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Abstract—Surface sampleshave been collected in the North Atlantic in the past one hundred years
for determining the ocean salinity and its temperature. A large share of the data we have used were
collected by merchant vessels or weather ships of European countries and to a large extent are listed

N in reports, in particular in the Bulletin Hydrographique. We investigate whether these data are
relevant for determining low frequency fluctuations of the sea surface salinity. We find many crossings
in the 1920s for which salinity is anomalously high compared with the climatology or with other
crossings collected on the same ship line. These anomalies are indicative of a contamination of the
sample. By examining hydrographic data, reports and recent experience in collection and storage in
sea water, we can aftribute these large errors to unclean buckets where salt crystals dissolve into the
sample and to breathing of the samples during the storage. Each of these stages contributes in
estimating a too large salinity and adds to the scatter of the measurements,

To further investigate these errors we compare the surface salinity and temperature for each
monitoring program with nearby hydrographic casts, mostly in the eastern Atlantic. We find large
differences between the various monitoring programs of different periods, and we use comparisons
to empirically correct the data. Unfortunately, the number of comparisons is often too small
resulting in a large uncertainty in these corrections, in particular before 1914 and for the UK and
German monitoring programs before 1939 which exhibit the largest average bias in the 1920s.
Despite this, we find that surface samples provide a useful complement to the hydrographic station
data for investigating low-frequency variability of upper ocean waters. In the two areas where we did
construct these time series: the Faeroe-Shetland Channel and the eastern Atlantic hear 50°N, the
surface data critically reduce the aliasing caused by insufficient sampling by the hydrographic casts.
Both areas present minimum salinities around 1910 and in the late 1970s.
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1. INTRODUCTION

Our interest is in reconstructing past low-frequency fluctuations of the North Atlantic water
masses. In the shallow seas and shelves bordering the Atlantic Ocean, large data sets of
hydrographic stationshave been collected which illustrate well-defined low-frequency interannual
variability (SCHOTT, 1966; DICKSON, 1971; and TAYLOR, REID, MARSH, STEPHENS and JONAS,
1983, for the European shelves and shallow seas; MANNING, 1991 and PETRIE, LODER, LAZIER and
AKENHEAD, 1992 for-the North American shelves). In the deep-ocean sectors before 1948,
however, only certain areas, mostly adjacentto the continental shelves have beenregularly sampled.
The hydrographic time series in the Faeroe-Shetland Channel (DOOLEY, MARTIN and ELLETT,
1984; TURRELL and SHELTON, 1993), for example, illustrate low-frequency fluctuations of the
water-mass properties, suggestive of changes in the ocean climate on inter-annual to inter-decadal
time scales.

Most of the hydrographic knowledge of the ocean and its low-frequency variability has been
gathered since 1948 when the number of subsurface observations increased considerably. In the
upper ocean, they have illustrated low-frequency variations which are coherent over large areas.
One striking example is the low salinity anomaly which has been found in various parts of the
Europeanpolar seas, the North Atlantic subarctic gyre and thenorth-eastern Atlantic between 1965
and 1983 (DICKSON, MEINCKE, MALMBERG and LEE, 1988). This salinity lowering contributed as
muchto themodification of surface ocean density as did temperature and, therefore, played a major
role in the formation of subsurface waters. The amplitude of these signals is typically of the order
of 0.10psu, but larger signals are observed in polar currents (up to 0.5psu in the Icelandic Sea or
in the Labrador current). We also expect larger-amplitudes where spatial gradients are large.
However, the sampling by hydrographic casts doesbarely resolve these structures, even forthe best
sampled periods (LEVITUS, 1989a,b).

We will discuss in this paper whether one can extend and supplement the deep-sea records of
upper ocean salinity. Sampling of the surface waters has been carried out more extensively by
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surface monitoring than by hydrographic stations; approximately 400,000 surface samples being
collected in comparison with 200,000 casts for the deep ocean. The seasonal cycle of surface salinity
is large (SMED, 1993; LEVITUS, 1986) but interannual signals have a comparable amplitude so that
one canhope to detect themin sea surfacerecords. Theregular collection of surface salinity samples
was advocated by PETTERSSON (1894), both for the North Atlantic and adjacent shelf seas. In the
North Sea, steamers were first used in 1890 to provide regular collection, and in 1896 this
monitoring was extended to the North Atlantic (although Pettersson already used a cross-Atlantic
vessel onatleastoneoccasionin 1892). Surface sampling is still continuing for chemical, biological,
physical and fishery research and one of the largest tasks is to assemble the different data sets.
Recentuse ofthe surface dataisillustrated by ELLETT (1982) and by TAYLOR and STEPHENS (1980)
for the North Atlantic, by DONGUY and DESSIER (1994) for the tropical Atlantic and by DELCROIX
and HENIN (1991) for the equatorial Pacific. Usually, this involves some careful testing of the data
associated with a priori judgements by an experienced oceanographer have removed erroneous
data or spurious effects related to the spatial or temporal inhomogeneity of the data.

Most ofthe attempts to investigate surface low-frequency variability have involved a single data
source, an exception being the analysis of the ICES (International Council for the Exploration of
the Sea) surface data and hydrographic stations of the 1902-1939 period by SMED (1943). Smed
identified a widespread increase of surface salinity in the North Atlanticbetween the 1910sand the
late 1920s and 1930s. At sites in the Faeroe-Shetland Channel, this is coherent with the change at
200m. We should, however, commment that surface salinity data can have many problems. A large
portion of the samples was collected without scientists on board by a poorly-trained crew. The sea
water was then stored in capped bottles and analyzed after the elapse of time varying between a
few hours and over 6 months. Two general sources of errors are possible. First, an improper
collection technique may have modified samples, for example, if the collection bucket wasnot
clean. Second, the sample may have changed in the bottle, because either the bottle was not
clean or dissolved in the sample, or because of evaporation through the cap. To measure the
salinity, the older samples were titrated, more recent samples have their conductivity measured.
In many cases after 1901, the work was performed by institutions provided with a standard
water (initially provided by ICES and recently by IAPSQ) and the estimation ofa chlorinity (or
a conductivity) is made relative to this water with a standard analysis error of the order of
0.02psu (salinity is the Practical Salinity having the dimensionless unit psu). However, this was
notalways so, in particularin the UK between the 1920s and the late 1950s, when the analysis
was done atthe Office of the Government chemistin L.ondon with alesseraccuracy. Between
1895 and 1901, when the use of a calibrated standard water was notso widespread, these errors
can exceed 0.05psu (REVERDIN, 1993).

The difficulty of mixing different data sets wasrecently illustrated by the Rockall Trough time
series between December 1988 and December 1991, diring which in the eleven months with both
weather ship and research ship data, eight of themonthly maxima were from weather ship samples
(ELLETT and TURRELL, 1992). The mean difference between the weather ship and research ship
monthly salinity maximais 0.025psu, with amaximum difference 0of 0.076psu. Inboth sets of data,
water was collected from intakes 3-4m below the surface, and the samples stored for later analysis
onshore. Out of 78 weather ship observations for this period, five salinity values which appeared
to be too high by 0.2 to 0.5psu were rejected, the discrepancy being attributed to leaky or
contaminated sample bottle caps. To correct this problem, the weather ship nowuses bottles which
have a separate plastic seal in addition to the cap.

The question that we have to address is how the different data sets can be mixed to form long
termrecords of surface salinity and temperature. For this, we will concentrate on the North Atlantic,
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for which the longest time series of data is available and for which a coordinated effort by ICES
assembled the different sets between 1905 and the 1960s. How the samples were collected and kept
and the spatial area covered by these datahave all varied in time. But this information is not always
available from written records, which greatly adds to the difficulty of combining the differentdata
sets. In one case, the titration book (Norwegian sampling for 1932) lets us know how long the
samples were stored before they were analyzed.

The prime issue is to identify the sources of errors and how they influence the accuracy of the
different data sets. We mostly investigate salinity, but the examination of co-sampled surface
temperature (SST) often helps to explain sea surface salinity behaviour and its accuracy may also
bear on that of the salinity. A summary of the studies on the past SST measurements is found in
PARKER and FOLLAND (1991). After presenting the data sources in section 2, we discuss how the
water was collected. In section 4, we present evidence for the water modification during the
collection. Then, in section 5, we investigate how the samples were stored before being analyzed.
Following this, we discuss the presence of extreme outliers and we compare the distribution of
surface salinity from these sets relative to collocated contemporaneous hydrographic stations or
sets of surface data of higher accuracy. In section 8, we compare time series constructed for the
same area with different data sets, and discuss in section 9 how the surface data collected in the
last one hundred years may contribute in defining past oceanic surface conditions.
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2. THE DATA

The Bulletin Hydrographique,apublication of ICES, is the largest source of surface data (other
large sets of surface data are discussed in Appendix A and their data also included on Fig.2). A large
portion of these ICES data was digitized by the National Oceanographic Data Center (NODC,
Washington, USA). Unfortunately, the codes for the country, the vessel and the shipping lines were
not retained by NODC before 1954. We attempted to acquire most other data sets for which a
reference was available. Except for a few Danish, French and American data sets which have
apparently been lost, and some German and UK surface data which we have yet to collect, our
attempts at locating the data were mostly successful. Some data sets were communicated on
magnetic tapes from various hydrographic offices and ICES. Cruise reports and various bulletins
provide complementary surface data. Finally, some data are listed inmanuscript archives which we
only partially digitised and used. :

Between 1905 and 1958, the bulk of the surface observations is listed in the Bulletin
Hydrographique. The Bulletin indicates which countries and institutions were in charge of the
monitoring, and in some cases the vessels’ names are indicated. Fig.1a fora typical year showshow
the sampling was conducted, and Table lamentions the main participating institutions and the areas
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Fig.1. () (left) Bulletin Hydrographique map indicating the North Atlantic lines sampled in 1932

for ICES. Line 1 was monitored by Norway, lines 2,3 4 by Denmark, line 6 by Germany, and lines

11 and 12 by England. (b) (above) Map identifying the eastern Atlantic boxes where time series are
constructed as well as some of the lines; the dotted contour corresponds to the 150m isobath.
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which they sampled. Asisclear from Fig.2, more sampling was conducted in the shallow European
Seas, because many institutions participating in the surface sampling were involved in fishery
research. Actually, more than halfofthe ICES samplesare collected over shelves and shallow seas
(Table 1b), and these are summarized in the ICES atlas of surface temperature and salinity (ICES,
1962). For variousreasons, the sampling was conducted differently in inshore areas than over deep
water from cross-Atlantic liners and steamers. Unfortunately the shallow seas data are often of a
higher quality than the deep-sea samples. We also consider surface data collected during research
vessel oceanographic cruises or for some German institutions before 1940, for which an
experienced observer was present, and which should provide more accurate data (a list of the
cruises which contribute to 11580 data between 1905 and 1939 is provided by REVERDIN, 1993).

After World War I, information about the sampling is often available from the investigators or
from the ICES data inventories. In many cases, it is difficult to find where the observations are
stored or archived, and even some recent data have been lost. In recent years a problem has been
the increasing use of thermo-salinometers or undulating CTDs (SeaSoar or SeaRover) towed
behind the vessel. Data fromthermo-salinometers are only usefulif the instrument has been properly
calibrated, and ifthe wateris pumped from a suitable site on the vessel. Unfortunately, information
isnotalways available on how these instruments have been calibrated. These data, ifuncalibrated,
may have errors larger than other surface data, and should not be used as a reference in a
comparison.

The surface data distribution is shown by decade on Fig.2 where most of the samples are
associated with a temperature and salinity. Data collected prior to 1900 present special challenges
because ‘standard water’ had not yet been developed, and have been described in an unpublished
report (REVERDIN, 1993). There is very little data for the periods 1890-95, 1899-1903, 1916-19
and 1940-45. Coverage for the other years has also enormously varied in time with specific ship
routes being either interrupted for long periods or diverted. Themostregularly sampled route until
1960 was between the Shetland Islands and south-west Greenland, which was maintained by the
Danish Hydrografisk Laboratorium, Altogether, there are 697607 samples availablein the Atlantic
ocean and adjacent seas for the period 1890-1990. Most of them were collected north of 10°S,
including 350643 samples from the North Sea and Baltic Sea. There are also 67685 calibrated
thermo-salinometer reduced data in the Atlantic Ocean, each of which approximately corresponds
to 1 nautical mile of ship route.

We also use near-surface samples from hydrographic stations for comparison with the surface
data. These originate from 517565 casts (mainly Nansen casts), including 170014 in the Balticand
North Seas and roughly 150000 on the North American continental shelves. Usually, the samples
have been collected and stored by trained personnel with more care than for the ships-of-
opportunity programs. Some times, the analysis was done on-board (in particular, on many German
cruises), but in other instances, the samples were not analyzed until the ship is back to port (in
particular, for early Norwegian and Danish oceanographic cruises). In those cases (for example,
the Norwegian Michael Sars cruises from 1901 to 1910), the samples were generally analyzed
within 3 months of collection, but often more than a year elapsed before analysis (for example, the
Danish Dana oceanographic cruise in 1921-1922). Furthermore, the near-surface water at a
hydrographic station was often drawn with a bucket, which may introduce similar biases to those
of the surface data set. Therefore, we also need to investigate the error in these surface-level data
fromNansen casts. In theearly decades, the sampling was mostly on shelves (the European shelves,
and also the North American shelves and Grand Banks of Newfoundland after 1912). The total
number of stations and of surface data is indicated by decades in Table 1b. In the deep ocean, there
are fewer hydrographic stations than surface samples available until 1940, with comparable
numbers in the 1950s to late 1970s. In the latter period, the distribution is such that there are more
surface samples in the north-eastern Atlantic and more station data in the western Atlantic.
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Table 1: Summary of the contribution of different countries to theICES surface sampling in the North
Atlantic. (a) area and time sampled by each country (number of samples collected in a day indicated
in parenthesis); (b) total number of surface samples available by decade, for the North Sea, the
Kattegatt and Baltic Sea, and other areas of the Atlantic Ocean (excludes all ICES data from 1925,

1936 and 1937).
Table 1a:
Denmark 1897-1915, 1920-1940, 1945-1954-1960, Shetland to Iceland
(6/day before 1914 and 2/day after)
1897-1906, 1921-1939, 1945-1960, Scotland to western Greenland
(6/day before 1914 and 2/day after)
1904-1915; 1922-1936, North of Scotland to New York. (4/day)
England 1904-1909, 1913-1915, 1922-1939, English Channel to South America and
West Indies. (2/day)
1904-1910, 1913-1916, England to New York and Canada. (2/day)
1948-present, Ocean Weather ships
France 1956-1970, Ocean Weather ships
Germany 1928-1939, English Channel to New York. (2/day before 1935, 6/day after)
Netheriands 1913-1914, English Channel to Surinam. (3/day)
1948-1983, Ocean Weather ships
Norway 1931-1939, Bergen to Iceland . (12-24/day)
Portugal 1928-1931, Lisbon to Madeira and the Azores. (4/day)
Sweden 1920-1922, North of Scotland to New York (4/day)
Table 1b
Surface samples Hydrographic statiens
period Baltic North Atlantic Baltic North Atlantic
Kattegatt Sea Kattegatt Sea
1890-99 602 2654 8820
1900-09 4898 12544 27531 7892 5241 12966
1910-1919 1546 10875 18077 4226 2162 3927
1920-29 7420 23637 22783 10212 3049 8145
1930-39 15752 39960 34797 17693 7900 15806
1940-49 492 11272 9968 13494 3530 10299
1950-1959 10287 55210 50103 16266 17980 46536
1960-69 3421 73753 36198 16171 19911 86244
1970-79 2677 65045 61446 10171 10014 97314
1980-89 i7 8581 *144826 3932 941 65108

*includes 77141 surface samples and 67685 data from thermo-salinometer recordings (usually
averaged over 5 minutes)
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3. DATA COLLECTION

Since the early sampling programs, various ways have been used to collect sea water. Samples
have been drawn from a continuous flow of water pumped at subsurface or have been drawn from
abucket. In the case of the continuous flow, the water salinity is unlikely to have been modified
by collection. In the instance of a bucket, however, water modification can occur by (1) the
dissolution of salt crystals deposited on the bucket, an effect mentioned for the canvas buckets by
KNUDSEN (1899); (2) contamination from unclean buckets (see LUMBY, 1927, for comments on
the English sampling after 1920}; (3) evaporation (WISSER, 1938) which causes both temperature
and salinity errors, and is particularly important for the canvas bucket, but also occurs from other
buckets. The amount of evaporation depends on the time the bucket is left on the deck before
reading the temperature and taking the water. The resulting decrease in the temperature from a
canvas bucket was estimated as 0.35°C from the Snellius expedition data in Indonesian waters
(WISSER, 1938). Using a model of a bucket (FOLLAND and PARKER, 1990) and in situ testing
(FOLLAND, 1991),a-0.4°Cerrorin global SST was estimated fortheperiod 1911-1941 by PARKER
and FOLLAND (1991). However, this error has a strong spatial and seasonal dependency according
to this study. Maximum values occur during winter east of the North American seaboard where
the negative bias reaches -1°C. This cooling results from different effects, an important one being
evaporation from the walls of the bucket (FOLLAND, 1991). One can also expect that the salt
gradient in the canvas will diffuse in the bucket water. Even if there isno initial salt deposit on the
canvas, an evaporation which causes a 0.4°C cooling would yield a 0.02psu increaseifredistributed
within the bucket water.

The design of bucket, how well itis rinsed, whether a thermometer was inserted, and how long
ittook to read the temperature and collect the water sample from the bucket are all factors which
can lead to errors in measuring salinity of water samples.
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Buckets were in many materials, the most commonly used being canvas (usually, the larger
buckets, which commonly had a wooden base, were used to haul a few liters of water on the deck
of the vessel) or cast-iron or brass. There are examples of wooden buckets, for example one was
used in June 1891 forasection across the British Channel in June 1891 (DICKSON, 1901). Scientists
had diverse opinions about the buckets to be recommended. Canvas buckets were used on board
the Deutschland in 1911 (BRENNECKE, 1921) and on board the Snellius in 1929-1930 (WISSER,
1938), butmetal buckets were used for most other hydrographic cruises (the Ingolfin 1895-1896)
forexample).

The efficiency of rinsing depends on the time of immersion of the bucket in the sea which has
certainly varied, if one trusts the recommendations which range from 20 seconds to 5 minutes. The
bucket was then hauled on deck and suspended to read the water’s temperature. One technique was
to plunge a thermometer into the bucket after its arrival on deck, and leave it there for some time
before reading it. An early example of the first method (thermometer placed on the deck) is the
1895-1896 Ingolfexpedition (KNUDSEN, 1899). Although in thisinstance the thermometer wasnot
- left for a long time, itis clear from reports that in some instances it might have been left for up to
5 minutes. We suspect that in many cases the water sample was drawn from the same bucket after
the temperature was measured (this was already done in 1896-97 according to DICKSON, 1901),
although the recommendations for the English sampling program after 1904 were that2 to 3 casts
ofthe bucket be made torinse the bucketbefore collecting the water, During certain oceanographic
cruises, the bucket was plunged a second time after measuring the temperature before a sample was
drawn, and this is also likely to have been done when a scientist was embarked on board to collect
the samples.

Issues of sample contamination and temperature errors with this approach were identified by
LUMBY (1927). He devised a surface sampler equipped with samplebottle and thermometer which
was towed in the water alongside the ship to allow thorough rinsing of the bottles and avoiding
directhuman intervention to fill the bottle (LUMBY, 1927, 1928). Italso resulted in a much smaller
temperature error, because reading could be done directly after hauling the sampler to the deck.
This sampler was used for UK sampling in the North Sea and English Channel from early 1925 on
some lines, and after October 1928 on all, until the adoption of engine intake sampling in the early
1950s. It was probably also adopted by other countries participating in the sampling of the North
Sea after 1928. It was possibly also used on the British weather ships between 1948 and the early
1950s. However, SUND (193 1) commented that it was notalways clear thatthis rather carbersome
sampler wasused properly, and he devised a simpler sampler, consisting of abucket withan inserted
thermometer, which wouldberead shortly afterhauling and a tap at the bottom for filling the bottle.
This samplernot only reduced the likelihood of contamination of the sample, but also provided a
more accurate temperature reading.

Other buckets, lacking a tap for drawing the sample but with an inserted thermometer, were
designed atother times with the same objective of reading temperature quickly (for example, during
the Deutschland 1911 Expedition, BRENNECKE, 1921). Some commercial designs were probably
quite common: an early brass example is depicted in MARINI (1912), which strongly resembles
German buckets with inserted thermometers, or the French bucket used after the second World
War; arather similar model is also used at the Woods Hole Institution; a different model elongated
and in rubber was designed after the war by the UK Meteorological Office to further reduce the
temperature error (FOLLAND, 1991).

In some instances, it is possible that the water collected for measuring its salinity was not the
one in which temperature was measured. Our objective is to document how the sampling was
carried out. Unfortunately, thisis notalways possible, in particular before World War I, when the
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information is often not reported, and we rely on the following sketchy information.

For example, the temperatures from the Norwegian sampling between Norway and Iceland in
1931-1939 were certainly thermographsrecords from the intakes, and probably alsoin 1945-1950,
whereas the salinities are from samples collected with the Norwegian bucket (see SUND, 1931).
The Danish temperatures and salinities on the lines to Iceland and Greenland were mostly from
canvas bucket samples. Canvas buckets were in service until 1980, although in the early years the
sampling was supervised by M. Knudsen, who disapproved of the use of canvas buckets. In some
years after 1945, it is possible that the temperatures were taken, not from the bucket, but from a
hull-placed sensor or, after 1960, a towed thermometer (JENS SMED, personal communication).

Water was drawn from a pump for a Swedish program in 1898-1899 (CLEVE, EKMAN and
PETTERSSON, 1901). Other examples of continuous water flow include UK OWS samples drawn
since the early 1950s froman intake located less than 4m from the sea surface. Some French samples
in the 1960s and early 1970s were also drawn from the ship’s intake. For the large UK sampling
between 1904 and 1940, it was recommended that the participant vessels use a wooden or
galvanized iron bucket (personal communication of D. MATTHEWS to J. LUMBY, 1935). However,
Lumby suspected thata small canvas bucket was occasionally substituted and a photographof 1938
showsa canvasbucketused onaFrench liner for collecting the sea water. Itis alsolikely that canvas
buckets were used by the English merchant vessels in the 1896-97 sampling program monitored
by DICKSON (1901). Although Lumby planned to substitute these buckets with his samplers, this
isunlikely to have taken place on liners. A small iron bucket was probably used on German liners
between 1928 and 1938 (a Norwegian model was used in 1932 on the Westfalen (SCHUMACHER,
1933). A small iron bucket was used for the important Dutch OWS set, at least between 1962 and
1978 (Cirrus and Cumulus) and the bucket recommended by the ‘“Météorologie Nationale’ was
used for the bulk of the French data since the mid-1960s and until 1991 (J.R. DONGUY, personal
communication).

4, WATER MODIFICATION DURING COLLECTION
4.1 Direct estimation

For some oceanographic cruises, we can compare simultaneous samples collected by different
means, usually a bucket and a bottle sample from an hydrographic cast or water pumped from a
level close to the sea surface. In the absence of rain, there is no evidence of significant differences
in salinity between the upper 50cm from which a bucket draws the water and a hydrographic cast
sample from a depth of 1-3m. Although the concentration of certain salts could be larger at the air-
sea interface because of evaporation. For example, in early July 1993 by sea state 4 to 6 between
Iceland and Newfoundland, the difference between nearly-simultaneous samples fromabucketand
aship’sintakeatadepth of Smislessthan 0.005psuin 15 outof 20 cases (with anaverage difference
statistically non-different from0).

The French bucket was tested during oceanographic cruises in the western equatorial Pacific
inDecember 1989 and in August 1992 (SURTROPAC cruises 13, 14, 15 and 17) and in thetropical
Atlantic in January-February 1993 (CYTHER-1 cruise). During each of these cruises, both during
stations and whileunderway, the bucket was dropped in the sea and rinsed with sea water, although
because of weather conditions, both the interval between successive drops of the bucket and the
place where the bucket was stored, changed from cruise to cruise. The sample was drawn from the
bucket shortly after hauling it on the deck (2-3m above the sea level) and analyzed within a few
days and then compared with data from other samplers (pumped water or hydrographic cast).
Results vary from cruise to cruise: in 3 Pacific cruises (SURTROPAC 13, 14 and 17), the bucket
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sampleshad an average salinity hi gher than the sea surface (0.10,0.10 and 0.06psu respectively),
but in one (SURTROPAC 15), it was unexpectedly negative (-0.05psu). The standard error on
these average differences varies from cruise to cruise between 0.01 to 0.02psu with a large standard
deviation within each set of the order of 0.10psu. This contrasts with the comparison made during
CYTHER-1, where the average difference was just 0.007psu with a standard deviation of
0.006psu. These differences are likely to have originated from slightly different designs of the
French bucket or from the thoroughn ess rinsing of the bucket. For example, during CYTHER-1,
salinities collected fromanon-rinsed French bucket were on average higherby 0.013psuthan from
arinsed bucket, and had a larger scatter (0.016psu compared to 0.006psu).

The elongated English rubber insulated bucket (without its cover and inserted thermometer, as
has been used on French vessels since 1991) was also tested during SURTROPAC-17 and

"CYTHER-1. If properly rinsed, its salinities were higher by 0.004 and 0.005 psu than measured

by a thermosalinometer at a depth of 4m (or CTD casts) for the two cruises respectively. Theroot-
mean-square (rms) difference for CYTHER-1 is 0.007psu (30 comparisons) and is slightly larger
for SURTROPAC-17 (rms 0£0.021psu for 17 comparisons), butin both cruises the rms is less than
for the French bucket. During CYTHER-1, the salinity of the bucket water was higherby 0.010psu,
when the English bucket was not tinsed properly.

How water of a canvas bucket with 2 wooden base is modified when left for a while on deck
before the sampleis drawn wasinvestigatedin early July 1993 between Iceland and Newfoundland
in sea state 4 to 6. In this summer situation when the bucket was left in a position protected from
wind there was little evaporation and after the bucket had been on deck for 3 minutes only a small
insignificant increase occurred averaging 0.003psu (the rms scatter is 0.022 for 30 comparisons)
and no cooling of the bucket had occurred. Comparison of the samples drawn from the well rinsed
bucket just after its arrival on deck with those from intake samples showed a small average
difference (bucket higher by 0.003psu), which was determined by a few outliers.

These examples illustrate that there have been large bucket-to-bucket differences which have
depended on the weather conditions and the way in which the bucket is used. The comparisons we
presented above are mostly from the tropics and only cover a small fraction of the buckets used
in the past. To complement these comparisons, itisuseful to consider early hydrographic stations.

4.2 Surface samples from hydrographic stations

During hydrographic casts, it was common to use an iron bucket to collect the top sample. Very
often, the vertical density profilepresents aninversion between the surface and the upper subsurface
level of the cast. At many stations, this level was often close enough to the surface for the water
to have been isothermal and isohaline with the surface water. During those cruises, we use the
profiles for which there is a safe assumption that the layer is well-mixed, to estimate the bias of the
bucket sample. If temperature is measured using reversing thermometers mounted on bottles at
bothlevels, we selectthe stations for which the two temperaturs are similar to within 0.01°C. Near-
surface temperatures measured in the bucket are also subject to error, and we have assumed that
the wateris well mixed when the surfaceis colderthan the next subsurface measurement and report
this temperature inversion. !

The determination of the temperature error is imprecise because the surface buckettemperatures
were usually reported with one decimal, instead of 2 as is more common for subsurface
hydrographic measurements (the Ingolf 1895-1896 oceanographic cruise report is an exception,
where two decimals accuracy was adopted at the surface only, KNUDSEN, 1899). Reports often
mentioned that the thermometers used for bucket temperatures were less accurate than the ones
used at deeper levels. ‘:

i3
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In Table 2 we present a comparison between the surface samples collected by iron bucket and
the shallowestbottle sample for aselection of oceanographic cruises by several countries. Wehave
omitted a few outliers larger than 0.50psu, because such a large discrepancy probably resulted
either from contamination or from a reporting error. The station data are mostly from the winter
season covering a broad time-span (1896-1964), and are extracted from oceanographic cruise
reports and the Bulletin Hydrographique. For the 1939 Atlantis cruise inthe tropical Atlantic, we
considered only those surface temperatures reported to just one decimal point as having derived
fromabucket sample. For this particular cruise the comparisonmay overstimate the positive salinity
bias in the bucket samples because salinity in the area studied often decreases below the surface.

Although the observed density inversion could include a contribution from random errors of the
measurements thereis a clear biastowards surface temperatures being too low and salinity too high.
The negative temperature bias for the selection of oceanographic cruises in Table 2 ranges from
about 0.05°C to 0.27°C. This is at the lower end of the errors presented in FOLLAND and PARKER
(1990) for the wintertime, The associated salinity errors are in therange 0.01psu to 0.07psu, mostly
around 0.04psu, which are too large to arise solely from the evaporation associated with this
cooling. A possibility which would reconcile the two would be if the surface layer sampled by the
bucket is a little warmer and saltier than the subsurface depth. This is, however, unlikely in most
cases, considering the season and area sampled. Itis more likely that either the buckets used were
better insulated or that they were left on deck for less time during these cruises than in the study
of FOLLAND and PARKER (1990). Part of the salinity bias is likely to have originated through
dissolution of salt crystals or brine deposits on the bucket.

Oceanographic cruises with small salinity biases, mostly before 1914, also correspond to a small
temperature inversion. In those instances, the distribution of the salinity biases has a large peak
between -0.01 and +0.01psu, values which are indistinguishable from 0 with the titrimetric
chlorinity determination in use at this time. On these cruises the bucket may have been better
protected from the wind or temperature and samples were collected sooner once the bucket was
on deck than for other sets, but this is unknown. Hence itis disturbing to discover that the average
cruise bias in the same season, same area, and by the same vessel varies from year to year; for
example, the Muirchu stations exhibit large biases in 1929 and 1930, butnotin 1925 or after 1930.

Many Bulletin Hydrographigue Norwegian and Danish surface data are from hydrographic
stations drawn from water-bottles and were not subject to the biases described above. However,
for the Scottish stations in 1904 and 1905 (ROBERTSON, 1907), there is a strong temperature
inversion at the surface, and for other cruises there are a few anomalous surface positive salinity
deviations of between 0.05 and 0.10psu (for example for the Explorer datain 1938 and cruises in
1903). The mix of cruises from which the set of hydrographic casts were derived results in the
proportion of stations with surface bucket values varying from area to area. The proportion
decreased in the 1950s, when bottles became more commonly used for the surface sample. This
will lead to artefacts in the trends in surface salinity based on surface data fromhydrographic casts
if these biases are removed.
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Table 2. Bias on the surface level of hydrographic stations, based on the comparison with the first
subsurface level in instances where the upper layer is likely tobe well-mixed. We presentthe average
differences as well as the rms of the individual comparisons and the sample size both for T and S.
Missing information implies that the surface data were not collected with a bucket. Most of the data
are for the late winter and spring season (the Anton Dohrn cruise in 1955 north of 65°N, is, however,
in November-December, and some of the Scottish data and Pourguoi pas stations are from the

summer season.

AT O n AS o n area
Denmark
Ingolf'1896 -0.10 0.12 14 0.021 0.023 14  vicinityIceland
Norway
Isachsen 1910 -0.17 0.24 7 0.025 0.021 8  Spitsbergen
Michael Sars Feb 1901 -0.04 0.08 27 0.011 0.022 27 Norwegian Sea
Michael Sars May 1902 -0.09 0.09 13 0.050 0.045 13  Norwegian Sea
Brategg 1947-1948 -0.07 0.11 43 0.017 0.020 43 _ Antarctic
Station M Oct 1948-Oct 1949 -0.13 0.14 9 0.037 0.028 10 Norwegian Sea
Anton DohrnNov-Dec 1955  -0.27 0.21 23 0.056 0.061 23 North 70°N
Scotland
Cruises 1904-1905 -0.20 0.21 188 0.014 0.030 204  Faeroe-Shetland and

North Sea

England
MBA (Plymouth) 1903 -0.05 0.06 43 0.021 0.022 43  English Channel
MBA (Plymouth) 1904-1905  -0.09 0.08 93 0.022 0.018 92  English Channel
Salpa 1922 -0.14 0.15 16 0.033 0.028 16  English Channel
Salpa 1925 -0.13 0.13 13 0.041 0.036 13  English Channel
Salpa 1929 -0.06 0.05 8 0.025 0.022 8  English Channel
France
Pourquoi Pas 2nd cruise 1921 0.077 0.062 20  FEastern Atlantic
Pourquoi Pas 1st cruise 1922, 0.071 0.037 9  Eastern Atlantic
Ireland
Helga 1920-1921 -0.10 0.10 38 0.036 0.035 42  South Ireland
Muirchu 1925 -0.05 0.05 30 0.012 0.015 30  South Ireland
Muirchu 1929 and Feb 1930 0.050 0.070 33  South Ireland
Muirchu 1931-1933 0.014 0.080 83  South Ireland
United States
Atlantis 1939 -0.03 0.03 23 0.062 0.051 20 West Atlantic 10-40°N
Moroccan Fisheries 1964 -0.13 0.19 18 0.043 0.39 31  OffMorocco
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5. STORAGE OF THE SAMPLES

There is no storage bias in the use of thermo-salinometer in intakes, nor is the storage of major
importance if the sample is analysed on board the ship within a few days of collection. However,
the samples were not analysed on most merchant vessels nor during some oceanographic cruises,
but were kept for a relatively long time before being analysed. Most samples were stored in glass
flasks of 150-250cc. Prior to 1902, a variety of flasks was used, most of which were sealed with
a cork soaked in liquid paraffin as recommended by PETTERSSON (1894). Knudsen criticised the
technique because drops of paraffin dropping into the water could resultin titration errors, but this
problem was not encountered by DICKSON (1901). After 1904, most of the bottles had a porcelain
stopper with a rubber washer and were secured by a wire spring clip. This model was still widely
in use in the 1960s and still is in some places. In recent years, various other bottles have been in
use, some being quite small (100cc) and thereforemore sensitive to evaporation than others. Plastic
bottles may even have been in use in a few cases, which tend to be more prone to ‘breathing’ and
therefore to greater evaporation losses.

For the small (100cc) corked bottles, HELLAND-HANSEN and NANSEN (1909) reported a
positive error of 0.07psu after 5 months with good corks, and of 0.08psu with poor corks. Even
after shorter storage times, they suspected that the samples collected in 1900 on Michael Sars had
apositive error ofabout 0.01 to 0.02psu, whereas for the larger corked bottles used during the 1901
Gjga oceanographic cruise in the Barents and Greenland seas, they found no significant
evaporation had taken place through the cork. LUMBY (1935) investigated the evolution of
replicate samples stored in the glass bottles with porcelain stoppers used in England. The scatter
between the samples was larger for periods over 6 months, but unfortunately because the statistics
are not fully documented we do not know what the average bias was. Recently, a comparison
between different bottles, including the glass bottles with swing-top ceramic stoppers and rubber
seals(the ‘ICES’ bottle) hasbeen carried out for ICES (ICES C.M. 1987/C:21, unpublished report
by D.S. KIRKW0OD and A.R. FOLKARD, 1987). For ICES bottles an average salinity increase of
0.008psu in 2 months was reported. Even in perfectly well-sealed bottles samples show a
conductivity increase, corresponding to a practical salinity increase of 0.005psu in 4 months (SY
and HINRICHSEN, 1986) as a result of dissolution of the glass which should not modify the sater
chlorinity and therefore not affect chlorinity-derived salinity.

Errors can also arise when sealing and opening samples. Unless the rim is wiped dry before
sealing, salt crystals can form around the top of the bottle, and these may fall into the sample when
the cap is removed for analysis. In many institutions it has been the practice since the early 1960s
to dry the bottle tops and caps with a disposable tissue before sealing, but this practice is probably
not often followed on board ships-of-opportunity. Where sealing relies upon arubber washer, such
asinswing-stoppered bottles, it isimportant that these are in good condition and replaced regularly,
sincerubber in contact with sea water perishes rather rapidly. Whatever the storage, there islikely
to be apercentage of samples in which salinity has spuriously increased by evaporation because of
a fault in the bottle or the cap. Sometimes, this effect is so large that it is readily detected during
routine work: for example, out of a batch of six 250¢cc bottles filled with the same sea water in the
spring of 1992 at Lamont and analyzed after 3 months, 5 retained their original salinity to within
0.004, but in one it had increased by 0.077. The longer a sample is stored, the more likely it is to
suffer a salinity increase.

The duration of sample storage before analysis has changed. For the 1896-97 monitoring by
DICKSON (1901), samples were analyzed within 3 months of collection with the following
exceptions: whalers in the northern oceans which were gone for over 5 months, and one ship, the
Para, sampling the tropics and subtropics. In 1896 salinities from the Para were often too high
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by atleast 0.20psu, as shown in the vicinity of the Azores by simultaneous collection by Princesse
Alice and surface samples collected by other vessels in Dickson’s set. This error could have
originated either from the long storage time between collection and analysis (sometimes more
than 5 months) or from the use of ‘unclean’ buckets or from the bottles not being properly sealed.
We suspect that the sampling delay of a few months remained typical until the 1920s. However,
LuUMBY (1935) mentions that it had increased in “recent years” for the English sampling to 5-8
months for samples collected on transAtlantic ships monitored in the Lowestoft program. These
were titrated in London at the Laboratory of the Government Chemist until the introduction in
1958 of a conductivity salinometer at Lowestoft, This delay implies a systematic error larger than
0.02psu.

Delays were probably less in other countries. The titration book for Norwegian data in 1932
and 1933, kept at the Fiskeridirektoratets in Bergen, Norway, provides the following information.
This set of 2091 data indicates that 57.8% of the samples were analyzed within 2 months of
collection, 23.4%, 12.7%, 5.7% within the third, the fourth and fifthmonthsrespectively; 8 samples
were analyzed during the sixth month. Assuming that the increase within time of salinity is linear
at 0.004psu in a month and that all bottles had been carefully closed and checked for cracks, the
average salinity increase resulting from ‘aging’ is 0.008psu for this set. Delay for the recent
sampling by ORSTOM is also known to be a few months.

6. OUTLIERS

According to Table 2, the positive salinity error (negative temperature bias) one expects in
surface samples during oceanographic cruises is larger than 0.02psu (0.10°C). The conditions in
which a bucket is used during oceanographic cruises is likely to be better than on ships-of-
opportunity, where not only are the personnel less likely to be adequately trained, but also the
bucket isused less frequently. The bias is probably different between different sampling programs
because the instructions on how to collect and store samples varied and were dependent on the
weather encountered. We will discuss in this section the presence of anomalous outliers for the
ships-of-opportunity, before estimating in section 7 the statistical distribution of the error for
different programs.

Thepresenceof outliers wasnoted by MATTHEWS (1907) for the UK sampling programin 1904-
1905. Forinstances, whole crossings by the PortAntonio are obviously biased, sometimes by more
than 0.4psu. For the pre-1905 Danish effort, the brig Peru in May 1897, the mail steamer Laura
in June 1899 and a crossing on 22-27 August 1904 brought samples which were often contaminated.
LuMBY (1935) also mentioned (without citing a name) a vessel which for a number of years had
consistently reported poor data, nearly all of which had been published before being detected.
Unfortunately, this refers to data which are in the computerized set of data, for which ship codes
and country codes are not provided.

We checked suspicious outliersin the Bulletin Hydrographiqueissues for 1925,1929 and 1937
by line and country operating it (see Table 1). When such an anomaly is found, the other data
collected during the same crossing are checked for their consistency with other crossings at the
same locations. However, itis easier to attribute positive outliers to erroneous measurements than
negative ones, because large positive surface anomalies would more readily mix vertically (saline
water is denser). This procedure ismainly effective in areas where there are weak spatial gradients,
butmost lines cross such areas in the eastern Atlantic. We find few obviously erroneous Norwegian
datain the Bulletin Hydrographique. Outliers are also uncommon for Danish lines, although a few
crossings have a large percentage of erroneous data (for example, 10-19 July 1922 on the New
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York Copenhagen line). The high quality of the early Danish data is also suggested by the
similarity between 1904-1905 salinity time series in inbound and outbound crossings of the
Danish line to New York close to Scotland presented in MATTHEWS (1907). On the other hand,
data collected along the English and German cross-Atlantic lines do not appear to be as accurate
as suggested by their inspection in the eastern Atlantic. Many data on these lines exhibit large
positive salinity deviations (over 0.50psu) from neighbouring data and from the climatology.
Often a crossing contains so many dubious values that the whole crossing is suspect. An example
of this unfortunate situation is illustrated in Fig.3. In 1925, this was the case for at least two
crossings in January and March among 16 crossings by the English line between the English
Channel and the WestIndies. In 1929, many such crossings can be identified, in particularin May,
September and late December on the German Cuxhaven to New York line, and in August on the
English line from the English Channel to the West Indies. Even in 1937, when data seem to be
cleaner, two crossings out of 12 in February and March on the English Channel to South America
line have such anomalous salinities that one suspects that either the samples were mislabelled or
were not reported correctly.

No doubt is expressed about any of these data in the Bulletin Hydrographique, and quite often
their titration was double-checked. In these issues of the Bulletin Hydrographique, we find that
such suspect data (both isolated anomalies, as well as whole crossings) amount to 5.5% (76 out
of 1390) in 1925 and 5% (43 out of 851) in 1937 of the data collected along these UK or German
cross-Atlantic lines (years in which 4 or 5 different lines were monitored). In 1929 at least 5%
(129 0f2503) were suspect, but the figure could well be over 20%. Thisis alarge proportion which
would atleast contribute to a 0.01psu positive error assuming a 5% proportion of positive outliers
is valid. We will remove these suspicious data from the set. To find how effective this is in
improving the data set, one needs to know the shape of the error distribution. In the previous
sections, we have documented various errors resulting from the sampling or storing of the
samples. We can expect a non-normal distribution, probably not centered on zero but skewed
towards positive errors because of a tail of positive outliers. In the next section, we will investigate
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Fig.3. Examples of deviations from the climatological seasonal cycle for crossings along the UK line

11 (Fig.1) between England and the West Indies (Trinidad). Usually, two samples were collected each

day, one in the early morning and one in the late afternoon. The two crossings (full dots in late January

and open dots in late April) nearly overlap in positions and the seasonal cycle can hardly account for

a difference of 0.05psu between the two. The largest value during the January 1925 crossing,
37.93psu, is reported at 30°53°N 44°54°W.,
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a few examples of the error distribution.

7. STATISTICAL DISTRIBUTION OF THE ERRORS

In general, we do not have a direct validation of the surface samples. To estimate partially the
distribution of errors, we compare the ship-of-opportunity data with (a) hydrographic station data,
and (b) surface data collected during oceanographic cruises for which we expectthe bias to be small.
We select samples which are close in space and time to data from the other set, and establish the
distribution of the differences between the two. In Appendix A, we complement this with
comparisons of a more extensive group of data sets of surface samples, including data collected
before 1950, but for which statistics are often more ambiguous.

We first consider two surface sets where we expect that systematic errors are small (Fig.4).
These sets are (a) the Dutch sampling of the weather ships on their way to station Mike (Norwegian
Sea at 66°N, 2°E) and the North-East Atlantic weather ships during 1968-1983, and (b) samples
from the weather ships west of 5°W in 1960-64 and the UK weather ships from 1965-1976 (they
collected water on intake 3-4m below the sea surface, and therefore are free from bucket-error).
The comparison is with the closest Nansen cast (within 10 days and 15km). These pairs of samples
were often collected by the same ship. The distributions of the differences from the hydrographic
station salinities have a small non-zero mean (of the order of0.01psu) and are nearly symmetrically
distributed!. Interestingly, these distributions prove to be non-Gaussian with a probability density
near zero, larger than for a Gaussian distribution with the same standard deviation. A schematic
representation of the distributions as a sum of two Gaussian distributions captures most of the
distribution. Errors in the titrations or impurities in the bottle certainly contribute to the scatter.
However, thenon-Gaussian character of the distributions is probablynot only related to errors, but
to the variability over the distance separating the measurements (this is suggested by the spatial
variability in thermo-salinometer records along ship-tracks in the eastern Atlantic). We test the
uncertainty on the mean and median value with Monte-Carlo sampling of the distribution. The
standard errors are small because of the large number of samples included in the distribution (the
largest one for the mean of Fig.4b is 0.005psu), and are one third smaller for the median than for
themean. Thisresults from the non-Gaussian distribution so that a sample median converges faster
than the mean.

Two other sets for the Northeast Atlantic are considered, where enough comparisons with
nearby hydrographic stations are available to construct the distribution of the differences (Fig.5).
Themaximum probabilityiscloseto 0 in Fig.5b, but shows a positive deviation in Fig.5a. Forboth
sets, the distributions are clearly non-symmetrically distributed with more large positive than
negative deviations (Fig.5). In particular, almost all the deviations larger than 0.5psu are positive.
We also find this for surface samples collected by the National Marine Fisheries Service (NMFS)
in the western Atlantic despite the fact that the inter-station comparison is done in areas with high
spatial variability. On Fig.5, the median is smaller than the mean with a difference between mean
andmedian of 0.01 to 0.02psu (as for the other distributions of Fig.4, theuncertainty on themedian
is less than the uncertainty on the mean). The simplest explanation for the distributions on Fig.5a
and 5b is a contamination of the distribution for oceanic small scale variability, either during the
collection or from evaporation during storage. The probability distribution of the contaminated
samplesis the convolution of the error-free distribution with the probability distribution of the error.

'We are not assuming a complete lack of error, but that the errors are not skewed. This would happen if the
distribution of the error is Gaussian with a mean value close to zero. It is possible that the slightly positive means
of Fig.4 are not the result of errors; notice however that the median is closer to zero.
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Fig.4. Distribution frequency of salinity differences between surface'samples and hydrographic
station data. A pair is included if separated by less than 20 days and 15km. The distribution
frequencies averaged by classes of 0.02psu are presented by dots and a model curve is fitted to the
distribution. Here it is the sum of two Gaussians centered on §S=0.006psu with rms 6, and 6, and
respective contributions to the integrated histogram of r, and r,. The summary statistics (mean,
median, rms for the differences in the {-0.5, 0.5]psu range; the total number of points) are given as
well as the percentage of points outside the range. (a) for surface samples of the Dutch program for
the years 1968 to 1983 (r,=0.5 with 5,=0.03psu, and r,=0.5 with 0,=0.10psu); (b) for samples from
Ocean weather ships during 1960 to 1964 and English Weather Ships for 1965 to 1976 west of 5°W
(r,=0.4 with 6,=0.05psu, and r,=0.6 with 6,=0.15psu).
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Fig.5. Same as Fig.4, but the model curve is a convolution of the distribution of Fig.4b with a nil
distribution fornegative 8s and a decaying exponential exp(-6s/As) for positive 8s. (a) forFrench data
(FR set) north of 40°N and west of 5°W between 1957 and 1990 (As=0.035psu). (b) for Dutch Ocean
‘Weather ship samples between 1965 and 1967 north of 40°N. Model curve is the combination of two
exponentials for the noise: one with amplitude 0.7 and As=0.025psu and one with amplitude 0.3 and
As=0.30psu.

_ ForFig.5, for example, we have assumed an error probability distribution in exp(-3s/As) for 65>0,
and 0 for 8s<0 (3s is the error). The convolution with a Gaussian (exp(-8s%(20%)) results in the
distribution exp(-8/As)*(1-+erf{T)) where T=8s%0%+1/(2As). The curve fitted to Fig. 5a corresponds
to the convolution of the curve on Fig.4 (an empirical combination of two Gaussians) by the
exponential distribution with As=0.035psu. In the instance of Fig.5b, we also added another
exponential error distribution with As=0.20psu. Of course, because we are mixing different subsets,
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this is only a gross indication of the error distributions, and it does not reproduce the frequency
of extreme outliers.

No comparably detailed statistics can be derived for the surface sampling from the liners in
the Atlantic Ocean and to Iceland or Greenland prior to 1950, because there are insufficient
hydrographic stations on which to base a comparison. As just commented, the average error and
the standard deviation of the distribution provides an incomplete representation of the errors.
However, for lack of other information, in most cases we can only derive these simple statistics
which are discussed in Appendix A and summarized in Table 3. We have first excluded from the
sets samples from those crossings which were obviously poor, in particular, before 1930 on the UK
and German lines south of 52°N. The comparisons illustrate that the errors vary in time and from
onemonitoring program to another, changes which unfortunately have no obvious explanation. A
few of these conclusions are reported here. The Norwegian salinity data in 1931 to 1939 were
probably less contaminated than the other surface data (it is possible that they were collected from
an intake, as their temperature are reported from a thermograph and have a positive bias). The
Danish data of line 2 also exhibit little scatter in the comparison with hydrographic data, but some
large biases are found in some years (1949-1952 forexample) which almost co-occur with changes
inthetemperature bias. The German data seem to be better after 1930 than between 1928 and 1930,
and the UK dataalso present smaller average differencesin thelatter period. Thelists in the Bulletin
Hydrographique also contain data from cruises and special projects, which we suspect to be less
susceptible to systematic errors, as are most data before 1914. For example, two vessels, one
German and the other Finnish, sailing together between Norway and Spitsbergen in August 1906
simultaneously collected two sets of 8 samples. These two sets have the same mean salinity
(temperature) with a rms deviation of 0.09psu (0.11°C).

8. TIME SERIES

Our long-term goal is to construct past records of the surface water characteristics which,
because most of the data are scattered (with the exception of the weather ships data after 1948),
requires a spatial-temporal analysis. There are many techniques whereby the individual anomalies
can be averaged with respect to the climatology over some time-space scale. Here, in a first effort
in assessing the impact of errors, we gather the individual deviations from the seasonal cycle into
time-space boxes without consideration of the spatial-temporal coherence of the signal. The
median of the individual deviations from the average seasonal cycle is estimated, which should
provide a more stable estimate than the mean if the data distributions encountered are similar to
those of Fig.4.

Tominimise the effect of the aliasing of the high frequencies as aresult of insufficientsampling,
we will only consider thelow frequencies of the time series of the deviations. We will consider two
areas where there is enough data from both hydrographic stations and surface sampling in order
to try to compare time series constructed separately from both sets. First, uncorrected surface data
are used, then we roughly correct the surface data according to the comparisons presented in
Section 7 and in Appendix A.

The areas examined are in the Faeroe-Shetland Channel (FS) and inthe Northeast Atlantic close
to the continental shelf (Fig.1b).The two areas are intersected by most lines, with the exception of
the Portuguese line and the Danish-Swedish line from Northern Scotland to New York. In both
areas, there are sufficient data from post-1948 to estimate reliably an average seasonal cycle.
Whenever possible, we have separated the data into two seasons: a cold season from December
to April and a warm season from June to October. A priori, we expected salinity data for the cold
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season to be less noisy because the mixedlayeris deeper and better mixed as aresult of the rougher
weather. Temperature anomalies are more coherent for the months December to April (RODEWALD,
1972). On the other hand, there are fewer data for this season, resulting in a larger uncertainty for
the average anomaly. First, gross outliers were eliminated, i.e. values with deviations from the
average seasonal cycle larger than 1.0psu or 5°C. Then for each season we estimated the median
of the deviations from the average seasonal cycle. These seasonal medians are fitted with a cubic-
spline taking into account the seasonal uncertainties estimated assuming that all measurements are
independent. A binomial filter is then applied. This estimate of the low-frequency based on the
limited sampleis likely to benearly normally distributed, even if it results from samples distributed
asonFig.5. OnFigs 6-9 we present the likely one-standard deviationrange of this low-passed time
series (based on the errors for the seasonal anomalies). -

8.1 Faeroe-Shetland Channel

The spatial variability in the channel results from the different water masses with water fromthe
slope current entering from the south-west along the Scottish shelf, North Atlantic water also
entering from the south~west and modified North Atlantic water from the North-west along the
Faeroese shelf. We first consider a swath 67km wide along the axis of the Channel between 60°N
and 62°N (central Channel) which roughly corresponds to the area considered in DOOLEY et al
(1984) and where North Atlantic waters dominate. An average correction is applied for each
oceanographic cruise by assuming that the Norwegian Sea deep water salinity hasnot changed and
isequalto 34.915 (all samples below 600m and with a temperature lower than -0.5°C are considered
part of this water mass). This water is not freshly ventilated, so it is unlikely that its salinity has
changed by more than 0.01psu during the whole historical record. The corrections applied
sometimes exceed 0.10psu, for example, in recent Russian oceanographic cruises and various
Scottish cruises in particularin 1949, 1950 and 1953. These errors probably originate from the use
of a sub-standard sea water to calibrate the measurements instead of the Copenhagen standard
water. For cruises during which the sampling did not reach the deep waters, we have adopted the
correction established for the closest cruise of the same vessel. We also lower by -0.02psu the
surface salinity of stations before 1914 which were sampled by bucket (Table 2).

Variability between nearby samples in this domain has a rms of around 0.06psu. Because there
are few samples, errors related to high frequency, small-scale variability are often quite large and
the low-frequencies are not well defined, except during 1948-1960 for the surface data (1107
samples) and the 1948-1990 period for the hydrographic station data (1079 casts) (Fig.6a,b). In
Tecent years, the time series constructed from hydrographic station samples at the World Data
Centre is less complete than time series presented in DOOLEY ef al (1984) and TURRELL and
SHELTON (1993). The sampling uncertainty is often large, but some of the differences in the low-
frequency salinity anomalies between the ships-of-opportunity and hydrographic casts samples
(Fig.6a,b) are large and are also found if seasons are analysed individually, for instance, the
maximum salinity is in 1950 for the ships-of-opportunity surface data, and around 1960 and 1968
in station data. The higher surface salinity around 1950 corresponds to the anomalous deviations
presented in Table 3. Once these corrections are applied, the time series from station and surface
databecome statistically identical. The time series based on samples at 10m depth (Fig.6¢) closely
mimics the surface series, but with slightlylower valuesin the late 1930s and 1950s. Thedifferences
are larger at a depth of 100m (Fig.6d) with a more pronounced peak near 1930 and a more
pronounced minimumin 1910.

Hydrographic sampling barelyresolves the low frequencies signal, soitis interesting to combine
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thehydrographic data with the surface samples, corrected as suggested by Table 3. We find similar
time series (Fig.7) for the combined data sets (surface corrected and hydrographic stations) for
neighbouring domains in the eastern and western Faeroe-Shetland Channel (Fig.1b), which
confirm what was concluded from analysing the hydrographic casts only. To investigate the
seasonal dependence of the signal, we have combined these 3 domains which extend from shelf
to shelf (full line on Fig.7 for the annual average). In both cold (Fig.8b) and warm season (Fig.8d)
salinity time series, the waters are freshest in the late 1970s and show maxima in the late 1920s,
around 1950, 1960 and 1970. The large difference for the period 1910-1925 corresponds to amore
irregular sampling; which was poor for the cold seasons of 1911 and 1922, and during the warm
seasons of 1915 and 1921. Note that there is no data between the end of 1915 and 1920. Based
on the similarity between the two seasonal time series, the time series on Fig.6d which uses all
season data should provide a more reliable estimate of the low frequencies than the series for
individual seasons, The errors related to the sampling are unlikely to be fully removed by
integrating vertically over the water columm, so it is not surprising that we find differences with
other time series of the upper ocean salinity in different areas of the FS Channel. However, these
time series, i.e. in DOOLEY et al (1984) for the upper 200m in the central area, and in ELLETT and
TURRELL (1992) for the vertically integrated water column over the Shetland shelf edge (slope
current), all show the minimum near 1910 and in the late 1970s. TURRELL and SHELTON (1993)
time series for the North Atlantic water present higher salinities in 1946-1950. Not surprisingly,
the differences since 1970, when the data set we used is less extensive than in other studies (ELLETT
and BLINDHEIM 1992; ELLETT and TURRELL, 1992), are also very large.

Surface corrected & hydrographic stations Jan.-Dec.
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Fig.7. Time series of the low frequency salinity anomalies combining the hydrographic stations and
the corrected surface samples for various subareas (W, C and E on Fig.1b) of the Faeroe-Shetland
Channel. ‘All’ refers to the three areas combined (5954 samples).

The temperature anomalies are also shown for the two seasons. As expected, the cold season
anomalies are usually weaker, remaining between ~0.5°C and 0.5°C for the whole record with
maximum values around 1960 and lowest anomalies around 1905. The total increase between the
two periods is however less than for the Faeroe coastal stations (HANSEN and MEINCKE, 1984)
where it exceeds 1°C. This is probably a real difference related to the coastal sites which are
separated by a wide shelf from the deep areas we investigate.
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Table 3. Comparison of surface samples with nearby data collected within 20 days and 14km. Average and rms
difference are indicated both for T and S. Differences larger than 0.5psu or 2°C are removed (except for the NMFS

data, where differences larger than 1psu are removed) and the average of the differences is given as well as the rms .

deviation and the number of different surface samples included. The title gives the two sets (1 and 2, where the
differences are taken as 1-2) where ICES corresponds to the surface data from ICES, Dutch, UK, Danish, and

Norwegian refer to the country in charge of the monitoring (subsets of the ICES file). After 1948, UK and Dutch
refer to the weather ships; for the earlier period they correspond to liners. ORSTOM refers to the French program
monitored by ORSTOM (the agency responsible for overseasresearch) and FR to all other French surface data; Aydro
includes all hydrographic casts; salino corresponds to data from thermosalinometer and near surface undulating
CTD. Therange of yearsisindicated, aswell asthe average difference, the standard deviation and the number of samples.

Title Years AT Or AS Oy n area and comments
°C psu

Ocean Weather Ships surface data
Dutch-hydro 50,55,56 ~ 0.05 0.63 0.006 0.128 462 Northeast Atlantic
ICES-hydro 60-64 0.09 0.69 0.003 0.123 218 Northeast Atlantic
Dutch-hydro 65-67** -0.19 0.79 0.080 0.171 439 (also in North Sea)
Dutch-hydro 68-76 -0.24 0.55 0.020 0.071 323 Northeast Atlantic
UK-hydro 64-76 -0.02 0.70""  0.003 0.126 149 Northeast Atlantic
Dutch-UK 55-63 -0.32 0.69 0.010 0.084 443 Northeast Atlantic
Dutch-UK 55-63 -0.15 0.71 0.006 0.150 1944 North Sea
Dutch-UK 64-67 -0.30 0.76 0.003 0.153 710 North Sea
Dutch-UK 68-70 -0.21 0.79 0.001 0.190 626 North Sea
French surface data :
ORSTOM-hydro 77-78  0.06 0.90 0.095 0.160 66 Atlantic south of 50°N
ORSTOM-salino 83-89 0.04 0.83 0.091 0.138 21 Atlantic south of 50°N
ORSTOM-ICES 77-90 -0.25 0.71 0.069 0.251 52 Atlantic near 50°N
FR-hydro 57-90  0.01 0.71 0.041 0.148 805 mostly near France and
Weather Ships
National Marine Fisheries Service surface data
NMFS-hydro 71-90  0.00 0.99 0.078 0.371 499 Western Atlantic :
ICES liners
Danish-hydro 05-14 -0.05 0.75 -0.008 0.060 32 Faeroe-Scotland
Danish-hydro 20-30  0.11 0.50 0.014 0.087 10 Faeroe-Shetland
Danish-hydro 31-39  0.05 0.71 0.067 0.103 62 Faeroe-Shetland
Norwegian-hydro 31-39 037 0.55 -0.001 0.061 15 Faeroe-Shetland

" Danish-Norwegian 31-39* -042 0.70 0.050 0.093 93 Faeroe-Shetland
Danish-hydro 05-39 -0.24 0.79 0.042 0.069 24 52-64°N, 7-35°W
Danish-hydro 4547 -0.22 0.72 0.020 0.074 28 Faeroe-Shetland
Danish-hydro 48  0.07 0.57 0.053 0.068 30 Faerpe-Shetland
Dauish-hydro 49 0.03 0.62 0.130 0.075 26 Faeroe-Shetland
Danish-hydro 50 0.27 0.53 0.095 0.070 63 Faeroe-Shetland
Danish-hydro 51 0.29 0.59 0.089 0.058 56 Faeroe-Shetland
Danish-hydro 52 0.26 0.57 0.137 0.065 70 Faeroe-Shetland
Danish-hydro 53 0.10 - 0.62 0.069 0.055 63 Faeroe-Shetland
Danish-hydro 54 0.03 0.39 0.062 0.057 21 Faeroe-Shetland
Danish-UK 55-60 -0.55 0.62 0.020 0.068 23 North Atlantic
Danish-Dutch 55-60* -0.22 0.70 0.035 0.099 112 North Atlantic
ICES-hydro 05-17  0.23 0.83 0.028 0.185 20 40-50°N, 8-35°W
German-hydro 28-29 -0.04 0.70 0.045 0.171 24 40-50°N, 8-35°W
UK-hydro 20-29  0.02 0.86 0.112 0.150 14 40-50°N, 8-35°W
UK-hydro 30-39  0.01 0.99 0.061 0.178 16 40-50°N, 8-35°W

*The data suggest that the temperature difference is larger in winter than in summer,

**The comparisons for 1965-67 between the Dutch and UK surface samples suggest a bias different from the one
for the comparison with the station data, suggesting some inhomogeneity within this set or in the station data.
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April season (1463 samples); Fig.8¢c (T) and 8d (S) for the June through October season (3276

samples).

(D) 1 Arewour

g L[ewouw




Surface salinity of the North Atlantic 331
Oc OC
2.0 LY I L3 l L] ] L l T l L} l L] I ] T l ¥ I T 2-0
1.0 ¢+
g * B
o
£ g
2 0.0 &
g } ~
: 3
o ~
-1.0
-2.0 1 1 L ] 1 1 : 1 2 { 1 ! i ! i ! L 1 2 -2.0
1890 1900 1910 1820 1930 1940 1950 1980 1970 1980 1990
year
Om E+C+W all data Jun.—Oct.
psu psu
0.2 — T T ' T ' T 1
d
0.1
@ g
> 0
2 0.0 8
) <
g 0
-0.1

5 ! s 1 L J 2 | : i 1 1 L ! " 1 n ! L -0.2

2
1890 1900 1910 1920 1930 1940 1950 1960 1870 1880 1990

year




332 G. REVERDIN ¢f al.

8.2 Eastern Atlantic

The other region crossed by different ICES lines and where hydrographic stations were
collected regularlyis in the eastern Atlantic south-west of Ireland and west of the English Channel
(Fig.1b) (48°N - 50°N, 8°W - 12°W). In the vicinity of the shelfbreak is an intermittent poleward
flow (slope current) with seasonal and interannual variability (PINGREE and LECANN, 1990); the
ocean interior is more quiescent and often has deep mixed layers in winter. Before 1945
hydrographic observations were carried out mostly on the shelfor on the slope. Wehave excluded
most of the shelf afea because surface sampling there is very different from the open ocean, with
many samples collected during oceanographic cruises and along short lines between Ireland,
England and France. The box-division of this region is designed to separate the shelf break from
the open ocean.

Unfortunately, the 7ms variability in surface salinity is larger than in the Faeroe-Shetland area,
and the time series constructed have larger uncertainties, comparable to the magnitude of the
interannual signal (Fig.9). Still, the time series are very different from the ones for surface data
without the corrections of the order of 0. 10psu which were based on Table 3. The corrections were
important for reducing the differences between surface data and hydrographic casts time series.
However, these time series suffer from some problems. The larger rms variability results in the
salinity seasonal cycle being less certain in the area with errors probably exceeding 0.02psu and
0.2°C for individual months. Another caveat is that we did not correct the hydrographic stations
as we did in section 7a. Furthermore, the large average corrections that we adopt for the 1920sand
1930s from Table 3 have uncertainties of the order of 0.05psu and this also indicates a likely large
scatter of the error from sample to sample.

The data are however appropriate for investigating whether the low-frequency anomalies vary
with season and whether they are spatially coherent. The seasonal time series for slope box 2
(Fig.10) are typical of the differences between seasons. The errors on the low-passed time series
are comparable for the two seasons and are illustrated on Fig.9 for the cold season (there are more
data in the warm season but rms deviations are larger). The salinity time series post 1948 suggest
deviations are higher by 0.02psu in the warm season than in the cold season, which may result from
an error in the average seasonal cycle we used. However, between 1925 and 1935 the summer
deviations are more negative. This minimum in the warm season time series is featured both in the
hydrographic stations and in the corrected surface data. Large positive deviations in early 1928 and
1929 (Fig.9), and negative deviations in mid-1931 contribute to the difference, but even without
those years the cold season deviations are still 0.05psu higher than in the warm season. The cold
season minimum in 1935-37 is a well-sampled feature which occurred elsewhere, but not in the
hydrographic stations data, whereas a minimum around 1910 is found in both time series. Earlier
on, there are large positive deviations which are dubious according to a study of the surface
monitoring prior to 1900 (REVERDIN, 1993). However, it is reassuring that similar deviations also
occurred during the cold seasons in 1904-1906 when the monitoring was reinstated and recent
anomalies also reach a comparable level. The temperature time series at this location for the two
seasons does not present any similarities, although most of the differences are not significant
according to the estimated errors. The often negative cold season deviations in 1905-1925 which
are also found in other areas, have no clear counterpart during the warm season.

The seasonal differences in salinity illustrated for this area are typical of other locations and are
probably significant, with the caveat that our corrections for 1920-1939 are based mostly on
summer data and might not apply as well to winter data. However, there is the additional issue
of spatial homogeneity in the deviations which we have combined for creating time series. The
spatial variability of the deviations may be large for the warm season, larger than is the case for
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Fig.9. Same as Fig.6 combining the hydrographic stations and the corrected surface samples for area
2 on Fig.1b. Fig.9a (T) and 9b (S) for December through April season (1129 samples).
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the cold season, which we illustrate in Fig.11. Most of the prominent features of the time series

are present in at least three out of the four time series. For salinity, this is the case for the low

salinities in 1908-1910, near 1915, 1925, 1935, in the mid-1960s and in the mid-1970s. This is

also the case for the positive salinity deviations around 1900, in the late 1930s, late 1950s and in.
themid-1980s. The low salinities in the mid-1950s are only found for the two northern boxes. The

usually lower temperatures for the period 1905-1920 than for more recent years, and the positive

temperature deviations near 1930 and in the late 1950s are also shared by most time series. This

suggests that averaging over larger areas, as was done in SMED (1943) with 5° by 5° boxes might

not be a major source of uncertainty in the analysis of low frequency variability, at least for the

cold season.

The minimum around 1910 in Fig.11 is also consistent with hydrographic data from north of
50°Nin the summer of 1910 when there wasa broad area of fresher waters (DICKSON, MALMBERG,
JONES and LEE , 1984). The sharp increase of salinity between 1935 and 1939 occurred in all time
series. The low salinity period in 1910-1920 was also found in the western English Channel
(DICKSON, 1921). The low values in the late 1970s and the following increase to nearly
unprecedented levelsinrecent years are also widespread features in the eastern Atlanticand on the
continental shelf. For instance, the series from the Seven Stones Light Vessel, west of Cormnwall
(50°04'N, 06°04’W) exhibits a salinity minimum in 1977-1978. The analysis of hydrographic
conditions a little further west in the late 1970s by POLLARD and PU (1985) showed that the 1977
anomaly in the upper 400m extended north of 40°N and they contrasted conditions with those
observed in 1957-1958. We also found that positive anomalies in 1957-1958 which switched to
being negative in the late 1970s (Fig.9 and 11). However, as DICKSON ef al (1988) commented, -
salinities around 1970 were also high, and the transition between the two periods was far from
smoothas was assumed by POLLARD and PU (1985), and there was another minimum around 1965-
67 both in surface and hydrographic data.

9. DISCUSSION

Thequestion we poseis whether we can combine the surface observations with thehydrographic
station data in order to infer the low frequency variations of the upper ocean over an extended
period. This issue is important, because hydrographic stations alone barely provide the spatial
coveragenecessary toresolve the spatial scales ofthe low-frequencyhydrographicsignal. Actually,
with the exception of the maps by LEVITUS (1989a,b) where the assumption is made that the low-
frequency signal emerges from the ‘noise’ provided by season-to-season variability, most
information on the variability is based on time series at a few locations. These time series include
the Panulirus station close to Bermuda (JENKINS, 1982; TALLEY and RAYMER, 1982; LEVITUS,
ANTONOV, ZENGSI, DOOLEY, TSERESCHENKOV, GULEV and MICHAELS, 1992), the surface
Rockall Trough (ELLETT, 1982), station Mike at 66°N 2°E (GAMMELSR@D and HOLM, 1984),
station Charlie at 52.75°N 34.5°W (LEVITUS et al, 1992) and the other weather ships (TAYLOR
and STEPHENS, 1980). These are valuablein providing an estimate of therelative importance of the:
low frequencies with respect to the higher frequencies and on how deviations from the climatology
in surface and subsurface conditions relate. Where water masses are homogeneous, such asin the
Rockall Trough, the winter season salinity time series (Fig.12) are very regular and correlations
between successive winters are large{0.64 correlation coefficient). However, these variousrecords
forhydrography are so far apart spatially that they are difficult to combine, even atlow frequencies,
so that the analysis of the variability has to some extent to be based on intuition, even for an event
as large as the ‘Great Salinity Anomaly’ of the 1970s (DICKSON et al, 1988).

Potentially, it should be possible to complement the hydrographic data with the surface data
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collected more or less regularly along shipping lines or during cruises over the last 100 years,
although Fig.2 shows large areas remain devoid of any data, even on time scales of decades. One
argument against analyzing the hydrographic changes from the surface data, is that the seasonal
cycleofsurface salinity is poorlyresolved and that the surface variables aremore ‘noisy’. However,
the picture that has emerged from the present analysis is somewhat more optimistic. To illustrate
the signal overnoise problemresulting from the seasonal cycle, we will comparethe low frequency
signal with the peak-to-peak change in the average seasonal cycle for the two domains discussed
above. In the Faeroe-Shetland domain, we find a peak-to-peak seasonal signal of 0.10psu with a
maximum in early June and a minimum in early October. Encouragingly, the same timing of the
extrema was.found by KNUDSEN (1905) from the 1897-1903 sampling when averaging his
estimates between 3°W and 6°W, with a peak-to-peak amplitude of 0.12psu. Wehave also found
that the interannual variability does not have a strong seasonal modulation. This assumption is
shown by ELLETT and TURRELL (1992) to be reasonable for decadal averages of the surface salinity
in the Rockall Trough. South-west of Ireland, the peak-to-peak seasonal cycle varies across the
shelf-edge. Onaverageitis 0.08psu with amaximumin May and aminimum in September. Inboth
areas, the seasonal cycle contains less variance than the low frequency variability which has peak-
to-peak signals of at least 0.15psu. Based on those examples, it is quite important to have a correct
sampling of the interannual variability in order to have a good estimate of the average seasonal cycle
of salinity. On the other hand, an inadequate knowledge of the seasonal cycle will not be a major
hindrance for the investigation of the low-frequency variability, primarily during the cold season
- when the month-to-month change in the seasonal cycle is small.

These conclusions are based on a limited set of data for the north-east Atlantic, and may notbe
valid for otherareas where the amplitude ofthe seasonal cycle ismuch larger, in particularin Arctic
waters, in the western Atlantic or in tropical waters (LEVITUS, 1986; SMED, 1943). However, the
low-frequency interannual anomalies are probably also larger there. For example, at ocean weather
station Charlie (52°45°N 35°30’W), the peak-to-peak seasonal cycle is 0.16psu, but the lowering
of the surface salinity between the winters of 1962 to 1968 and 1969 to 1973 exceeds 0.2psu
(TAYLOR and STEPHENS, 1980). Similar conclusions hold at the Panulirus site near Bermuda
(LEVITUS et al, 1992).

Anotherinconvenience in using surface data is that the high frequency variability is larger at the
surface than a few tens of meters below the surface, because of the surface air-sea exchange of
water. However, the weather ship time series of surface salinity (often daily data) illustrate that the
subseasonal variability is often not overwhelming for these sites where the winter mixed layer is
deep or very deep. Typical values of the intra-seasonal rms variability in the north-eastern Atlantic
during the winter season are in the range 0.04psu to 0. 10psu (in winter time, the distribution of the
monthly deviations is adequately modelled by a Gaussian distribution). In summer time, the
standard deviation is often larger, but the distribution is less Gaussian with a long tail for the
negative anomalies. Because so many of the surface data are loosely distributed, one would like
to know what sampling frequency is needed to reconstruct the low frequency time series. We can
illustrate this question by sampling the nearly monthly time series of the Rockall Trough by a few
‘data’ distributed randomly through the record, which are assumed to have a noise corresponding
to the sample high frequency statistics (rms 0.05psu for S and 0.40°C for SST). For the January-
March season, we find that with 20 (40) data, the standard error on the low-frequency signal of
0.017 (0.009)psu compared to a rms low frequency signal of 0.029psu. The situation there is less
favourable for temperature or density, because of higher season-to-season variability (with 40
samples the rms error for temperature is 0.13°C for a signal rms 0f 0.10°C and for density 0.027kg
mr? compared to a signal of 0.028kg m™.

Although this suggests that surface samples, even loosely distributed should contribute to
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defining the past low frequency variability, this study illustrates the difficulty of validating the
very inhomogeneous set which one has to use. This problem was recognized by LUMBY (1935)
who commented: “For instance, a case arose in which two ships running over the same route (not
in the English Channel) took alternate series of samples, and it was noticed that the two sets were
inconsistent. The discrepancy alone was not sufficient to point definitely to inaccuracy in either
one set or the other, but subsequent inquiry elicited the information that the observer in one of
the ships was not well inclined towards the work...”.

We have documented the possibility of errors related to the collection of the water or to the
storage if not rinsed properly. For example, a French bucket with a rubber rim can strongly
contaminate a sample of sea water. Bottles with loose caps can suffer from extensive evaporation
during the storage. Most of these errors will result in an increase of a sample’s salinity. The other
errors, eitherreporting errors (position, time or value), or errors from the titration (originating from
the uncertainty in the end-point or of the chlorinity of the standard water) are more likely to be
normally distributed with a zero mean. We find that the combination ofthese various effects often
resultsina very skewed distribution of the errors toward the positive deviations. These errors imply
thata salinity spatial average from surface sampl§s sometimes exceedbyabout 0.10psutheaverage
obtained from hydrographic stations. The median is a slightly less erroneous estimate, but is also
biased towards positive values. Many surface samples at hydrographic stations were also drawn
by bucket and are therefore subject to similar contamination, as shown by comparisons with the
first subsurface bottle sample. For hydrographic stations, at least in winter, it is often possible to
replace the value from the surface sample with that from the first subsurface bottle sample.

The problem with the systematic errors, in particular those associated with use of buckets and
uncalibrated thermo-salinometers, remains a concern. It is interesting to refer to the studies by
PARKER and FOLLAND (1991} and FOLLAND (1991) of the temperature bias with canvas buckets
which has a complicated spatial pattern and is also seasonally modulated. It could be that the
contamination of samples collected with thisbucket would also have aspatial pattern. Unfortunately,
the validations are mostly for the north-east Atlantic and information from elsewhere is scant. In
the western Atlantic, a comparison based on 30 surface samples of mixed origin between 1930and
1939, mainly along the edge of the Grand Bank, suggests that the averagebias of the surface samples
does not exceed 0.09psu at the 95% confidence level. This is encouraging, because interannual
signals there seem to have a large amplitude (PETRIE et al, 1992). In many cases we have no hint
of why the errors have a specific magnitude in a given set and why they appear to change at certain
times. Itmay be thatundocumented modifications were introduced as investigators became aware
of various problems; for example, we are aware of three such changes in the last 20 years of
ORSTOM data (see Appendix A).

In this connection, itisimportant to assemble all available information on the sampling methods
used beforethey are lost forever, We have shown that such details as the type of bucket or sampler,
the type of sample bottle and the method of salinity determination have important bearings upon
the reliability of the data, and these with any comments by the originator of the series should form
an essential part of the ‘data archaeology’ projects now proposed. Experience shows that it is
sometimes difficult to obtain this background information even for current programs.

Based on what we have presented in this paper, the interdecadal signal presented by SMED
(1943) mainly from uncorrected surface samples is questionable south of 50°N for Smed’s areas
E toI. We should, however, mention that although the inconclusive comparisons we were able to
carry out on the 1920s Danish samples suggested a possible positive bias (0.06psu based on 9
samples), such abiasisnotlarge enough to explain the late 1920s maximum on SMED’s(1943) low-
passed curves in the subarctic gyre (areas A to C). The errors in surface samples are large enough
to have strongly distorted the low-pass time serjes of area averaged salinity, as illustrated for two
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areas in the north-east Atlantic. In these two cases, corrections suggested from direct comparisons
withneighbouring stationstesulted in time series, which, ifnot fully satisfying, are atleastrealistic
and complement earlier analyses from hydrography. Actually, the Faeroe-Shetland Channel time
series clearly shows that the 1908-1910 low-salinity episode in the North Atlantic waters was not
as extensive as the low salinity anomaly of the mid-1970s. The second example in the eastern
Atlanticis also interesting, as it suggests there have been other fresh episodes with rapid changes,
in addition to that of the 1970s. These encouraging results imply that it is possible to improve the
data sets by elimination of dubious data along particular crossings and by the statistical correction
of the systematic errors in some of the sets. This suggests that corrected surface data will help to
sample the higher-frequency interannual variability (examples for subsets presented in KBRNE,
1931, and REVERDIN, 1993) in order to avoid a serious aliasing problem when retrieving the low-
frequency variability.
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APPENDIX A: VALIDATION OF THE SURFACE DATA SETS

This section complements the investigation of statistical properties of deviations for a few sets
of surface datarelative tonearby hydrographic stations presented in section 7. Here we summarize
theinformation available for each subset from similar comparison with eitherhydrological stations
or other surface data. Unfortunately in many instances there are too few comparisons to establish
comparable distributions to those in section 7 and we will only discuss the means and standard
deviations ofthe differences (Table 3), althoughitis incomplete because the distributions are likely
to be non-normal as were those in section 7.

A.1 UK and Dutch OWS samples

Intheintroduction, wereported that samples collected from the UK ocean weather ships (OWS)
on its way to the Lima site at 57°N 20°30°W in 1988-1990 seem to show a slight bias and also
contained positive outliers, which deviated from the conclusion for another period in section 7.
More comparisons for UK and Dutch OWS are presented in Table 3. This could not be done for
1948-1949 and 1951-1954 when no country code is reported in our files. For the period
investigated, UK OWS samples are drawn from the intake and Dutch OWS samples were drawn
with a galvanized bucket. Comparison between the UK surface data and the station data suggests
that there is no significant bias in salinity for different periods (within +0.02psu at the 95%
confidenceinterval). The Dutch surface data, on the otherhand, usually show a small positive bias
(of the order of 0.01psu), with some exceptions. Specifically, for the years 1965-1967, when
compared with station data, the Dutch samples have an average positive bias of around 0.10psu
inthe southernnorth Sea, the English Channel and the near Atlantic south of 50°N (towards Ocean
Station Kilo). This geographical distribution isnot consistent with that obtained from comparisons
with the UK surface samples for the same years, when the median differences show no large bias,
suggesting inhomogeneities in the data set for those years.

There are also significant temperature differences between the sets. For instance, the Dutch
temperatures are too low by 0.2°C compared to the station data before 1976. Between 1964 and
1976, they are also lower by 0.15 to 0.30°C than English OWS and other surface temperatures.
This is compatible with the Dutch data for this period being measured from a bucket whereas the
UK data were measured by a thermistor either hull-mounted or in an intake. Early OWS SSTsseem
alittle onthe high side. Morerecently (after 1976) Dutch datano longer show significant differences
with the station data.

A.2 French data sets

The French ORSTOM data set (close to 75,000 salinity data in the Atlantic) contains only
samples drawn with the French bucket between 1977 and 1991 (we refer to this file as the ORSTOM
file, in reference to the French agency ORSTOM which was responsible for collecting the data).
Comparisons with station casts, calibrated thermo-salinometer data and SeaSoar data, and other
surface data from English and Dutch Ocean wether ships (OWS) are presented in Table 3. Outliers
larger than 0.5psu were initially removed because they usually are detectable as erroneous datain
the eastern Atlantic. Throughout the ORSTOM salinities have a positive bias of around 0.08 to
0.10psu. It is not possible to distinguish whether this evolves in time or whether it presents a
seasonal cycle. This average bias is close to that found for in sifu measurements with the same
bucket in the Pacific Ocean. The scatter in the comparison with station data has a rms deviation
of 0.14psu; slightly larger than the rms deviation derived for UK or Dutch OWS surface data
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compared with station data in the same area of the North-east Atlantic. This suggests that
ORSTOM measurements have a larger uncertainty, which is also our experience from direct use
of the bucket. Assuming 0.10psu to be a typical estimate of the ‘noise’ associated with the
measurements, more than 40 independent data are needed to reduce the effect of the randommnoise
on the average to within 0.03psu at the 95% confidence limit (we have again assumed a normal
distribution; if the distributionsresemble the one of Fig .4, themedian would converge alittle faster
than themean). Thisis certainly a very stringent constraint for the study of the low-frequency signal,
considering the fairly loose sampling. The average difference for temperature is compatible with
abias in the range +0.1°C at the 95% confidence interval.

There is another French surface data set resulting from the compilation of data from different
sources since 1957 (we refer to it as the FR set). It contains over 40,000 surface salinities, most
probably collected with a bucket, usually with the French bucket (French OWS in particular).
Comparison with station data shows that the setis not homogeneous. Some subsets have a slightly
negativebias, for examplein 1969-1974 off Brittany and at OWSsite A (28°05°W, 62°N). AtOWS
site K (15°W, 46°N), on the other hand, there are many anomalously high salinities between 1957-
1964. Undoubtedly, contamination was a serious problem during some of the oceanographic
cruises (we removed some anomalous data before carrying out the comparison). The set includes
some data which were not properly calibrated, for example in April 1974 or July and August 1977
to the west of France. The ‘average’ difference with station data is 0.04psu (within & 0.01psu at
the 95% confidence limit). It is interesting that the bias in this set is so different from that of the
ORSTOM set, or from the bias wehad determined during three cruises. One difference is thatmany
vessels from which the FR data were collected, have a bridge closer to the water than the ca30m
bridge elevation common on vessels of the ORSTOM program. The frequency of sample collection
in FR set is often higher than from the merchant vessels of the ORSTOM set (every 6 hours), so
thebucketsmayhaveremained ‘cleaner’. There may also havebeen undocumented changesin the
buckets used for FR set, for which most data are earlier than the ORSTOM data (collected after
1976)%.

A.3 National Marine Fisheries Service samples

Since 1971, the American National Marine Fisheries Service (INMFS) has been in charge of a
collection of surface samples from merchant ships in the western Atlantic and Gulf of Mexico.
Samples have been collected using a bucket without a rubber rim. Water is stored in small bottles
(100cc) with a bakelite cap and plastic sub-cap. Surface samples collected during NMFS cruises
on the American continental shelf are also included.

Large spatial gradients occur in the western Atlantic so the distribution of the deviations with
nearby hydrographic stationshas a large scatter. In the comparisons, arange of =1 psuretains 90%
of the pairs (3% negative and 7% positive outliers in the differences NMFS-hydrographic station)
within a total set of 555 pairs. The mean salinity differenceis 0.08psu (£0.03psu 95% confidence
interval assuming a normal distribution). The median is 0.06psu, but the large percentage of
extreme positive salinity errors suggests that at least 2-3% of the samples have either not been

'The confidence interval estimate is computed from the standard deviation assuming that the data are independent
and are normally distributed. The first assumption is not controversial, as each individual datum of the ORSTOM
setis never considered more than once (i.e. ifthere is more than one station close to an ORSTOM sample, we average
them before comparing). The second assumption is, however, not fully substantiated as is commented upon in
Section 7. This is of little consequence for the uncertainty estimate.

A few comparisons for FR data after 1976 exhibit a larger scatter, which could result from a different collection
method. :
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reported correctly or originate from improperly sealed bottles. However, lower biases are to be
expected from the southern mid-Atlantic Bight area when data are mostly collected during
oceanographic cruises, and biases should be larger in particular in the earlier years of the sampling
program when most samples from merchant ships were not analyzed quickly. Unfortunately,
because of the large variability of the area, itisnot possible toresolve these differences. The average
SST deviation is 0 £ 0.1°C (95% confidence interval for a rms difference of 0.99°C).

A.4 ICES data from liners along shipping routes

Collection of data from merchant vessels was carried out within various national programs and
coordinated by ICES until 1960. Asmentioned earlier, there are many instances in those early years
of surface sample athydrographic stations also being taken by buckets, so the comparison between
the surface samples from hydrographic stations and surface data do not provide a clear indication
ofthe biases in the surface set (the station salinities are often too high, forinstance for Scottish data
in 1904, 1905 and 1909). Because the indication of the country is missing before 1955 (with the
exception of 1950) and the ICES line number is not in our files, itis not easy to distinguish the
different programmes. We tried to identify them by reconstructing individual crossings, but our
efforts are prone to error in areas where lines intersect so our analysis does not include the North
Sea, the English Channel, and the Irish Sea.

It is for the Danish data, primarily from the line to Iceland that the comparisons are most
conclusive, and on which we willnow comment. We find small average deviations fromstation data
before 1914, and comparisons continue to be good until the late 1920s. Between 1931 and 1939,
the line to Iceland was sampled by both Norway and Denmark. The Norwegian samples were
collected every one to two hours and their salinity data exhibitno significant difference with station
data; their temperature data, however, are much higher (more than 0.3°C). Interestingly,
comparisons with published thermograms in Bulletin Hydrographique suggests that the SST
reported with the salinity measurements are from the thermograph placed at the intake, and we are
inclined to believe that the salinity samples were also drawn from the intake. The Danish surface
salinities are too high both with respect to these Norwegian surface samples and to the station data.
However, their SST is comparable to the station data but lower than the Norwegian SST. These
differences in salinity are also found further west on the line to Greenland (also of the order of
0.05psu), but seem to have been less prior to 1931, although there are téo few datato be conclusive.

After 1945, conditions in the Danish subset varied substantially from year to year, both for SST
and salinity anomalies, suggesting the sampling techniques kept changing. For 1950-1952, for
example, we find that temperature is too high by nearly 0.3°C and for 1949-1952 that salinity is
too high by 0.1psu ormore. The distribution is fairly narrow and fairly symmetrical (for instance,
only 2 outof70 differences in 1952 are negative and 2 positive exceed 0.25psu). One wondershow
such an error distribution has arisen: it contrasts, for examuple, with the data collected with the
Frenchbucket which has a similar average error, but with a larger scatter. The positive temperature
differences may have been the consequence of the SST having been measured by an intake for a
couple of years, and mainly from a bucket for the others (there are suggestions that, evenrecently,
canvas buckets were used on some Danish vessels to measure SST). It is also difficult to be sure
whether or not there are differences between the two Danish lines monitored to Greenland and
Iceland respectively, because there are far fewer comparisons with Greenland line although the
comparisons appear to show similar biases.

Between 1955 and 1960 the set becomes more homogeneous. During this period comparison
with station data suggests that the Danish surface salinities are too large by 0.05psu. Although the
set is too small to be conclusive and a few outliers have a strong influence, the comparisons with
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the English and Dutch surface data imply similar mean (or median) bias. Interestingly, there are
relatively few large outliers in the Danish data (4 out of 139 were too large by >0.4psu). There
is a large negative SST bias for these Danish reports (about 0.2°C with respect to the Dutch data
and 0.5°C with respect to the UK data, which suggests an error of about 0.4°C). This could
originate from the temperature being measured by either a towed thermistor or in a canvas bucket.

The other area where samples can be compared with hydrographic stations is in the eastern
Atlanticmainly between Ireland and Spain, monitored by UK linersin 1904-1909,1913-1916 and
1922-1939, German liners in 1928-1939, and Dutch liners in 1912-1915. Based on a small set of
comparisons with Danish, Irish or UK hydrographic stations, the UK data shows a small biasbefore
1914, but of a positive bias of at least 0.10psu in the 1920s, even after removal of the most
outstanding error (crossings were removed if they presented at least 2 samples in the eastern
Atlantic deviating from climatology and nearby crossings by more than 0.40psu). Salinity
deviations diminished in the 1930s when there was the greater awareness of the factors effecting
data quality (LUMBY, 1935). Salinity bias is less for the German data and in the late 1930s even
occasional large deviations from climatology, which commonly happenin 1928-1934 disappeared.
This may have resulted from the more frequent sampling in the late 1930s than before (6 times a
dayinstead of twicea day). Temperature deviations of the UK sampling with respectto the stations
were small, but the German SSTs are cooler, maybe because of the use of a small non-insulated
ironbucket on board German liners (PARKER and FOLLAND, 1991). However, the comparisons are
based on too few samples to be very reliable. Also, the hydrographic stations included in the
comparisons may also have in certain years a large surface salinity bias (examples for France and
Ireland are given in Table 2, and we suspect that many French salinities between 1924 and 1927
are too low), so that the estimates just given could be underestimates of the true bias.

The bias diminishes closer to the English channel, probably because the numbers of surface
observations increases as aresult of short crossings in the western Channel. Even there, the average
deviation reaches 0.04psu (+0.02psu at the 95%level). Between 1905 and 1917, no large anomaly
is found in this area (neither for temperature nor for salinity, although a positive salinity bias of up
to 0.02psu is compatible with the data).



