples a third batch was taken that was stored like the others
but with a particular chemical already added before storage. Comparison between the
batches confirms that there is no significant difference between the ones that were10

stored and the ones that were analyzed sooner, indicating that a month-long storage
period is acceptable. The implication of this is that such oxygen samples do not nec-
essarily have to be analyzed while still on the ship; instead, it is possible to transport
them ashore for analysis there.

1 Introduction15

The method to determine the concentration of dissolved oxygen in seawater that is
typically used in oceanography today has been described by Carpenter (1965b), and
is in turn based on the method by Winkler (1888). Carpenter (1965a) reports that the
accuracy of the method is 0.1 %. This would amount to 0.006 mL L−1 for the higher con-
centrations presented here, but this error estimate refers to the lab procedure alone and20

does not include the errors introduced by handling the samples prior to analysis, es-
pecially not drawing the samples on the ship. A more recent description of the method
has been given by Dickson (1996) as part of the WOCE program (World Ocean Circu-
lation Experiment), who demands the precision of the measurements by one operator
to not exceed 0.5 µmol kg−1, and the bias between different operators to not exceed25

2.0 µmol kg−1. These numbers correspond to 0.011 and 0.046 mL L−1, respectively. The
precision is understood as the repeatability of the measurement, and the inter-operator
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bias is essentially the absolute accuracy of the method including on-board procedures.
An automated endpoint detection method for the titration can achieve even higher pre-
cision (0.15 µmol kg−1 or 0.003 mL L−1, Langdon, 2010). Again, this number does not
take into account sampling error from handling the water prior to analysis, nor is it an
estimate of total accuracy or inter-operator bias.5

The purpose of the oxygen water samples used for this study was to calibrate and
validate autonomous electronic oxygen sensors that were either on a profiling CTD
system or on a mooring. The instruments used were of two different types: one utiliz-
ing a polarographic membrane (Clark et al., 1953), the other an optode (Klimant et al.,
1995). The polarographic membrane types were Sea-Bird Electronics (SBE) model10

43, and the optodes were varying models, including model 4831, made by Aanderaa
Data Instruments (AADI). The online specification sheets for the SBE 43 list the initial
accuracy of the sensor as 2 % of the measurement value. SBE also offers an optode
sensor, for which a manual is available (SBE-63 reference, 2014) that lists the accuracy
as the greater of 2 % or 0.07 mL L−1, presumably the same as the SBE 43. The spec-15

ification sheet of the AADI 4831 (AADI-4831 reference, 2012) defines the accuracy
of that optode as the greater of 5 % or 8 µmol kg−1 (0.19 mL L−1), but some reports
(A. Tengberg, personal communication, 2014; Methods section by Champenois and
Borges, 2012) suggest that it is smaller and likely similar to the SBE numbers. These
accuracy estimates of the sensors are somewhat larger than those reported for the20

oxygen titration method, implying that titration can indeed constrain the calibrations of
the sensors (and not vice versa). This is especially true when sensor drift over time
is added to the above accuracy estimates, which are understood as initial accuracies.
These accuracies are included as green background shading in Fig. 1.

A water sample is typically taken with a rosette water sampling system at depth and25

then brought onto the deck of the ship. At that time, the water is transferred into an Er-
lenmeyer flask, and certain chemicals are added (manganese chloride, sodium iodide
in sodium hydroxide). These flasks are stored at room temperature in the dark, and the
stoppers are made airtight by filling the flask brims with deionized water, following the
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recommendations by Langdon (2010). Standard practice is to proceed with the titration
of the samples within a few days, but no sooner than a few hours after sampling to allow
the samples to equilibrate in temperature to the lab environment. The aforementioned
procedural documents are not specific about just how long this storage period could
be. Langdon (2010) suggests between 1.5 h and “many days”, provided that the airtight5

seal is not breached. When we asked experts from several institutions that had been
involved in WOCE, the responses varied dramatically: that the samples could not sit at
all for extended periods of time, or that the samples could very well be stored for several
weeks. In addition, one advice was that the samples would possibly be more stable in
storage if a particular chemical (sulfuric acid) from the titration process were already10

added to the sample prior to storage. The uncertainty in these responses motivated
the present study.

2 Data and methods

The data used here come from two cruises on research ships in the northeastern
Pacific Ocean: one dataset was collected on the vessel New Horizon during cruise15

NH1409 in the California Current region in April/May 2014, the other one on the vessel
Melville during cruise MV1404 en route to/from Ocean Station Papa (see Sect. 4.2.3
of Cronin et al., 2012) in June 2014. In all cases, the analysis method by Carpenter
(1965b) was used to determine the oxygen concentrations in the samples, following
these steps:20

– Collect water samples and transfer to Erlenmeyer flasks

– Add “pickling” reagents (manganese chloride, sodium iodide in sodium hydroxide)

– Storage of the samples at room temperature in a dark location, keeping the flask
brims filled with deionized water to maintain an airtight seal

– Add sulfuric acid25

– Titration using sodium thiosulfate
2450
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Repeat samples were taken with different storage durations, to judge the effect of that
storage. Each one of these repeat samples was obtained from a separate rosette water
bottle, such that each one was the first water taken from the rosette bottle. This elim-
inates contamination by air in a growing headspace in the rosette bottle, which would
otherwise adversely affect the later samples. However, it does add an element of envi-5

ronmental variability if there are gradients in the water between the rosette bottles.

2.1 New Horizon cruise NH1409

Repeat oxygen samples from New Horizon cruise NH1409 were collected in three
batches for inter-comparison: batch 1 was titrated about a week after collection of the
samples and serves as the reference, i.e. is considered to be the batch that was pro-10

cessed “immediately”. Batch 2 was stored for about one month in a dark box at room
temperature before titration. Batch 3 was treated exactly like batch 2, except that a short
time after sampling (circa 30 to 60 min) and before storage, the sample bottles were
re-opened and sulfuric acid, a chemical that would otherwise be added just prior to the
titration process, was added. Then, the bottles were re-sealed and returned to storage.15

The process of adding this acid is awkward, because it exposes the samples to air,
spills a small amount of the sample, and is likely to trap at least a small air bubble
in the sample when re-sealing. All oxygen samples from New Horizon cruise NH1409
were analyzed on shore, i.e. none were titrated on the ship. The titrations of all three
batches were done by the Oceanographic Data Facility (ODF) at Scripps Institution of20

Oceanography.
The raw data are listed in Table 1 and plotted in Fig. 1. Table 3 shows statistics

about the differences between the repeat batches. Three outliers are not included in
the statistics. For the differences between batches 2 and 1, the mean and SD amount
to −0.02 and 0.03 mL L−1, respectively. For batches 3 and 1, these values are −0.0325

and 0.03 mL L−1.
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2.2 Melville cruise MV1404

Repeat oxygen samples from Melville cruise MV1404 were collected in two batches to
analyze the effect of storage on the samples: batch 1 was titrated on board the ship
a day after sample collection, and is considered to be the reference that was titrated
“immediately”. The operator on the ship was from Scripps Institution of Oceanography,5

but not affiliated with ODF, and used titration equipment that was rented from the Ma-
rine Chemistry Laboratory, School of Oceanography, University of Washington. Batch
2 was stored for about two weeks and titrated by ODF ashore. Therefore, the difference
between the two batches will contain an element of inter-operator bias, in addition to
whatever effect the storage may have had. The raw data from the two batches are10

listed in Table 2 and plotted in Fig. 1. The mean and SD of the differences between
batches 2 and 1, as given in Table 3 and excluding one outlier, amount to 0.004 and
0.007 mL L−1.

3 Interpretation and conclusions

Judging the mean and SD values of the differences between repeat batches of oxygen15

samples, all samples were well suited for their purpose, which was calibration and
validation of electronic sensors. This is best seen in Fig. 1, where all samples except
for a few outliers fall within the green shading, which shows the target accuracies of the
electronic sensors as specified by the manufacturers.

The results from the Melville cruise match particularly well, even though they were20

obtained by different operators. The agreement is substantially better than the targets
for absolute accuracy put forth by Dickson (1996), shown in the introduction here, and
both the mean and the scatter are in fact so close to zero that they are smaller than the
target for same-operator precision (Dickson, 1996).

The results from the New Horizon cruise show somewhat larger differences, but the25

mean and SD numbers are still smaller than what Dickson (1996) lists as an acceptable
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bias between different operators. One possible explanation for the larger scatter in the
New Horizon comparisons, compared to the Melville data, is that the data tended to
be collected at shallower depths (see pressure data in Tables 1 and 2) where envi-
ronmental gradients are greater and introduce additional variability, which has nothing
to do with the analysis method. The slightly negative means in the New Horizon re-5

peat batches, when compared against the reference batch, seem to be more likely an
inter-operator bias rather than an effect of the sample storage. If anything, one would
expect the effect of storage and contamination of the samples to be most visible in
those samples that have low oxygen concentration and to result in a positive bias, be-
cause exposure to the atmosphere would increase the oxygen content. However, the10

discrepancies appear to be smaller in the samples with low concentrations, and the
overall bias is negative. Batches 2 and 3 from the New Horizon data were processed
by the same person on the same day, but batch 1 was processed on a different day.
Therefore, a slight discrepancy in the day-to-day instrument setup can explain the ex-
istence of a small mean bias, and one possible candidate is the setting of the titration15

“standard” value. This standard determines the strength of the titration solution, and
effectively comes into the equations for oxygen concentration as a multiplicative fac-
tor (Carpenter, 1965b). Changes in the standard would indeed show greater effect on
those samples with greater oxygen concentration, as seem to occur here.

In conclusion, storage of the oxygen samples for up to three weeks prior to titra-20

tion had no effect on the results that exceeded the target accuracies of the published
methodology. Storage conditions were at room temperature, shielded from light, and
such that the bottle brims were kept filled with deionized water to make a tight seal.
Adding the sulfuric acid to the samples prior to storage did not improve the outcome,
but bears an inherent risk of ruining the sample in the process. These results were ob-25

tained using a relatively small number of samples from two expeditions only. It remains
to be seen if the results remain valid for a larger number of realizations, and for sam-
ples from other locations than the subpolar and subtropical North Pacific. If they do, it
seems perfectly acceptable to store the samples after they are collected and treated
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with the first set of chemicals on the ship (manganese chloride and sodium iodide in
sodium hydroxide), and only do the titrations on land after the cruise has commenced,
or to titrate all samples in a single session towards the end of the cruise rather than
doing them in daily batches.
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Table 1. Water sample data of dissolved oxygen (DO) in seawater from the New Horizon cruise
NH1409. The three batches are described in the text, and the data are shown in Fig. 1. Values
that are considered outliers are given in parentheses, and the asterisk∗ symbol denotes bottles
where anomalies were noted during the analysis.

Batch NH 1 Batch NH 2 Batch NH 3
Titrated 6 May 2014 Titrated 30 May 2014 Titrated 30 May 2014

(Reference) (Stored) (Stored with Acid)

Sample Date Bottle No. Bottle No. Bottle No.
Pressure [dbar] DO [mL L−1] DO [mL L−1] DO [mL L−1]

28 Apr 2014 1609 1750 1658∗

577 0.541 (0.261) (0.936)

28 Apr 2014 1660 1163 878∗

458 0.413 0.399 0.428

28 Apr 2014 1312 1790 1702∗

345 0.656 0.651 0.669

28 Apr 2014 1311 1759 1837∗

11 5.861 5.889 5.825

29 Apr 2014 1525 1666 1729
46 5.906 5.828 5.824

29 Apr 2014 1132 1122 1852
23 5.835 5.826 (5.456)

30 Apr 2014 1033 1733 1710
72 4.302 4.266 4.281

30 Apr 2014 726 1786 1744
16 5.926 5.913 5.893

30 Apr 2014 1638 1336 1654
3 5.956 5.938 5.909

∗ Known Problems:
Bottle 1658: big bubble in sample, forgot stirbar while titrating, value high,
Bottles 878 and 1702: big bubbles in sample,
Bottle 1837: added acid twice.
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Table 2. Water sample data of dissolved oxygen (DO) in seawater from the Melville cruise
MV1404. The two batches are described in the text, and the data are shown in Fig. 1. Values
that are considered outliers are given in parentheses, and the asterisk∗ symbol denotes bottles
where anomalies were noted during the analysis.

Batch MV 1 Batch MV 2
Titrated 20 Jun 2014 Titrated 3 Jul 2014

(Reference) (Stored)

Sample Date Bottle No. Bottle No.
Pressure [dbar] DO [mL L−1] DO [mL L−1]

19 Jun 2014 218 123
3492 2.873 2.890

19 Jun 2014 228 125
2903 2.381 2.383

19 Jun 2014 231 124
2000 1.203 1.206

19 Jun 2014 220 126
1117 0.416 0.420

19 Jun 2014 264 122
740 0.480 0.477

19 Jun 2014 256 121
495 0.743 0.749

19 Jun 2014 240∗ 132∗

65 6.753 (2.862)

19 Jun 2014 225A 131
18 6.624 6.621

∗ Known Problems:
Bottles 132 and 240: suspect temperature in rosette bottles.
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Table 3. Statistics of differences between repeat batches of water samples. All values denote
dissolved oxygen concentration in mL L−1. The underlying data are shown in Fig. 1 and Tables 1
and 2, and exclude four values marked as outliers therein.

NH 2−NH 1 NH 3−NH 1 MV 2−MV 1
No. of Obs. 8 7 7

Median −0.015 −0.033 0.003
Mean −0.018 −0.027 0.004
RMS 0.034 0.042 0.007
SD 0.030 0.034 0.007
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Figure 1. Differences in oxygen concentration determined from the batches that were stored minus
the ones that were not. Colors denote the different batches. Data are from tables 1 and 2. “Good”
samples are shown as solid circles. Hollow symbols are outliers that are not used in the statistics.
One additional outlier is off the scale and not shown. Square symbols denote samples for which the
analyst has noticed anomalies. The green shading indicates accuracy limits of different electronic
sensors (AADI-4831 reference; SBE-63 reference). Additional dark green dashed lines show the
bias requirement from Dickson (1996).
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Figure 1. Differences in oxygen concentration determined from the batches that were stored
minus the ones that were not. Colors denote the different batches. Data are from Tables 1 and
2. “Good” samples are shown as solid circles. Hollow symbols are outliers that are not used
in the statistics. One additional outlier is off the scale and not shown. Square symbols denote
samples for which the analyst has noticed anomalies. The green shading indicates accuracy
limits of different electronic sensors (AADI-4831 reference, 2012; SBE-63 reference, 2014).
Additional dark green dashed lines show the bias requirement from Dickson (1996).
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