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FIGURES 

1. Station positions, expendable bathythermographs, underway mechanical bathy
thermographs and areas of surface temperature front surveys. 

2. In situ salinity-temperature-depth recorder lowerings, hydrographic casts and 
areas of surface temperature front surveys. 

3a. Distribution of temperature (°C) along a section from 59°15 1N, 165°40'E (near 
Kamchatka) through the Aleutian Island chain to 41 °02'N, 175 °00'E, including sta
tions 60-73 and 100-124 whose positions are shown on Figure 2. Data are from 
the in situ STD: position and depth of lowering are shown by the vertical lines. 

3b. Salinity (%o) along the vertical section described in Figure 3a. Data are from the 
in situ STD: position and depth of lowering are shown by the vertical lines. 

3c. Thermosteric anomaly (centiliters/ton) along the vertical section described in 
Figure 3a. Data are from the in situ STD: position and depth of lowering are 
shown by the vertical lines. 

3d. Oxygen (ml/L) along the vertical section described in Figure 3a. Positions of 
samples are shown by dots. Between-station contours were drawn after consid
eration of density field. 

3e. Phosphate (J,Jg-at/L) along the vertical section described in Figure 3a. Positions 
of samples are shown by dots. Between-station contours were drawn after con
sideration of density field. 

3f. Nitrate (J,Jg-at/L) along the vertical section described in Figure 3a. Positions of 
samples are shown by dots. Between-station contours were drawn after consid
eration of density field. 

3g. Silicate (1-Lg-at/L) along the vertical section described in Figure 3a. Positions 
of samples are shown by dots. Between-station contours were drawn after con
sideration of density field. 

3h. Nitrite (1-Lg-at/L) along the vertical section described in Figure 3a. Positions of 
samples are shown by dots. Between-station contours were drawn after consid
eration of density field. 

3i. Geopotential anomaly (dynamic height), in dynamic meters, with respect to the 
1500-decibar surface, along the vertical section described in Figure 3a. Data 
are from the in situ STD: position and depth of lowering are shown by the verti
cal lines. Where the lowering did not reach 1500 m the deeper values were 
extrapolated from consideration of adjacent stations. 

4. Track of Zetes expedition showing positions of hydrographic casts on Legs IV 
through V. 
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strong flow southwestward past Kamchatka. The Kamchatka Current was indicated 
at 60 em/sec near Cape Mrica. Summer measurements give about 8 x 106 m3/sec 
of geostrophic flow relative to 1500 db, but the winter measurements showed 23 x 
106m3/sec, or about three times as much. The seasonal change in the wind, from 
southwest in summer to northwest or north in winter, had been expected to cause a 
strong change in the flow, but not so much as was observed. The Oyashio transport 
was only about 3 x 106 m3 /sec, which compares closely with estimates of 2 to 4 x 
106 for the summer season. 

"The thickness of the mixed layer varied from less than 100 m along the ridge 
separating the Kamchatka and Oyashio currents from the waters offshore to about 
200m along the coast of Kamchatka and at the entrance to the Okhotsk Sea. 

"It is apparent that the warm subsurface water that flows westward with the 
Alaska Current does not come directly from the warm water of lower latitudes but 
from the Gulf of Alaska, and that it extends further westward beneath the Kamchatka 
Current, where it forms a thick layer of low-density subsurface water. This is a 
consequence of the geostrophic balance in the Kamchatka Current, that requires 
very low-density water near the coast. 

"The purpose of this expedition was to demonstrate that the characteristics of 
the low-salinity intermediate layers of middle latitudes are derived not directly 
from the sea surface in high latitudes but by vertical mixing which takes place be
neath the mixed layer, just as the warmer waters that underlie the cold surface 
waters in high latitudes in winter have become warm by vertical mixing beneath the 
mixed layer in middle latitudes. The data from this expedition have demonstrated 
this proposition." 

In Figures 3a-3i (prepared by J. G. Wyllie) are shown distributions of temperature, 
salinity, thermosteric anomaly, oxygen, phosphate, nitrate, silicate, nitrite, and 
geopotential anomaly along one of the longer Boreas transects. Important high
latitude features are the subsurface temperature maximum, the strong halocline 
which accounts for the pycnocline in this area, the oxygen minimum and the phos
phate and nitrate maxima. Silicate increases monotonically downward and nitrite is 
present in appreciable quantities only in the upper 200 m, with the higher values in 
the southern part of the section. 

The downward slope to the north of all properties at Station 61 is a consequence of 
the strong southward-flowing Kamchatka Current. Geostrophic balance requires a 
strong horizontal density gradient in that area: this is achieved by a thickening of 
the mixed layer and the presence of lower-density water at various depths near the 
coast. 
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THE BOREAS EXPEDITION 1/ 

INTRODUCTION 

Reid (1965)Y has suggested that the characteristics of the low-salinity intermediate 
layers of middle latitudes are derived not directly from the sea surface but by ver
tical mixing which takes place beneath the mixed layer, just as the warmer waters 
that underlie the cold surface waters in high latitudes in winter have become warm 
by vertical mixing beneath the mixed layer in middle latitudes. The validity of this 
suggestion could be tested only by measurements of the temperature and salinity 
structure in the northwestern Pacific Ocean during winter, when the surface waters 
should be coldest and densest. No such measurements had been made in the critical 
area: the Boreas Expedition was planned to make them. The expedition was sup
ported by grants from the National Science Foundation and the Office of Naval 
Research. 

The RV Argo left Kodiak, Alaska, on 27 January 1966 and arrived in Hakodate, 
Japan, on 1 April, having spent 20-23 February in Adak, Alaska, for fueling and 
provisioning. The expedition observed extreme winter conditions in the northern
most parts of the western Pacific Ocean, including the western Bering Sea and the 
Okhotsk Sea up to the zone of dense ice cover. The track is shown in Figure 1, the 
positions of hydrographic casts and STD lowerings are shown in Figure 2. The meas
urements included temperature, salinity, oxygen, phosphate, nitrate, silicate and 
nitrite in the upper 1500 m, with a few observations extending to greater depths. 
Weather conditions were frequently quite severe. In the higher latitudes snow fell 
frequently and air temperature was usually within a degree or two of freezing, but 
once reached as low as -13° Celsius. Winds were sometimes 55 knots with gusts to 
70 knots. The swells were high even between storms; some seas were estimated to 
be more than 40 feet high. Heavy icing of the superstructure occurred several times 
and it was necessary to use torches to free the sheaves of accumulated ice. Sea ice 
was encountered along the coast of Kamchatka and within the Okhotsk Sea. 

When the expedition was conceived there was some doubt as to how much of the work 
planned could be done under the weather conditions expected. In fact, the expedition 
was far more successful than the most optimistic estimate. Only in the most extreme 

.!/Leg II of the Zetes Expedition. 

'!:../Reid, Joseph L., Jr. Intermediate waters of the Pacific Ocean. Johns Hopkins 
Oceanographic Studies'!:._, 85 pp. 
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conditions was it necessary to abandon stations: seven were abandoned, compared 
to the 194 carried out. The Argo proved to be a very good ship for working in high 
latitudes in winter. Even so, the expedition could not have been so remarkably 
successful without the high professional competence and complete cooperation of 
Captain Alan W. Phinney and the officers and crew of the Argo. 

Preliminary results of the expedition were reported at the Second International 
Oceanographic Congress in June 1966 (Reid, 1966) .~/ The following paragraphs 
are taken from a general account of the Zetes Expedition (Reid, in press): i/ 

"This area of the ocean had not been investigated before in the winter season, 
although some of the most striking interactions of sea and atmosphere take place 
there at that time. Great quantities of heat are passed from the sea to the atmos
phere by evaporation and exchange of sensible heat, and the surface waters become 
coldest and probably most saline, and most dense. Convective overturn extends to 
its greatest depth during this season, and the details of the thermal, haline, and 
density structure are critical to the formation of the subsurface water, and hence 
to the heat budget of the entire North Pacific Ocean. In comparable areas of the 
Atlantic, winter convective overturn extends to more than 2000 m, but in the north
west Pacific the winter overturn had been estimated, from consideration of summer 
data, to extend no more than 200 m beneath the surface, at most. The lower salin
ity of the mixed layer in the subarctic Pacific imposes a great stability in the water 
column, but in winter the winds blow strongly off the coast of Asia: their coldness 
and dryness leads to extreme cooling and evaporation of the surface water: the 
density increase and the strong winds might extend overturn to greater depths, es
pecially near the coast of Kamchatka, and it was necessary to make winter obser
vations to settle the question. J. L. Reid reports the following results. Surface 
temperature was very much as had been expected, with the coldest water found 
along the coast of Kamchatka and in the Okhotsk Sea. Surface salinity was also 
very low in these areas and the resulting density remained fairly low along the 
coast of Kamchatka. The highest value was 1. 02675 g/mL, found within the 
Okhotsk Sea at one station only. 

"The geostrophic flow at the surface relative to 1000 decibars showed a strong 
extension of the Alaska Current westward to the Komandorsky Islands and a very 

V Reid, Joseph L., Jr. Weather conditions, characteristics of the mixed layer, 
and formation of water masses in the Northwestern Pacific in midwinter. Second 
International Oceanographic Congress, Moscow, 1966: Abstracts of Papers, No. 
349, p. 298. 

1./Reid, Joseph L., Jr. The Zetes Expedition. Transactions of the American 
Geophysical Union. (in press) 
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Oblique net hauls from 300 m to the surface were made with CCOFI nets on 26 stations 
(3, 6, 13, 20, 31, 34, 38, 41, 47' 51, 64, 83, 100, 109, 113, 116, 131, 134, 137' 
140, 141, 145, 148, 150, 152, 154, 157) and with B. M. 0. C. (Bongo) nets on 2 stations 
(9 and 19). Phytoplankton samples were collected at six levels in the upper 150 m on 
the 28 stations where net hauls were made. A continuous record of surface tempera
ture was made with the thermograph throughout the expedition. 

In addition to the principal work, some programs were carried out more or less 
continuously throughout the expedition for other investigators. Air samples were 
collected for analysis for N2o and co2 and c13 I c12 and o18 jo16 ratios in C02 in 
order to study the geochemistry of N20 and atmospheric mixing. To study o18jo16 
and D/H ratios in water vapor and surface waters and the moisture exchange between 
the sea and the atmosphere, collections were made of surface water, rain, and water 
vapor (by freezing the water vapor out of the air) . Measurements of radiocarbon in 
surface waters were made for G. Bien. T. R. Folsom installed gear for continuously 
collecting samples of fallout radiocesium (Cs137) from surface water along the ship's 
track. Sea water was filtered through cartridges of granular chemicals that absorbed 
cesium. A few sea water samples were taken along the track to determine the con
centrations of natural cesium also. 

X 



PERSONNEL 

SHIP'S CAPTAIN 

Phinney, Alan W., RV Argo 

SCIENTIFIC PERSONNEL PARTICIPATING IN THE COLLECTION OF DATA 

RV Argo 

Reid, Joseph L., Jr., Research Oceanographer (in charge) 
Scripps Institution of Oceanography 

*Benson, Peter W., Laboratory Assistant, Oceanic Research Division 
Scripps Institution of Oceanography 

Coughran, Edward H., Systems Research and Development Center, 
International Business Machines Corporation 

**Dixon, Fred S., Principal Marine Technician, Oceanic Research Division, 
Scripps Institution of Oceanography 

Dodimead, Allen J. , Fisheries Research Board of Canada, 
Pacific Oceanographic Group 

Ferreira, Simon M., Electronics Technician, Data Collection and Processing 
Group, Scripps Institution of Oceanography 

Fisk, Earl M., Marine Technician, Data Collection and Processing Group, 
Scripps Institution of Oceanography 

Iida, Hayato 
Hakodate Marine Observatory, Hakodate, Japan 

Kavanaugh, James A., Resident Marine Technician, Data Collection and 
Processing Group, Scripps Institution of Oceanography 

Mantyla, Arnold W., Laboratory Technician, Data Collection and Processing 
Group, Scripps Institution of Oceanography 

O'Mara, Lawrence R., Laboratory Helper (Geology), 
Scripps Institution of Oceanography 

Wyllie, John G., Laboratory Technician, Data Collection and Processing 
Group, Scripps Institution of Oceanography 

*Kodiak to Adak. 
**Adak to Hakodate. 
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TABULATED DATA 

In situ Salinity/Temperature/Depth Recorder and Hydrographic Casts 

The data were obtained by bottle casts and by the in situ Salinity/Temperature/Depth 
Monitoring and Recording System (STD) and are tabulated in three forms: 

1. When a station consisted of STD lowerings only, values of temperature 
and salinity read at selected levels appear with the appropriate calcula
tions. Whenever the sequence of stations permits, the data from two 
stations with STD lowerings only are tabulated on the left and right 
side of the page under the heading "standard levels of depth." 

2. When a station included both a bottle cast and an STD lowering, the 
bottle cast data are tabulated on the left side of the page under the 
heading "observed levels of depth"; the data from the STD lowering 
appear on the right side of the page with the appropriate calculations 
under the heading "standard levels of depth." 

3. When a station consisted of a bottle cast only, the data are presented 
in the usual fashion, with observed data to the left and standard depth 
values, interpolated and computed from the bottle cast data, to the 
right, 

The data tabulated are of the same type as have previously appeared in CCOFI reports; 
the column headings from the computer are explained as follows: 

z Depth in meters 
T Temperature oc 
s Salinity %o 
OXY Oxygen ml/L 
PHO Phosphate 1-1g at/L 
SIL Silicate [lg at/L 
NIT Nitrate llg at/L 
D*T 6T cl/ton 
SIG*T <Tt g/L 
DD ~D dynm 

Extrapolated values and values between remote observations of the bottle casts are 
not indicated by parenthesis as was previously done but can be determined from the 
tabulation of observed depths. A hyphen is used to indicate a missing observed or 
interpolated value. 
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On stations where only STD lowerings were made, the first time is the "start down" 
of the shallow lowering (300 meters) and the second, the "start down" of the deeper 
lowering (1500 meters). When both bottle cast and STD lowering were made on a 
station, the first time indicates the time of messenger release for the bottle cast and 
the succeeding times the shallow and deep lowe rings of the STD. When more than one 
cast was lowered on a station, messenger times are given in order of increasing depth 
followed by the two STD lowerings. Wire angles of multiple bottle casts are given in 
order of increasing depth and significant changes in position are listed similarly. 

Nitrite, Chlorophyll~ and Surface Observations 

Tabulations of nitrite and chlorophyll~ data and a listing of surface temperature, 
salinity and thermosteric anomaly appear after the hydrographic data. 

STANDARD PROCEDURES 

In situ Salinity/Temperature/Depth Recorder 

The manufacturer of the STD claims for the temperature an accuracy of ±0. 05 o C on 
all ranges with repeatability of ±0.01 °C and for the salinity an accuracy of ±0.03/oo 
on all ranges with repeatability of ±0. 01/oo .£/ Except for the depth range correspond
ing to the steepest part of the thermocline, where the salinity trace appears to fluc
tuate more widely than the bottle samples can confirm, the results of several earlier 
cruises support the manufacturer's claims. The instrument seemed to drift slightly 
during the cruise so corrections to the temperature and salinity were applied. These 
were determined from comparison with the bottle casts where they were made and 
with the bucket temperatures and surface salinity samples taken on each station with 
the STD lowering. The STD became inoperative after Station 140 so the remainder 
of the stations, 141 through 194 inclusive, were bottle casts. 

Usually two lowerings were made at each station, one to 300 m with the recorder on 
the 300 m scale, which took about 10 minutes, followed by one to 1500 m with the 
recorder on the 1500 m scale. Tabulated data are read from the first (shallow) rec
ord for the upper 300 m, since it was easier to read, and from the 1500 m record 
for greater depths. The values were checked against bottle casts frequently and 
corrections applied to the tabulations. The traces reproduced here have been ad
justed for these corrections and at depths below 300 m agree with the tabulations at 

Q./ In situ Salinity /Temperature/Depth Monitoring and Recording System, Model 9006, 
Tech. Rep. No. 102, HYTECH Marine Products, The Bissett-Berman Corporation. 
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standard levels of depth. Since the tabulated values in the upper 300 meters were 
read from the earlier shallow cast some differences appear, especially in the 
pycnocline. 

On Stations 1, 60, 61, 78, 79, 80, 90 and 102 water depth was substantially less 
than 1500 m and only one STD lowering was made: in these cases the traces and 
tabulations are from the same records and should not differ. 

Hydrographic Casts 

The observed data have been plotted and then evaluated using the method described 
by Klein.~/ This involves consideration of their variation as functions of density 
or depth and their relations to each other, and comparison with concurrent bathy
thermogram or STD observations and with previous or adjacent observations. 

To indicate degree of accuracy, temperatures are recorded in tenths of a degree 
when obtained by bucket thermometer, thermograph or bathythermograph, while 
temperatures from reversing thermometers are recorded in hundredths of a degree. 
The salinity of the collected samples when determined by salinometer is recorded to 
three decimal places, provided it meets accepted standards. The values recorded 
"have a reproducibility of ±0. 004%o salinity at the 95 per cent probability level and 
a probable accuracy of ±0.01%. salinity or better at the same level of probability."1./ 
The values are recorded to two decimal places when obtained by chlorinity titration, 
or by salinometer where only one determination per sample was obtained, or where 
there is doubt concerning the accuracy of a particular sample, or of all samples on 
a station. The accuracy of all samples obtained by salinometer and recorded to two 
decimal places is believed to be equal to or better than those obtained by manual 
titration. 

FOOTNOTES 

In addition to footnotes, one special notation is used without a footnote because the 
meaning is always the same. Values which seem to be in error without apparent 
reason are indicated by the following notation: 

u: uncertain value (value may be correct; occasionally it 
can influence the drawing of the property curve on 
stations where no STD lowering was made). 

~/Klein, Hans T. A new technique for processing physical oceanographic data. MS. 

1/ Quotation from Department of Oceanography, University of Washington, Tech. Rep. 
No. 66, UW Ref. 60-18, October 1960. 
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The data were collected in large part and processed almost entirely by personnel of 
the Data Collection and Processing Group (DCPG, MLR), Scripps Institution of 
Oceanography. 
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