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Abstract

Batch to batch differences of IAPSO standard seawater (SSW) batches P103 to P129 were examined. Several

comparison experiments, in which 2–23 batches of SSW were compared with each other, were carried out during the

period from 1991 to 1997. Batch to batch differences for the KCl-labeled batches, P91 through P129 except for P113,

P115, P117, P125 and P126, ranged from �2.2� 10�3 to 1.2� 10�3 in salinity with an average of �0.1� 10�3 in
salinity. Within-batch differences were observed to beo0.3� 10�3 in salinity for recent batches except a few for which
the differences were up to 0.6–0.9� 10�3 in salinity. The KCl-labeled batches generally agreed to within 1.0� 10�3 in
salinity with the assumed reference. Applications of batch to batch differences of SSW for World Ocean Circulation

Experiment (WOCE) expedition salinity data led to a significant reduction in salinity variance at crossovers both at the

regional scale of the Philippine Sea and the basin scale of the Pacific Ocean and Atlantic Ocean. To obtain accuracy

better than 2� 10�3 in salinity, within-batch differences were also considered before the standardization for several
ampoules of SSW. It is prudent that we continue the monitoring of batch to batch differences of SSW by comparing

new with previous batches, so that one may correct both future salinity data and the historical salinity data. r 2002

Elsevier Science Ltd. All rights reserved.
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1. Introduction

The comparison of batches of IAPSO standard
seawater, hereafter SSW, is basic to high-quality
hydrographic studies. Mantyla (1980, 1987, 1994)
and Takatsuki et al. (1991) have presented tables
of batch to batch differences of SSW, hereafter
SSW offset or offset of SSW, up to SSW batch
P112. The SSW batch numbers varied from P96 to

P124 for salinity measurements during the WOCE
Pacific hydrographic observations. Recent com-
parisons of SSW at various laboratories involved
in the WOCE field work allow us to extend
previous studies on the offset of IAPSO SSW to
include SSW batches used during WOCE.
In this paper, we present offsets of P103 through

P129 excluding P113, P115, P117, P125 and P126.
Since we did not obtain the ampoules for com-
parison for these five batches, no offsets of SSW
of these five batches could be estimated. The
offsets presented will be referred to the mean of
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offsets of SSW batches P91–P102 proposed by
Mantyla (1985). Thus, our proposed offset is not
against the defined KCl solution directly, but
against another ad hoc reference, an extension of
the offset table of SSW proposed by Mantyla
(1987). We also apply the SSW offset to WOCE
expedition data to show how the corrections lead
to much better data at the regional scale of the
Philippine Sea and the basin scale of the Pacific
Ocean and Atlantic Ocean.
Thus one may make adjustments to both the

WOCE Hydrographic Programme (WHP) data set
and most of the historical hydrographic data sets
in the world by adopting the offset table proposed
in this study and previous studies.

2. High-precision salinity measurement

Eleven comparison experiments shown in Table
1 were carried out during the period from 1991
through 1997, the WOCE expedition period. Six of
the 11 experiments were comparisons of two target
batches; five comparisons, two at Japan Meteor-

ological Agency (JMA), two at Woods Hole
Oceanographic Institution (WHOI) and the latest
one at Japan Marine Science and Technology
Center (JAMSTEC), were multiple batch compar-
isons. In the JAMSTEC 1997 experiment, 115
ampoules of SSW together with substandard
seawater were evaluated. The basic concept of
the measurement is common among JAMSTEC,
JMA, Kobe Marine Observatory (KMO) and
Nagasaki Marine Observatory (NMO) at the time
of the comparison. The details of the JAMSTEC
1997 experiment are described below.
The double conductivity ratio was measured for

12 different batches of SSW in May 1997. The
measurements were conducted on a Guildline
laboratory salinometer Model 8400B AUTO-
SALs in a laboratory at JAMSTEC. The AUTO-
SALs was carefully calibrated before the
measurement following the technical manual for
the instrument (Guildline Instruments Ltd., 1991).
A data collection system was developed to
determine a double conductivity ratio (technical
manual, Guildline Instruments Ltd., 1991) and
monitor the bath and ambient temperatures. A

Table 1

Comparison experiments during WOCE period

Inst./org. Date Ref.

batcha
Target batcha

NMO/JMA May 1991 P112(2) P114(2)

NMO/JMA Feb. 1993 P119(3) P114(5)

KMO/JMA Feb. 1993 P119(1) P116(1)

NMO/JMA May 1993 P121(2) P119(3)

JMA July 1994 P123(6) P88(4), P100(1), P110(1), P114(1), P118(4), P121(4)

KMO/JMA July 1995 P124(2) P122(2)

WHOI Aug. 1995 P118(4) P120(1), P123(1), P124(1)

JAMSTEC Jan. 1996 P124(37) P123(5)

WHOI May 1996 P129(4) P83(1), P108(1), P116(2), P118(2), P120(2), P123(3), P124(6), P127(2), P128(2)

JMA Aug. 1996 P123(9) P32(1), P35(3), P39(3), P40(1), P41(2), P43(3), P47(2), P49(2), P52(30), P56(1),

P64(1), P67(4), P70(3), P88(2), P93(1), P114(4), P119(3), P121(4), P122(1),

P124(3), P127(3), P128(3)

JAMSTEC May 1997 P124(37) P70(3), P88(9), P94(11), P114(9), P116(2), P119(7), P121(3), P123(19), P127(2),

P128(10), P129(3)

aNumbers in parentheses are the number of ampoules measured.

JMA: Japan Meteorological Agency.

NMO/JMA: Nagasaki Marine Observatory, JMA.

KMO/JMA: Kobe Marine Observatory, JMA.

WHOI: Woods Hole Oceanographic Institution.

JAMSTEC: Japan Marine Science and Technology Center.
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Hewlett Packard quartz thermometer (model
HP2804A) was used for temperature measure-
ment. The HP2804A has two crystal probes: one
was put into the bath of the AUTOSALs to
measure the bath temperature and the other was
set on a side of the AUTOSALs to measure the
ambient temperature. A measure of a double
conductivity ratio of a sample is taken as a median
of 31 readings and measures of temperatures are
taken as an average of the values taken before and
after readings of the double conductivity ratio.
Following Takatsuki et al. (1991), data were
sampled for the third, fourth and fifth filling of
the cell. The average value of the three double
conductivity ratios was used to calculate the
conductivity salinity with the algorithm for the
practical salinity scale, 1978 (UNESCO, 1981).
The bath temperature of the AUTOSALs was

set to 241C. The ambient temperature was kept
within 22170.51C during the measurement. The
AUTOSALs was standardized with SSW batch
P124, and additional ampoules of P124 were
measured periodically during the experiment to
check for a possible drift. The suppression dial was
set to ‘‘2.0’’, and all the measurements were made
at the same setting in order to avoid possible
discontinuity that might be caused by different
settings (Mantyla, 1987). Each standard deviation
(1s) of 31 readings was less than 1� 10�5 (1 digit
of readings), and each deviation of double
conductivity ratios for the third, fourth and fifth

filling from the mean was smaller than 2� 10�5

(2 digits).
Substandard seawater was also measured peri-

odically to check the condition of the AUTO-
SALs. Approximately 20 l of seawater was
collected from a depth of about 1500m and
gravity filtered through a membrane filter (Milli-
pore HA) with pore size of 0.45 mm. Substandard
seawater was stored in an aged cubitainer with no
head-space and stirred for at least 24 h. The sample
intake pump was attached to the AUTOSALs

and the substandard seawater pumped into the cell
directly from the container through Teflons

tubing. A schematic of our system is shown in
Fig. 1.
Fig. 2 shows a result of measurements of SSW

batch P124. Thirty-seven ampoules of SSW batch
P124 were measured periodically. Measured sali-
nity and temperature are plotted against the time.
As shown in Fig. 2, the first seven values of salinity
measured on the second day (arrows in Fig. 2)
were slightly low. The slightly high bath tempera-
ture may explain this shift. In order to compensate
for this shift, 0.6� 10�3 in salinity was added to
the value measured during this period. This
adjustment affected salinities from three ampoules
of SSW batch P88, three of P94, two of P114, one
of P121, and six of P123.
The precision of the analysis as inferred from

the 37 repeat runs on SSW batch P124 was
0.2� 10�3 in salinity (1s). This is comparable to

Fig. 1. Schematic sketch of the measurement system.
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the precision estimated by previous works such as
Mantyla (1987) and Takatsuki et al. (1991).
Mantyla (1987) mentioned that ampoules that
contained obvious contaminants or having a crack
gave an erroneous result. Such ampoules were not
measured in this experiment.
As mentioned above, substandard seawater was

measured 31 times periodically. The salinity of the
substandard seawater ranged from 34.6969 to
34.6980 and the standard deviation (1s) was
0.3� 10�3 in salinity. The small standard deviation
suggests that the quality of the well-controlled
substandard seawater was equivalent to the
IAPSO standard at least during this experiment.
Since usually only one batch of SSW is used

during a cruise, within-batch comparison by sub-
standard seawater can be used for the detection of
batch to batch difference and drift of the AUTO-
SALs itself.

3. Compiling methods of the comparison

experiment

The available 11 comparison experiments are
shown in Table 1 for the period from 1991 through
1997. Since the reference SSW batch in each
experiment varies from experiment to experiment,
a method needs to be defined by which one can
combine recent results with the previously pre-
sented offsets up to P112 (Mantyla, 1980, 1987,
1994; Takatsuki et al., 1991). To minimize the
discrepancy among experiments, we use the pre-

viously presented offsets of P94 as the first key for
conjunction between the results of Scripps Insti-
tute of Oceanography (SIO) in 1987 (Mantyla,
1987) and JAMSTEC in 1997. We use P110 as
the second key for conjunction between the results
of SIO in 1989 (Mantyla, 1994) and JMA in
1994.
Three experiments, of WHOI in 1995, JMA in

1996 and WHOI in 1996, are normalized to P123/
P124 by comparing overlaps of common batches
of SSW in the three experiments. Six comparisons
using only two different pairs of SSW are normal-
ized by comparing overlaps of common batches of
SSW. Thus, comparisons are available for 22 of
the 27 possible batches between P103 and P129. A
median of the offsets for a batch obtained from
each experiment is adopted as the offset for each
batch, because all of the offsets for each batch
might be equally valid.

4. Results and discussion

4.1. Within-batch differences

Within-batch differences were examined in
terms of the standard deviation of the salinity of
several ampoules for the same batch. Table 2
summarizes the within-batch differences from
experiments together with the previous experi-
ments (Millero et al., 1977; Mantyla, 1980, 1987)
including some of the batches from P103 to P128.
Within-batch differences versus age in years are

Fig. 2. The results of 37 repeat runs on SSW batch P124 (reference). X-axis is time and Y-axis is salinity measured on the Practical

Salinity Scale (left axis) and both temperature (right axis). Solid triangle: bath temperature. Thin bar: salinity. Arrows: first seven

values of the salinity on the second day, indicated by arrows, are relatively small (see text for details).

M. Aoyama et al. / Deep-Sea Research I 49 (2002) 1103–11141106



shown in Fig. 3. Within-batch differences for 6
batches among P64–P90 were about 0.3–
0.5� 10�3 during the first several years after

preparation, then tended to increase up to
1.1� 10�3 during storage for 7–18 years. Within-
batch differences for the 8 batches among P94–
P128 except P114 are o0.3� 10�3 in salinity for
up to 15 years. The magnitude of within-batch
differences for most of the recent batches is almost
the same magnitude as the modern measurement
precision of 0.2� 10�3 in salinity.

4.2. Batch to batch differences for the KCl-labeled

batches

Table 3 summarizes the proposed offsets as well
as the batch number and adjusted offsets provided
by each comparison experiment stated previously.
The adjusted offsets of 11 experiments are, with
some exceptions, in excellent agreement consider-
ing the modern measurement precision (0.2� 10�3

in salinity) and within-batch differences (0.1–
0.3� 10�3 in salinity) between P103 and P129.
Since relatively large within-batch differences of
0.6–0.9� 10�3 (1s) in salinity for P114 are

Fig. 3. Within batch differences of each batch and aging effects

on within-batch differences. Open circles: SSW batch number

P94–P128 except for P114 in Table 2. Solid diamonds: SSW

batch number P64–P90 in Table 2.

Table 2

Summary of within-batch differences from various experiments

Batch# N 1s� 10�3 Prep. date Meas. date Age

(year)

Experiment

P64 7 0.4 12/1973 6/1977a 3.5 Millero, 1977

P78 11 1.0 9/1977 7,9/1985 7.9 Mantyla, 1987

P79 9 0.4 9/1977 6/1979 1.8 Mantyla, 1980

P79 8 0.8 9/1977 7,9/1985 7.8 Mantyla, 1987

P80 6 0.3 3/1978 7,9/1985 7.4 Mantyla, 1987

P88 9 1.1 12/1979 5/1997 17.4 JAMSTEC, 1997

P90 6 0.5 5/1980 7,9/1985 5.3 Mantyla, 1987

P94 11 0.2 11/1981 5/1997 15.5 JAMSTEC, 1997

P96 15 0.2 3/1983 7,9/1985 2.4 Mantyla, 1987

P112 9 0.2 7/1989 10/1990 1.3 Takatsuki et al., 1991

P114 5 0.9 7/1990 2/1993 2.6 NMO, 1993

P114 9 0.6 7/1990 5/1997 6.8 JAMSTEC, 1997

P119 7 0.2 2/1992 5/1997 5.3 JAMSTEC, 1997

P123 84 0.3 6/1993 1/1995 1.6 JAMSTEC, 1995

P123 6 0.1 6/1993 7/1995 2.1 JMA, 1995

P123 9 0.1 6/1993 8/1996 3.2 JMA, 1996

P123 19 0.3 6/1993 5/1997 3.9 JAMSTEC, 1997

P124 37 0.3 1/1994 1/1996 2.0 JAMSTEC, 1996

P124 6 0.2 1/1994 5/1996 2.3 WHOI, 1996

P124 37 0.2 1/1994 5/1997 3.3 JAMSTEC, 1997

P128 10 0.3 7/1995 5/1997 1.8 JAMSTEC, 1997

aThe data of experiment was not in the original paper. The data stated as ‘‘received by Deep-Sea Research’’ adapted as the data of

experiments.
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Table 3

Proposed offsets and adjusted offsets provided by each comparison experimenta

Batch This work SIO SIO Takatsuki NMO NMO KMO NMO JMA KMO WHOI JAMSTEC WHOI JMA JAMSTEC

1997 July 1987 June 1989 Oct. 1990 May 1991 Feb. 1993 Feb. 1993 May 1993 July 1994 July 1995 Aug. 1995 Jan. 1996 May 1996 Aug. 1996 May 1997

P103 �0.3 �0.2 �0.3
P104 �0.2 �0.6 0.3

P105 0.8 0.8

P106 �0.8 �1.0 �0.6
P107 �0.2 �0.2
P108 0.4 0.3 0.4

P109 0.9 0.9

P110 0.6 0.6 0.4

P111 0.8 0.8

P112 0.6 0.4 0.8

P113

P114 0.7 0.4 0.6 1.0 0.7 0.9

P115

P116 0.1 �0.4 0.6 0.1

P117

P118 �0.2 �0.4 �0.2 �0.2
P119 �1.3 �1.0 �0.4 �1.3 �1.3 �1.3
P120 �2.2 �2.8 �1.6

P121 �0.9 �0.9 �1.1 �0.9 �0.9
P122 �0.9 �0.9 �1.0
P123 �0.6 �0.8 �0.4 �0.6 �0.6 �0.6 �0.7
P124 �0.7 �0.8 �0.8 �0.6 �0.7 �0.7 �0.7
P125

P126

P127 �0.5 �0.5 �0.1 �0.8
P128 0.1 0.0 0.1 0.2

P129 �0.9 �1.1 �0.7

aUnderlined values represent the reference batch of each experiment.
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observed, this might cause the larger difference
among the offsets obtained from five comparison
experiments as shown in Table 3. Although we do
not have any obvious reason for the relatively
larger discrepancy of P104, P116, P119, P120 and
P127, relatively larger within-batch differences
might be one of the reasons. Another possibility
for the relatively larger offsets for the batches
might be measurement precision.
The proposed offsets in this study are summar-

ized in Table 4. The offsets for the KCl-labeled
batches shown in Fig. 4 range from �2.2� 10�3

(P120) to 1.2� 10�3 (P96) in salinity with an
average of �0.1� 10�3 in salinity. The disagree-

ment among the KCl-labeled batches is still greater
(1s of 0.8� 10�3) than the modern measurement
precision of 0.2� 10�3 in salinity. Inaccuracy of
the proposed offsets basically depends on the
within-batch differences and measurement preci-
sion of each experiment. The discrepancy of the
offsets for each batch in Table 3 could be
considered to reflect the within-batch differences
and measurement precision. Thus, we could state
that the inaccuracy of proposed offsets is
o0.3� 10�3 in salinity for most of the batches,
but might be up to 0.5–0.9� 10�3 in salinity for
P104, P114, P116, P119, P120 and P127.
The result of the batch to batch differences

means that, for example, standardizing the salin-
ometer with P120, with an offset of �2.2� 10�3 in
salinity, would result in higher salinity of
3.4� 10�3 than that standardized with P96, with
an offset of 1.2� 10�3 in salinity. Although the
pair of P96 and P120 is the worst case, resulting in
a maximum relative error of 3.4� 10�3 in salinity,
the batch to batch differences are usually
o2.0� 10�3 in salinity among the KCl-labeled
batches. We, therefore, can state that KCl-labeled
batches are well traced to the KCl standard
solution within 71.0� 10�3 in salinity with few
exceptions.

Table 4

Batch to batch differences of IAPSO SSW against the mean of

P91–P102 (data lack: P113, P115, P117, P125 and P126)

Batch Prep. date K15 Salinitya

(label

derived)

Offset

P103 11 Oct. 1985 0.99987 34.9949 �0.3
P104 21 Feb. 1986 0.99994 34.9976 �0.2
P105 21 Feb. 1986 0.99988 34.9953 0.8

P106 8 June 1987 0.99989 34.9957 �0.8
P107 11 Nov. 1987 0.99991 34.9965 �0.2
P108 7 Apr. 1988 0.99980 34.9921 0.4

P109 7 Apr. 1988 0.99976 34.9905 0.9

P110 20 July 1988 0.99999 34.9996 0.6

P111 7 Feb. 1989 0.99982 34.9929 0.8

P112 4 July 1989 0.99984 34.9937 0.6

P113

P114 30 July 1990 0.99986 34.9945 0.7

P115

P116 10 July 1991 0.99981 34.9925 0.1

P117

P118 12 Nov. 1991 0.99994 34.9976 �0.2
P119 28 Feb. 1992 0.99990 34.9961 �1.3
P120 6 Apr. 1992 0.99985 34.9941 �2.2
P121 8 Sep. 1992 0.99985 34.9941 �0.9
P122 21 Jan. 1993 0.99991 34.9965 �0.9
P123 10 June 1993 0.99994 34.9977 �0.6
P124 18 Jan. 1994 0.99990 34.9961 �0.7
P125

P126

P127 14 Feb. 1995 0.99990 34.9961 �0.5
P128 18 July 1995 0.99986 34.9945 0.1

P129 22 Nov. 1995 0.99996 34.9980 �0.9

aLabel-derived salinity for P103 through P129 was calculated

from the labeled K15 conductivity ratios with the algorithm for

practical salinity scale, 1978 (UNESCO, 1981).

Fig. 4. Batch to batch differences for KCl-labeled batches, P91

through P129 except P113, P115, P117, P125 and P126. Year in

which the batch was prepared is shown in italics.
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Culkin and Ridout (1998), hereafter CR1998,
carried out a comparison of 10 batches (P120-
P129) against the defined KCl solution after
storage up to 96 weeks. Their results are in the
unit of 1� 10�5 in K15; and we then convert their
K15 value to salinity assuming that 1� 10

�5 in K15
is equivalent to about 0.4� 10�3 in salinity. Our
proposed offset for P120 is �2.2� 10�3 in salinity;
theirs is �0.4� 10�3. For batches P121–P124, our
offsets ranged from �0.6� 10�3 to �0.9� 10�3; in
salinity CR1998 values are 0.0 and 0.4� 10�3.
Since we did not have P125 and P126, comparison
was not available for these two batches. Our
offsets for batches P127–P129 are �0.5� 10�3,
0.1� 10�3 and �0.9� 10�3, respectively. CR1998
values for P127–P129 ranged from 0.0� 10�3 to
2.0� 10�3. The relationship between our offset
and the CR1998 value is not clear. Furthermore, a
systematic bias seems to exist between the offsets
proposed in this study and ‘‘change in K15 values
of SSW after storage’’ by CR1998. This bias might
mean that the proposed offsets in this paper
have some offset against the defined KCl solution.
The bias might be around 1.0� 10�3 in salinity,
which is not small considering the modern
measurement precision of 0.2� 10�3 in salinity.
However, we think that to correct salinity
and be traceable, it is enough to know offsets
referred to a SSW-derived reference level as in this
study, even though these are not referred to
the defined KCl. Therefore, we did not incorporate
the CR1998 results into our study. We think
the inconsistency of the defined KCl solution is a
potential source of SSW offset and the difference
of salinity correction obtained by this study
compared to the KCl salinity corrections obtained
by CR1998 for identical standard seawater
batches. We expand the offsets referred to the
mean of offsets of P91–P102 proposed by Mantyla
(1987). Mantyla (1987) thought that his
reference level should be against the defined
KCl solution. However, we think that this
reference level depends on a batch or a group of
batches of the KCl powder. If so, the difference
between CR1998 and ours reflects the inconsis-
tency in the conductivity of the standard KCl
solution made from the different batches of
KCl powder.

4.3. Batch to batch differences for P29

through P129

Offsets for P29 through P102 (Mantyla, 1980,
1987) and for P103 through P129 (this study) are
shown together in Fig. 5. Offsets for P29 through
P129 ranged from 4.8� 10�3 (P49) to �3.9� 10�3

(P54) with an average of �0.3� 10�3. The
standard deviation of the offsets for P29 through
P129 is 1.5� 10�3 (1s). It is clear that the offsets
tend to decrease gradually with time (batch
number) from about 5.0� 10�3 to 2.0� 10�3

during these 40 years. The greatest batch to batch
difference of SSW is 8.7� 10�3 between P49 and
P54 among P29–P129. This means that the
uncorrected salinity may have relative error of
about 9� 10�3 between salinity standardized with
different SSW batches among P29 through P129.

4.4. Application of the SSW offsets to WOCE

expedition crossover points

Although most cruises during the WOCE
Hydrographic Programme (WHP) have excep-
tional salinity precision due to much care in
sampling and measurements using AUTOSALs,
salinity differences at crossover points are still
found among the expeditions (Gouretski and
Jancke, 1998). Potential sources of salinity differ-
ences such as salinity change during sample

Fig. 5. Batch to batch differences for P29 through P129 except

P113, P115, P117, P125 and P126.
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storage, measurement error pointed out in Man-
tyla (1987), SSW offsets and so on have been
discussed for a long time (Mantyla, 1994). Of the
sources of salinity differences, the salinity differ-
ence due to the SSW offset can easily be corrected
if a record of the SSW batch number used is kept
and the offset of a particular SSW batch is known.
Our proposed offset and the well-documented
cruises during the WOCE expedition gave an
exceptional opportunity to test the SSW offset
correction. We present results of application for
the Philippine Sea and for the Pacific/Atlantic
Oceans.

4.4.1. Application of proposed SSW offset to 4

crossover points along 1301E in the southern

Philippine Sea

Comparisons at 4 crossover points in the
southern Philippine Sea are available from the
WOCE one-time cruises and repeat cruises during
the period from 1989 to 1996. The data from
P04W (32MW893-1), PR23 (49XK9307 3A,
49XK9406 1), PR01S (49XK9307 3C) and P08S
(49XK9605) were used for this comparison (see
Hydrographic Program Data CD-ROM, WOCE
Global Data, version 1.0, 1998). At 81N, 71N, 61N
and 1.51N along 1301E in the Philippine Sea,

salinity data from three different stations
were available for the northern three crossover
points and two different stations for the southern-
most crossover point. Since the distances between
the stations were close enough, within 2 nautical
miles, comparisons were carried out using a
profile at the crossover station from each leg.
Least-squares regression lines were fit to the bottle
data profiles at the crossover points over the
potential temperature range of 1.2–1.451 and a
regression-calculated salinity at y ¼ 1:251 was
then compared. The proposed SSW offset was
applied to the regression-calculated salinity, and
corrected salinity was then compared again. Since
reported salinity of P04W was already corrected
according to Mantyla (1987) using the offset of
P97, which was used in P04W, we subtract
0.8� 10�3 from the reported salinity to calculate
the uncorrected salinity for comparison. The
results of SSW offset corrections are shown in
Fig. 6. Corrected salinity (Fig. 6(b)) tended to be
concentrated within the shaded zone where salinity
is 34.678370.0004, but uncorrected salinity scat-
tered much as shown in Fig. 6(a). Application of
the SSW offset leads to less scatter in the
distribution for WOCE expeditions in the south-
ern Philippine Sea.

Fig. 6. Application of SSW offset to four crossover points along 1301E in the southern Philippine Sea. Regression-calculated salinities

at y ¼ 1:251 for each crossover point are shown. Since reported salinity of P04W was already corrected according to Mantyla (1987)

using the offset of P97, we subtracted 0.8� 10�3 from the reported data to calculate the uncorrected salinity for comparison.
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4.4.2. Comparison at the Pacific Ocean crossover

points

The salinity differences at the WHP crossover
points in the Pacific Ocean are examined and the
proposed SSW offsets in Table 4 are applied to
them. Water sample salinity is interpolated on the
y surfaces ranging from 1.01 to 1.61 with the
interval of 0.051. The salinity comparisons are
done at the crossings among the one-time survey
lines. When the distance between the stations from
each line is close enough, within several nautical
miles, the comparison was directly carried out for
these crossover stations. Otherwise, when the
crossover stations are not available, comparisons
were made for the 2 or 3 stations closest to the
intersection along each line. The WHP EXPO-
CODEs, the SSW batch numbers used on each
cruise and the salinity differences at the crossover
points together with the corrected salinity differ-
ences are shown in Table 5. The absolute value of
the salinity differences at 39 crossover points at
which the data was available ranged from
0.0� 10�3 to 7.8� 10�3 with an average of
2.4� 10�3 in salinity. Then the corrected salinity
differences generally became smaller than before,
28 cases among the 39 crossover points, and
ranged from 0.1� 10�3 to 7.2� 10�3 with an
average of 1.8� 10�3 in salinity.

4.4.3. Application of SSW offset to WOCE

expedition salinity data at 91 crossover points in the

Pacific Ocean and the Atlantic Ocean

Thirty-nine crossover points in the Pacific
Ocean shown in Table 5 and 52 crossover points
in the Atlantic Ocean (Table 2 in Gouretski and
Jancke, 1998) are merged into 91 crossover points
to evaluate the SSW offset correction validity on a
global scale. Histograms of the absolute salinity
difference for the uncorrected data and corrected
data are shown in Fig. 7. The histogram of
uncorrected salinity was relatively broad
(Fig. 7(a)), but the histogram of corrected salinity
was more peaked around zero (Fig. 7(b)). The
histogram for corrected salinity (Fig. 7(b)) clearly
shows that the salinity differences at crossover
points arise mostly from the random error of the
salinity measurements. Then 91 negative values
were added to the values shown in Fig. 7 to

evaluate the variances of two enlarged data sets of
182 values. Averages of these two enlarged data
sets are zero, and variances are 8.50 (standard
deviation is 2.91) for the uncorrected data set and
6.22 (standard deviation is 2.49) for the corrected
data set. An F-test of equality of the two variances
in two distributions, uncorrected salinity and
corrected salinity, was carried out. The null
hypothesis is that the two variances are equal
and an alternative hypothesis is that the variance
of corrected salinity is smaller than the variance of
uncorrected salinity. The null hypothesis is re-
jected in an F-test at 7% significance level (93%
probability). So both the change of the shape of
histograms and the results of the F-test of equality
of the two variances on uncorrected and corrected
salinity for 91 crossover points revealed that SSW
offset correction leads to a significant reduction in
salinity variance in global salinity data sets.

5. Conclusions

Batch to batch differences of IAPSO SSW are
presented from P103 through P129. Batch to batch
differences for the KCl-labeled batches ranged
from �2.2� 10�3 (P120) to 1.2� 10�3 in salinity
(P96) with an average of �0.1� 10�3 in salinity.
Within-batch differences are observed to be
o0.3� 10�3 in salinity for recent batches. Thus,
the KCl-labeled batches generally agree to within
1.0� 10�3 in salinity with the reproducible KCl
standard solution. Applications of batch to batch
differences of SSW batches for WOCE expedition
salinity data, however, lead to much better
agreement of salinity at crossovers in both south-
ern Philippine Sea and the Pacific Ocean and the
Atlantic Ocean. To obtain accuracy better than
2� 10�3 in salinity, within-batch differences
should also be considered so that one should
standardize AUTOSALs using several ampoules
of SSW. It is prudent that the oceanographic
community continue the monitoring of batch to
batch differences of SSW by comparing new with
previous batches, so that one may correct future
salinity data together with the historical salinity
data. This becomes especially important if
subtle variations associated with changes in the
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hydrologic cycle are to be observed in oceanic
salinities. A method similar to ours should be
applied to observations prior to examining cruise-

to-cruise differences as recently done by Gouretski
and Jancke (2001). However, it is common that
SSW references for historical data are either

Table 5

Application of SSW offset to Pacific WOCE crossover points

CR1 Batch# Offset � 10�3 CR2 Batch# Offset � 10�3 Salinity difference (CR2-CR1)

Corrected Uncorrected

P3 96 1.2 P9 123 �0.6 1.2 3.0

P4a 97 0.8 P9 123 �0.6 0.8 2.2

P2 123 �0.6 P10 114 0.7 �1.2 �2.5
P3 96 1.2 P10 114 0.7 3.0 3.5

P4a 97 0.8 P10 114 0.7 5.4 5.5

P1 96 1.2 P13 114 0.7 0.9 1.4

P2 123 �0.6 P13 114 0.7 1.0 �0.3
P3 96 1.2 P13 114 0.7 6.9 7.4

P4a 97 0.8 P13 114 0.7 �0.5 �0.4
P1 96 1.2 P13J 114 0.7 1.7 2.2

P3 96 1.2 P13C 114 0.7 4.1 4.6

P4a 97 0.8 P13C 114 0.7 4.1 4.2

P1 96 1.2 P14N 122 �0.9 �0.1 1.8

P3 96 1.2 P14N 122 �0.9 �0.5 1.6

P4a 97 0.8 P14N 122 �0.9 �2.2 �0.5
P1 96 1.2 P15N 121 �0.9 �0.6 1.5

P2 123 �0.6 P15N 121 �0.9 �2.5 �2.2
P3 96 1.2 P15N 121 �0.9 �0.8 1.3

P4a 97 0.8 P15N 121 �0.9 �1.0 0.7

P1 96 1.2 P16N 110 0.6 3.0 3.6

P2 123 �0.6 P16N 110 0.6 �0.2 �1.4
P3 96 1.2 P16N 110 0.6 2.6 3.2

P4a 97 0.8 P16C 114 0.7 0.2 0.3

P6C 116 0.1 P16C 114 0.7 �7.2 �7.8
P1 96 1.2 P17N 122 �0.9 �0.4 1.7

P2 123 �0.6 P17C 114 0.7 �1.7 �3.0
P3 96 1.2 P17C 114 0.7 0.4 0.9

P4a 97 0.8 P17C 114 0.7 �0.5 �0.4
P6C 116 0.1 P17S 108 0.4 �1.5 �1.8
S4P 108 0.4 P17E 120 �2.2 1.7 4.3

P4a 97 0.8 P19C 120 �2.2 �2.2 0.8

P6C 116 0.1 P19C 120 �2.2 �1.4 0.9

S4P 108 0.4 P19C 120 �2.2 0.9 3.5

P4a 97 0.8 P8S 129 �0.9 �1.6 0.1

P1 96 1.2 P1W 121 �0.9 1.9 4.0

P3 96 1.2 P24 124 �0.7 1.3 3.2

P24 124 �0.7 P9 123 �0.6 0.1 0.0

P16S 108 0.4 P16C 114 0.7 1.5 1.2

P17C 114 0.7 P17N 122 �0.9 2.8 4.4

Meanb 1.8 2.4

1sb 1.7 1.9

aSSW batch number for P4 cruise was P97, and reported salinity had been adjusted to PSS78 KCl standard using the offset of

0.8� 10�3 in salinity (Mantyla, 1987). Uncorrected salinity difference for P4 data was calculated considering the offset of 0.8� 10�3 in
salinity.
bThe mean and standard deviation are shown for absolute values of both corrected and uncorrected salinity differences.

M. Aoyama et al. / Deep-Sea Research I 49 (2002) 1103–1114 1113



lacking at their source or missing in the ‘metadata’
that accompany them in modern distributions of
data in electronic atlases.
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