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The principal salinity extrema and extremum surfaces of the

world ocean are described by the analysis and plotting of data from

885 hydrographic stations in the three major oceans, the Southern

Ocean, and the American Mediterranean Sea. The distributions of

salinity, temperature, depth, and density along the extremum sur-

faces, plotted on world ocean charts, are the main elements of the

description of the extremum surfaces. In addition, the distributions

of two new parameters of the salinity structure, the intensity of the

intermediate depth salinity minimum and the slope ratio of the T-S

curve, are used to supplement the description of the extremum sur-

faces. The intensity of the salinity minimum is a measure of the

perturbation of the salinity versus depth curve due to the presence

of the minimum. The slope ratio of the T-S curve is a comparison

of the slope of the observed T-S curve with the slope of local isopyc-

nal lines in the T-.S field.
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It is shown that the distribution of the aforementioned parame-

ters manifest characteristic differences in each of the three major

oceans. The portrayal of the parameters along the salinity extremum

surfaces proves to be an effective means of demonstrating some of

the fundamental differences among the oceans.

The T-S curves for the upper kilometer of water in regions

showing decreasing temperatures and salinities with depth are found

to coincide quite closely with constant slope ratio curves. This coin-

cidence is the basis of a two-parameter description of the T-S curve

which proves to be more accurate than the commonly used straight-

line approximation. The two parameters used in the description are

the slope ratio and the salinity of the ten-degree intercept of the con-

stant slope ratio curve which most closely coincides with the ob-

served T-S distribution.
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THE SALINITY EXTREMA OF THE WORLD OCEAN

by

Merton Charles Ingham

I. DESCRIPTION OF THE PROBLEM

Objectives

The principal objective of this investigation is the description

of the salinity extrerna of the world ocean by a portrayal of the

distributions of salinity, temperature, depth, and density along

salinity extremum surfaces. A secondary objective is the introduc-

tion of two new parameters of the salinity structure.

The description of the salinity extremurn surfaces concomi-

tantly is an efficient means of describing the gross salinity distribu-

tion of the world ocean. The use of extremurn surfaces to display

salinity data immediately defines the range of salinity between two

extremum surfaces and provides a basis for interpolation of salinity

values in this interval. Neither of these advantages is realized in

the customary use of arbitrary level surfaces for the display of

salinity data.

The use of extremum surfaces for the description of the dis-

tribution of properties in the sea is not original with this investiga-

tion. Jacobsen (1926) displayed the distributions of temperature,
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salinity, and oxygen along the deep maximum salinity surface and

the intermediate depth minimum salinity surface in portions of the

North Atlantic Ocean. Wuist (1935) made extensive use of the extre-

mum surfaces to display various data in the report of the Meteor

expedition. Deacon (1937) displays the distributions of salinity,

potential temperature, and oxygen content along the deep maximum

salinity surface and the distribution of temperature along the maxi-

mum temperature surface in his study of the Southern Ocean.

Wyrtki (1961, 1962) has used the maximum and minimum salinity

surfaces to display the distribution of salinity, depth, and oxygen

content in his works on the tropical western Pacific Ocean.

Muromtsev (1958, 1963) has displayed the distributions of depth and

salinity along the shallow maximum salinity surfaces and the inter-

mediate depth minimum salinity surfaces in the Pacific Ocean and

portions of the Atlantic Ocean. Defant (1961) makes limited use of

the salinity extremum surfaces in his comprehensive textbook of

physical oceanography. Sverdrup, Johnson, and Fleming (1942) also

make only limited use of salinity extremum surfaces. Without doubt

there are other investigators who have used extremum surfaces to

display hydrographic data in regional studies, but there appears to

be a need for a single descriptive work which defines and describes

the salinity extrema on a world ocean scale.
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Definitions

Salinity and Its Distribution

Salinity is an expression of the amount of dissolved solids

present in sea water and is obtained either by determining chlorinity

by titration with silver nitrate or by determining electrical conduc-

tivity by use of a conductive or inductive salinometer. In either case

the process used is calibrated against international standard sea

water of known chlorinity or conductivity.

Salinity is one of the conservative properties of sea water; itis

altered only by the processes of diffusion and advection except at the

boundaries of the sea water system. At the sea surface water is

transported across the air-sea interface by precipitation, condensa-

tion, and evaporation, and at high latitudes freezing occurs. Each

process changes the salinity of the water in the surface layer, and

these changes are transferred downward and laterally by diffusion

and advection. Therefore, the distribution of salinity in the world

ocean is a consequence of the balance of these processes acting at the

surface modified by diffusion and advection beneath the surface.

The salinity of sea water and its distribution in space and time

have been studied widely. An enumeration of these studies can be

found in general works of oceanography, such as those written by

Sverdrup, Johnson, and Fleming (1942), Defant (1961), and



Harvey (1963). These studies show a range of salinity values in the

open ocean from 33 ppt (parts per thousand) to 38 ppt which permits

accurate discrimination of salinity differences, since the error in-

volved in the measurement of salinity is ± 0. 02 ppt by the silver

nitrate titration, ± 0. 005 ppt by the use of conductive salinometer,

and ± 0. 02 ppt by the use of the inductive salinometer (von Arx, 1962;

Berthoif and Beller, 1964).

Salinity Extrema and Extremum Surfaces

If the salinity values observed at a hydrographic station are

plotted against depth and the observed data points are connected with

a smooth curve, it may be found that the curve exhibits one or more

maxima or minima. In Figure 1, for example, the salinity is found

to increase from the sea surface to a maximum at a depth of about

100 meters, decrease from there to a minimum at a depth of about

700 meters, increase from there to a maximum at a. depth of about

1600 meters and decrease from that point to the sea floor at 4515

meters depth. Thus, in this particular vertical salinity distribution

there are three salinity extrema, two maxima and one minimum.

Let S(z) be the salinity as a function of depth z at a particular

position. Because of diffusion, S(z), aS(z)/a z, and O S(z)/ az2 are

continuous in the ocean. S(z) has an extremum at depth z* if

a S(z*)/ &z = 0. The extremum will be a maximum if a2 S(z*)/8z2<0
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and will be a minimum if a2 S(z*)/ 8z2 >0. Because of the continuity

of S and its first and second derivatives, there exist surfaces along

which aS(z)/ az = 0. These extremum surfaces are maximum or

minimum surfaces depending on whether the second derivatives are

smaller or larger than zero. In the case of a shallow extremum

surface a2 S(z)/ az2 may equal zero because the salinity is constant

from the sea surface to the bottom of the mixed layer.

Since S varies continuously in the ocean, it will vary contin-

uously along an extremum surface. Consequently, isohaline curves

will exist along the extremum surface. These curves will not inter-

sect, since S is a single-valued function of space, and thus they can

be represented by contour lines.

Because of the turbulent nature of the ocean, the detailed salin-

ity structure shows variations in space and time of various sizes and

durations. Variations as small as several meters in vertical thick-

ness have been detected by the recently developed continuously re-

cording in situ salinometers. For example, salinity versus depth

curves obtained by Holzkamm, Krause, and Siedler (1964) revealed

perturbations in the vertical salinity distribution with vertical dimen-

sions as small as ten meters in the Irminger Sea.

This present investigation is based on salinity data obtained

from water samples collected by the use of Nansen Bottles or similar

collecting bottles. Since the Nansen sampling bottle yields an



7

average value of salinity due to the shipts vertical motion and the

relatively long flushing time of the bottle, the present study is only

concerned with the larger scale steady state features of the salinity

structure. Ideally, such features should be described by a time

average over tens of years of the salinity structure at a particular

position, but in reality this study deals with single observations of

the salinity structure at specific positions which are assumed to

closely approximate the aforementioned time averages.

Boundaries of the Salinity Extremum Surfaces

Salinity extremum surfaces are bounded by contact with the sea

surface or the sea floor and by annihilation through diffusion. Since

the maximum and minimum surfaces must alternate vertically, they

may be formed or annihilated in pairs. An annihilation boundary of

an extremum surface is the place where the vertical salinity struc-

ture becomes monotonic.

The boundaries of the salinity extremum surfaces can be re-

garded from either a descriptive or causal viewpoint. This investi-

gation is limited to a consideration of the boundaries as descriptive

features. In order to avoid confusion with the causal terminology of

sources or sinks of the extremurn surfaces, the purely descriptive

terms alpha boundary and omega boundary of the extremum surface

are introduced.
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A salinity extremum surface is bounded by the sea floor and by

alpha and omega boundaries. An omega boundary is that portion of

the boundary of an extremum surface not in contact with the sea floor

which displays the least extreme values of salinity. The omega

boundary of a maximum salinity surface would display the lowest

salinities on the surface, and the omega boundary of a minimum

salinity surface would display the highest salinities on the surface.

An alpha boundary is that portion of the boundary of an extremum

surface that is neither an omega boundary nor a sea floor boundary.

In the case of mutual annihilation of two extremum surfaces, the

alpha boundary of one extremum surface may coincide with the omega

boundary of the other. A portion of the alpha boundary including the

most extreme salinities will be a source for the salinity extremum

surface.



II. METHODS OF ANALYSIS

Data Sources

The hydrographic data on which this investigation is based

were obtained from published and unpublished station data. The sta-

tions were selected in an attempt to obtain uniform coverage of the

world ocean and to provide a more closely spaced coverage of areas

of special interest. The portion of the world ocean covered by this

investigation includes the Atlantic, Pacific, Indian, and Southern

oceans and the American Mediterranean Sea. Other adjacent seas

were excluded from the investigation because they were too small to

be adequately portrayed with the map scale used.

Data from a total of 885 hydrographic stations were analyzed.

These stations are listed in Appendix A, and the positions of the

stations are shown on Chart 1, Appendix B. The selected data are

from oceanographic cruises since 1910, with most data taken from

cruises completed in the last twenty years. When data from several

cruises were available for the same region, those which were the

most recent and had the closest vertical spacing of sampling bottles

were selected.
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Data Analysis Procedures

The initial step in the analysis of the hydrographic data was

the construction of a T-S (temperature-salinity) plot from the pri-

mary station data for each station. These plots were made on 8 -1/2

X 11 inch, 10 X 10 to the centimeter, rectangular coordinate paper

with scales of one centimeter equal to 1. 0 Centigrade degree and

0. 2 ppt salinity. The accuracy of location of points on the T-S plot

was approximately ± 0. 05 Centigrade degrees and ± 0. 01 ppt salinity.

Once the T-S plots were constructed, they were used to obtain

estimates of the temperature.s and salinities of the salinity extrema.

The depths of the extrema were interpolated from the primary sta-

tion data. The densities of the water in the extrema were read from

a density nomograph, using the temperature and salinity values read

from the T-S plots. The values of the other parameters used in this

investigation were obtained from the T-S plots. The exact methods

used for determining the values of each of these parameters are

discussed in following paragraphs.

Estimation of Error

Table 1 portrays the approximate maximum error involved in

the estimation of values of depth, salinity, temperature, and density

of the extrema at various depths. The error is a function of the
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Table 1. Approximate error in the estimation of values of
depth, salinity, temperature, and sigma-t of subsurface salinity
extrema.

Depth Depth Salinity Temperature Sigma-t
interval error* error error error
(meters) (meters) (ppt) (°C) (gIL)

0-200 25 0.10 1.00 0.25

200-700 50 0.15 0.50 0.20

700-1500 125 0.10 0.40 0.15

1500-2500 250 0.02 0.30 0.04

>2500 500 0.02 0.25 0.03

*One_half the largest customary sampling bottle spacing.

spacing of the sampling bottles. This spacing is usually from 25 to

50 meters in the top 100 to 200 meters of the cast, 100 meters in the

200 to 700 meter depth range, 100 to 250 meters in the 700 to 1500

meter depth range, 200 to 500 meters in the 1500 to 2500 meter depth

range, and up to 1000 meters at depths greater than 2500 meters.

For the calculation of the values shown in Table 1, it was assumed

that the error involved in the estimation of each parameter was the

result of a depth error of one-half the interval between sampling

bottles. Of course, the error in salinity, temperature, or density

resulting from depth errors will vary withthe location of the hydro-

graphic station in the world ocean because of varying vertical gra-

dients. The error values in Table 1 are based on the gradients found

in a vertical section along 24°N in the Atlantic Ocean.
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In the case of the shallow salinity maximum, particularly in

regions where the extremum is closest to the sea surface, there is a

seasonal variation in the values of salinity, temperature, depth, and

density. This seasonal variation is not included in the error esti-

mates in Table 1.

It is noteworthy that the maximum error inthe estimation of

salinity values lies in the 200 to 700 meter depth range. This is the

upper half of the depth range in which the intermediate depth salinity

minimum is found. More accurate. definition of this extremum will

require closer spacing of sampling bottles.

Depths of the Extrema

The depths of the salinity extrema were obtained from the pri-

mary station data. Whenever the extremum was clearly represented

by a single T-S point, the depth of that point was simply recorded as

the depth of the extremum. When it appeared that the T-S points of

the plot bracketed the actual extremum point, the procedure demon-

strated in Figure 2 was used to estimate the depth of the extremum.

This interpolation procedure was used only with the intermediate

depth salinity minimum. Such a procedure was unnecessary for the

shallow salinity maximum because of the closer spacing of sampling

bottles in the surface layers, and in the case of the deep salinity

maximum wider spacing of the sampling bottles and much smaller
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vertical gradients of salinity made such an interpolation procedure

impractical.

In general, a perturbation in the T-S curve had to show a salin-

ity contrast of at least 0. 04 ppt with the water above and below before

it was designated as an extremum in this investigation. This salinity

value was chosen because it represents the maximum error, ± 0. 02

ppt, to be expected in the determination of salinity from the water

sample.

Temperatures and Salinities of the Extrema

The temperature and salinity of each extremum were obtained

from the appropriate position on the T-S plot. In the case of the

intermediate depth salinity minimum, the procedure demonstrated

in Figure 2 was used to estimate the appropriate values whenever it

appeared that the extremum lay between data points on the T-S plot.

Densities of the Extrema

The density (sigma-t) of each extremum was obtained by the

use of a density nomograph series (H.Q. Misc. 15530) published by

the U. S. Navy Hydrographic Office. The temperature and salinity

values used to obtain the estimate of the sigma-t from the nomo-

graphs were taken from the T-S plots. The accuracy of the estimate

was limited by the accuracy of the temperature and salinity values
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as read from the T-S plot.

Sigma-t can be expressed as follows:

ot = t, 1
1) x lO

where
, 1

is the density of sea water computed using the measured

salinity value, the in situ temperature, and assuming a pressure of

one atmosphere. The units of sigma-t are grams per liter (gIL).

Slope Ratio of the T-S Plot

The slope ratio, R, of the T-S curve is defined as

RaT/aS aT/aSp ot

where the numerator is the slope of the T-S curve, and the denomi.-

nator is the slope of the local isopycnal curve in the T-S field.

Defant (1961) points out that the slope of the T-S curve com-

pared to that of a nearby isopycnal curve in the T-S field provides an

indication of the stability of that portion of the water column repre-

sented by the T-S curve. He also states that the use of potential

temperature instead of in situ temperature would render this slope

ratio a better estimate of stability. In the upper kilometer of water,

the region of interest of this investigation with regard to the slope

ratio, the difference between potential and in situ temperatures is

slight, and the use of potential temperature will not appreciably
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change the characterization of the stability by the slope ratio. Table

2 compares the estimated slope ratios based on in situ and potential

temperatures for a statIoi in the North.Atlantic Ocean. The difference

between the slope ratio based on in situ temperature, RT, and that

based on potential temperature, is less than 1. 5 percent in all

cases. This clearly demonstrates that no serious error is introduced

by using in situ temperature in this depth range.

Prinèipally, the slope ratio is only, an indication of the stability

because it is functionally independent of depth while stability is a

function of depth. According to Sverdrup, Johnson, and Fleming

(1942), an approximate measure of stability is E' lO aot/ az, which

clearly shows the role of depth in this parameter.

This investigation is concerned with the slope ratios of only

those T-S curves which involve a negative vertical gradient, assuming

depth is positive downward, of both temperature and salinity for, at.'

least several hundred meters of the upper kilometer of the, water

column. Three general conditions of stability and slope ratio are

theoretically possible in these circumstances. First, if there is no

vertical density gradient, E' = 0 and R = 1. 0, since all T-S points

will lie on an isopycnal curve. This situation is referred to as

neutral stability.

Second, if a negative density gradient exists, E'< 0 and R< 1. 0.

This situation is referred to as negative stability and is unstable



Table 2. Comparison of estimated slope ratios based on in situ temperature (RT) and
potential temperature (R0). *

z
(meters) T S iT/tS RT te/ts

R0

90 15.00 37.711 14.99
9. 89 2. 87 10.00 2. 90

185 13.05 35.514 13.02
7. 19 2. 72 7. 25 2. 75

275 11.64 35.318 11.60
18. 75 4.62 18. 96 4.67

370 10. 74 35. 270 10. 69
8. 79 2. 02 8. 89 2. 05

460 9. 79 35. 162 9. 73
10. 23 2. 21 10. 23 2. 20

555 8. 91 35. 076 8. 85
9.43 1.91 9.62 1.92

650 7. 92 34. 971 7. 85
11.08 2.09 11.22 2.10

740 7.20 34.906 7.12
44. 55 7. 76 45. 0 7. 84

935 6. 22 34. 884 6. 13

*Source: Crawford Cruise 16, Station 279,
16°14'N, 20°1DW (Fuglister, 1960).

-J



since it leads to convective overturn.

Third, if a positive vertical density gradient exists, E > 0 and

R >1.0. Figure 3 shows an example of such a situation of positive

stability with negative vertical gradients of both temperature and

salinity from a depth of 230 meters to adepth of 984 meters. The

slope ratio for the stated depth interval is approximately 1. 7.

In light of the foregoing discussion, it is apparent that slope

ratio values can be used to compare stabilities at two different sta-

tions if the temperature variation with depth is similar at the two

stations. Since this is the case in the central water masses, the

slope ratios could be used in this manner for two stations within the

same central water mass. In this situation the larger slope ratio

will indicate greater stability.

Another reason for interest in the slope ratio of the T-S curve

is the possible relationship between it and the salt fountain convec-

tion. Because the rate of molecular diffusion of heat is 100 times as

fast as the rate of ionic salt diffusion, the possibility exists that in

parts of the ocean where the temperature and salinity both decrease

with depth there may be a differential and enhanced rate of eddy dif-

fusion of heat and salt (Stommel, Arons, and Blanchard, 1956; Stern,

1960; Turner nd Stommel, 1964; and Walin, 1964). In developing a

simplified theory of this anomalous diffusion, Weyl (1964) has sug-

gested the slope ratio, R, as a critical parameter. The closer R
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approaches unity the more likely it is that the anomalous diffusion

will take place. This present investigation was undertaken in an

effort to find areas in the world ocean where this enhanced diffusion

may be significant.

In order to estimate the slope ratio of the T-S plots constructed

in this investigation, a set of curves was generated in such a manner

that each had a slope that was a constant multiple of the slope of the

local isopycnal curve in the T-S field; that is, the slope ratio of each

of the generated curves was a constant. Henceforth, in this paper

these curves shall be referred to as constant slope ratio curves. An

example of a pair of these curves with a slope ratio of 1. 8 is shown in

Figure 4. Similar pairs of curves were generated for slope ratios of

1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 3.0, 3.5, 4.0, 4.5, 5.0, 10.0,

and 25. 0. An acetate overlay was made for each pair of curves, and

these overlays were used to estimate the slope ratio of the T-S plots

by comparison.

Even though each overlay had just two curves on it, one passing

through the T-S point (0, 34.0) and the other passing through (0, 35.0)

this did not introduce significant error into the estimation. It was

found that translation of the curves along the salinity axis by as much

as one ppt did not appreciably alter the shape of the curve. This is

a manifestation of the fact that 8crt/ T is roughly independent of

salinity.
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In order to generate these constant slope ratio curves, the

derivative of the Knudsen Hydrographic Equation, obtained by Borden

(1964), was evaluated at intervals of 0. 50 ppt salinity over the range

of salinity from 33. 0 ppt to 37.0 ppt and at intervals of 0. 2 Centigrade

degrees for the temperature range from 0°C to 30°C. The curves

were plotted from these data by point-to-point integration of the

inverse of the derivative at intervals of 1. 2 Centigrade degrees and

subsequent joining of the resulting array of S-T coordinate points

with a smooth curve.

Ten-Degree Intercept

If the slope ratio of a T-S curve is known for a particular inter-

val, the curve can be described completely if only one T-S coordinate

point on the curve is also known. This provides a two-parameter

description of the curve. The point at which the constant slope ratio

curve intersects the ten-degree isotherm in the T-S field was arbi-

trarily chosen as the needed point. The salinity of this point was

determined with the constant slope ratio overlays, extrapolating if

necessary, and recorded for each T-S plot for which the slope ratio

had been determined.
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Intensity of the Intermediate Depth Salinity Minimum

A new parameter, which will be called the intensity of the salin-

ity minimum, has been devised to describe the perturbation of the

salinity versus depth curve caused by the presence of a salinity mm-

imum. The intensity, measured In ppt, is obtained by subtracting

the salinity of the minimum from the salinity, called the virtual

salinity, which would be found at the same depth if the shallow salin..

ity maximum and the deep salinity maximum were connected by a

straight line on the salinity versus depth curve.

The method demonstrated in Figure 5 was used to obtain a value

for the intensity of the intermediate depth salinity minimum for each

station showing this extremum. In nearly all of the Pacific Ocean

and portions of the Indian Ocean, however, no deep salinity maximum

was found. In order to calculate the value of the virtual salinity in

these regions and obtain a value for the intensity, this investigator

computed the average salinity found at a depth of 3000 meters and

substituted this value for the deep salinity maximum in the calcula-

tion. On the basis of 106 widely scattered stations in the Pacific

Ocean, the average salinity at a depth of 3000 meters was found to be

34. 67 ppt with a standard deviation of 0. 03 ppt. On the basis of 45

scattered stations inthe Indian Ocean, the average salinity at a depth

of 3000 meters was found to be 34. 74 ppt with a standard deviation of
0. 03 ppt.
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Ill. RESULTS

The results of this investigation are best portrayed by the

charts found in Appendix B. The writer will discuss salient features

displayed by the charts, but because the discussion cannot be comp-

rehensive, the readeris invited to examine the charts for further de-

tails. Occasionally a feature which poses a problem will be briefly

discussed. It is not within the scope of this investigation to solve all

problems thus posed, nor has the writer conducted the necessary

literature search to find previous discussions of the problems.

The results of this investigation as shown in the charts must be

regarded only as a reconnaissance for the following reasons: The
6 2area covered by the 885 stations is approximately 321 X 10 km and

yields an average station density of about 2. 8 stations per 106 km2

The error in positioning the contour lines on the charts may be as

great as five degrees in areas where data are scarce. In regions

complicated by small-scale features a chart of the scale used in this

investigation cannot accurately portray the distribution of parameters.

Construction of the contour lines was not a strictly point-to-point

process since in virtually all cases a few erratic values were found

in otherwise well-defined regions and since the intention of this in-

vestigator was to construct contours which reveal average conditions
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The technique used to construct charts 2 through 16 was as

follows: The values of each parameter for each station were plotted

on a U. S. Navy Hydrographic Office Chart of the World (H. 0. 1262A),

and contour lines were constructed. Next the contour patterns were

transferred to world ocean charts based on Goode's Homolosine Equal

Area Projection, about 1. 5 times the size of those in Appendix B, and

appropriately shaded for emphasis. To render the charts easily

legible, the contour intervals were kept large, and only the extreme

values were shaded.

Gross Salinity Structure

Chart 2 displays the gross salinity structure of that portion of

the world ocean covered in this investigation. The coded entries

represent the presence of salinity extrema in the water column. The

numeral 2 stands for a salinity maximum, the numeral I stands for

the intermediate depth salinity minimum, with its subscripts S and N

indicating the hemisphere in which the alpha boundary of the minimum

surface is found, and the numeral 1 stands for either a shallow,

secondary salinity minimum or a salinity minimum at the sea sur-

face. Figures 6 and 7 show ex3mples of typical vertical salinity

structures and the symbols used to represent each type of structure.

A cursory study of Chart 2 reveals that the three major oceans

differ in salinity structure. A predominant portion of the Atlantic
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Ocean salinity structure can be represented by 2I2, but only a small

portion can be represented by
21N2

A similarly small portion of the

Indian Ocean salinity structure can be represented by the array 21N2

In the North Pacif&c Ocean, however, a large portion can be repre-

senteci by the array
21N'

which shows an extensive minimum salinity

surface with a northern alpha boundary but shows the absence of a

deep salinity maximum, which was present in the Nortk Atlantic and

NorthIndian oceans. The deep salinity maximum present in most of

the Atlantic Ocean is present in only part of the Indian Ocean and is

missing from virtually all of the Pacific Ocean.

The high latitude portions of each ocean have salinity struc-

tures represented by the numeral 1 or the array 12. This indicates

that the salinity minimum is found at the sea surface in these regions

of the world ocean.

Two areas in the North Atlantic Ocean and a large region of the

tropical Indian Ocean have salinity structures represented by the

numeral 2. This indicates the presence of only one extremum, the

shallow salinity maximum. These regions are bounded in part by

annihilation boundaries and thus represent regions in which the salin-

ity structure has been reduced to a monotonic distribution of salinity

with depth beneath the shallow salinity maximum.

The large region in the tropical North Pacific Ocean designated

as 21N215 or 2I is a region in which a significant portion of the
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stations showed a double salinity minimum in the water column. Thjs

is a region in which the South Pacific minimum salinity surface ap-

pears to extend northward under the minimum salinity surface of the

North Pacific.

The Shallow Maximum Salinity Surfaces

Structure of the Extremurn Surfaces

Chart 3, which displays the distribution of salinity along the

shallow maximum salinity surfaces, and Chart 4, which shows the

depth of these same extremum surfaces, together reveal their struc-

ture.

The shallow maximum salinity surfaces are probably not con-

tinuous across the equator in the Atlantic, Indian, and Pacific oceans

because of equatorial undercurrents present near the depth of the

extremum surfaces (Knauss, 1964; Metcalf, Voorhis, and Stalcup,

1962). Thus, there appear to be two separate shallow maximum

salinity surfaces in each ocean. The nature of the boundaries of

these extremum surfaces along the equator is obscure, and its reso-

lution would require much closer station spacing than was used in

this investigation. The wide black band drawn along the equator in

Charts 3 through 6 indicates the region of unresolved structure.
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The sea surface boundaries of the shallow maximum salinity

surfaces are approximately defined by the ten-meter contours on

Chart 4. Most of these boundaries are alpha boundaries, and those

which are located near the regions of high salinity probably enclose

source areas of the salinity for these extremum surfaces. It is

probable that the sources of the salinity for these extremum surfaces

are not active at all times of the year, since contact of an extremum

surface with the sea surface will vary seasonally. Any attempt to

accurately locate the sources of these extremum surfaces must be

based on a seasonal study of their salinity and depth.

The boundaries of the shallow maximuhi salinity surfaces with

the sea floor probably are in reality annihilation boundaries. These

extremum surfaces are less than 200 meters deep in all cases except

for a small region in the Indian Ocean. At this depth near the sea

floor the action of tidal currents probably would yield sufficient

mixing to annihilate these extremum surfaces. Because this investi-

gation did not include stations in shallow water near the continental

margins, the boundaries in these regions cannot be accurately de-

scribed here.

The high latitude boundaries of these extremum surfaces are

omega boundaries. Chart 4 shows that these extremum surfaces do

not reach the sea surface in these regions; therefore, the boundaries

must be annihilation boundaries. The shallow maximum saTin'ity
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surface in the North Indian Ocean has no high latitude boundary, of

course, because of the limited northward extent of that ocean. Al-

though the data used in this investigation do not clearly indicate anni-

hilation boundaries in the Bay of Bengal and near the Sunda Islands,

the distribution of salinities in these regions suggests that omega

boundaries probably are present.

Distribution of Salinity Along the Extremum Surfaces

Chart 3 displays the distribution of salinity along the shallow

maximum salinity surfaces of the world ocean. The salinity values

range from a high of about 37. 4 ppt in the North Atlantic Ocean to

less than 34. 5 ppt in the North Pacific Ocean.

The areas of high salinity along the shallow maximum salinity

surfaces are in general located in the north and south tropical or

subtropical regions of each ocean. The two regions of highest salin-

ity along these extremum surfaces are located in the Atlantic Ocean.

The highest salinities along these extremum surfaces in the Pacific

Ocean are found in the South Pacific. but are about 1 ppt less than

those in the Atlantic. The highest salinities along these extremum

surfaces in the Indian Ocean are found in a small area in the South

Indian Ocean, where the salinities are just in excess of 35. 5 ppt, and

in a smaller region in the Arabian Sea, where the salinities range up

to 36. 3 ppt, which is about 1 ppt less than the highest values in the
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Atlantic Ocean.

The lowest salinities along these extremum surfaces are gen-

erally found at high latitudes, with the exception of the low salinity

regions near the equator in the eastern Indian Ocean, in the Bay of

Bengal, and in a large portion of the North Pacific Ocean.

In the Atlantic Ocean there is a pronounced westward displace-

ment of the high salinity areas along these extremum surfaces. This

probably is related to the similar displacement of areas of high sea

surface temperature during the summer months and to the general

pattern of surface currents which brings warm water along the

western edge of the ocean basin and cold water along the eastern edge

of the basin (Sverdrup, Johnson, and Fleming, 1942).

Figure 8 demonstrates the differences in the three principal

oceans with regard to thesalinity along the shallow maximum salin-

ity surfaces. The figurewas constructed by plotting salinity of these

extremum surfaces versus latitude along the three lines, A_At, 11,

and P-F', indicated on Chart 3. The three lines were drawn to in-

dude the highest and lowest salinities found along these extremum

surfaces. The figure shows that the three oceans are quite similar

with regard to this parameter at high southern latitudes but begin to

show dissimilarities at about 3O°S and become increasingly different

north of that. The number of high salinity peaks in the curves, the

values of salinities they show, and the latitudes of the peaks vary in
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the three oceans.

Distribution of Temperature Along the Extremum Surfaces

Chart 5 displays the distribution of temperature along the shal-

low maximum salinity surfaces. The temperature contours on the

chart represent the traces of the intersections of isothermal surfaces

with the maximum salinity surfaces. The range of temperature found

along these extremum surfaces extends from about 10°C in high

latitudes to values of about 25°C in tropical areas. As was the case

with salinity, the three major oceans are quite different in the distri-

bution of this parameter along the extremum surfaces.

There are single high temperature areas along these extremum

surfaces in the tropical Indian Ocean and tropical Atlantic Ocean, but

the Pacific Ocean shows three such areas, two large ones in the

North Pacific and one smaller one in the South Pacific.

The low temperature areas along these extremum surfaces are

found at highiatitudes in each ocean, and in both the Pacific and

Indian oceans there are additional low temperature areas extending

into tropical waters along the eastern edges of the ocean basins.

Distribution of Density Along the Extremum Surfaces

Chart 6 displays the distribution of density (sigma-t) along the

shallow maximum salinity surfaces. The range in sigma-t extends



from values of about 24 g/L in the tropical regions to values of about

27 g/L in high latitudes in the Atlantic Ocean. In general, the sigma

t distribution parallels the temperature distribution along these ex-

tremum surfaces. The high density areas are found in high latitudes

in each of the major oceans, in the tropical North Pacific, in the Bay

of Bengal, and in the tropical South Indian Ocean. The low density

areas are found in the tropical Atlantic Ocean, the tropical Indian

Ocean, the tropical and subtropical North Pacific Ocean, and two

small areas in the equatorial South Pacific Ocean.

Discus sion

The somewhat anomalous areas of low temperature along the

shallow maximum salinity surfaces in the eastern tropical Indian

Ocean and the eastern tropical Pacific Ocean are interesting. The

area in the Indian Ocean is coincident with depths of the extremum

surface of 200 meters or more, which is the region of greatest depth

of these extremum surfaces. The area of low temperature in the

Pacific Ocean, however, is coincident with relatively shallow depths

along the extremum surface.

There are at least two possible explanations for the anomalous

area of low temperature and shallow depth in the Pacific. The gen-

eral region near Central America in the Pacific Ocean has been

found to include at least two zones of upwelling, the Costa Rica Dome
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(Wyrtki, 1964), and the Gulf of Panama (Fleming, 1940; Schaefer,

Bishop, and Howard, 1958). The low temperature water at shallow

depth could be the result of such upwelling activity.

The region in the Pacific Ocean near Central America also

experiences relatively, high precipitation which leads to low surface

salinities and a strong pycnocline yielding high stability values above

the shallow maximum salinity surface. This would render mixing of

the water of the extremum surface with the deeper water easier than

mixing with water above it. and could lead to the unusually low temp-

eratures along this extremum surface.

The difference in salinity along these extremum surfaces onthe

Atlantic and Pacific sides of Central America is approximately Z ppt.

Deffeyes (1965) has calculated the average rate of westward water

vapor transport in the atmosphere across the Isthmus of Panama,

which forms the only gap in the American cordillera. Depending on

the assumed v'idth of the gap, his calculations yield an average rate

of transport of 0.03 to 0.15 sverdrups (one sverdrup 106 m3/sec) of

water, based on weather records from Panama City from 1956 to

1964. Deffeyes' value for 1958 agrees within One percent with a value

obtained for the same year by Starr, Peixoto, and Crisi (1963) based

on the IGY data. This flow of water vapor is suggested by Deffeyes

as the means by which the aforementioned salinity contrast is main-

tamed; in fact, he suggests that this flow is a major factor in the



maintenance of the generally higher salinities in the Atlantic Ocean.

The region of the East Indies, which occupies a similar position

between the Pacific and Indian oceans, is an area of high rainfall.

This is probably responsible for the low salinity areas along the

shallow maximum salinity surfaces found in the Pacific and Indian

oceans adjacent to the East Indies. Because flow between the Pacific

and Indian oceans throughthe region is restricted by the island archi

pelagoes, these low salinity areas probably are independently main-

tamed by precipitation.

Comparison of the distributions of salinity and depth shown in

Charts 3 and 4 with the distributions shown by Muromtsev (1958, 1963)

along the shallow maximum salinity surfaces in the Atlantic and

Pacific oceans shows reasonable agreement in the distribution of

salinity. However, there is disagreement in the distribution of depth

and location of boundaries.

The disagreement in the distribution of depth is most serious in

the South Pacific Ocean, where Muromtsev shows a large region with

depths greater than 300 meters. This investigator found no indication

of such a region. Since Muromtsev's distributions are based on the

averages, by ten-degree squares, of the data from about 11,000

hydrographic stations, on&would assume that this investigator had

chosen atypical stations in the region of disagreement. A check of the

average salinity values at standard depths for the region, as
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tabulated by Muromtsev, reveals that the maximum salinity surface

is between 50 and 100 meters deep. This is a contradiction of his

chart of the depth of the extremum surface.

The areal extent of the shallow maximum salinity surfaces in

the Atlantic Ocean as shown by Muromtsev is considerably smaller

than that shown in Charts 3 through 6. A cursory examination of the

Russian text did not reveal the criteria he used for drawing the

boundaries of these surfaces.

Comparison of the salinity distribution shown in Chart 3 with

the detailed distribution constructed by Defant (1961) for the tropical

Atlantic Ocean shows reasonable agreement. The differences which

exist between the two distributions are probably due to differences in

contouring. Defant contours the Meteor data in detail, while this

investigator is concerned with general trends.

The Intermediate Depth Minimum Salinity Surfaces

Structure of the Extremum Surfaces

Charts 7 and 8, which portray the distribution of salinity and

depth, respectively, along the intermediate depth minimum salinity

surfaces, provide a description of the structure of these surfaces.

It is apparent that there are two intermediate depth minimum

salinity surfaces in each of the three major oceans. In both the
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Atlantic and Indian oceans the two surfaces are of greatly different

sizes. In each ocean the larger of the two surfaces is the one which

has its alpha boundary in the southern hemisphere. The evidence for

the presence of two minimum surfácesin each oceanwill be discussed

following the consideration of Charts 7 through 10.

Because of an extensive area of overlap of two minimum salin-

ity surfaces in the tropical North Pacific Ocean, it has been neces-

sary to portray the distribution of parameters in Charts 7 through 10

separately on an inset map for the North Pacific Ocean. The region

of overlap is shown in Chart 2.

Charts 7 through 10 show a dotted line roughly paralleling the

continents which is the 1000 meter depth contour. Whenever an inter-

mediate depth minimum salinity surface adjoins this depth contour,

it can be taken to represent the approximate boundary of that extre-

mum surface with the sea floor.

The omega boundaries of the intermediate depth minimum

salinity surfaces are annihilation boundaries. In the North Atlantic

Ocean the omega boundaries are found near Gibraltar, along the ap'

proximate boundary between the 'N and I extremurn surfaces, and in

the area showing no minimum salinity surface in the western portion

of the ocean. There are no omega boundaries in the South Atlantic

Ocean. In the Pacific Ocean the omega boundaries are located along

the annihilation boundaries of the I and 'N extremum surfaces in the
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region of overlap in the tropical North Pacific Ocean. In the Indian

Ocean the omega boundaries are found along the southern boundary of

the region showing no minimum salinity surface and near the Gulf of

Aden.

The alpha boundaries, which according to definition are all

other boundaries not in contact with the sea floor, are comprised

mainly of the sea surface boundaries of the minimum salinity sur.-

faces in high latitudes. There is one major exception to this rela-

tionship. In the North Indian Ocean between Africa and India the

alpha boundary of the extremum surface located there is the northern

annihilation boundary of the region which shows no minimum salinity

surface.

The minimum salinity surfaces of the world ocean are found

principally in the 600 to 1000 meter depth range. Areas in which the

depths of the extremum surfaces exceed 1000 meters are found in the

North Atlantic, South Atlantic, and South Indian oceans, and in the

Tasman Sea. Areas with depths less than 600 meters are found in

the eastern North Pacific Ocean, where depths as shallow as 200

meters are found, and in the North Indian Ocean between Africa and

India. Of course, the depths of these extremum surfaces must be

shallow immediately adjacent to the alpha boundaries of the surfaces

in high latitudes.
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The depths of the minimum salinity surfaces in the region of

overlap in the tropical North Pacific Ocean are considerably different

The depth of the upper surface is about 200 meters, while that of the

lower surface is about 800 meters. In a small region of overlap of

minimum salinity surfaces southwest of Ireland, the depth of the

upper surface is about 800 meters, while that of the lower surface is

about 1200 meters.

Distribution of Salinity Along the Extremum Surfaces

The range of salinity values displayed in Chart 7 extends from

about 34. 0 ppt in the North Pacific Ocean to about 35. 6 ppt near

Gibraltar and in the Arabian Sea. The areas of low salinity along

the extremurn surfaces are found in high southern latitudes in the

three major oceans. and in much of the North Pacific Ocean. It is

apparent that the North Pacific Ocean has a far less saline minimum

salinity surface near its alpha boundary than is found elsewhere in

the world ocean.

The areas of high salinity along the minimum salinity surfaces

are found southwest of Gibraltar in the Atlantic Ocean and in the

North Indian Ocean near the Red Sea. Both of these regions are

adjacent to rather extensive areas showing no minimum salinity

surface.
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Figure 9, which is a plot of the salinity of the minimum salinity

surface versus latitude along the lines A_At, A' A", I-I', and P-P'

(Chart 7j, demonstrates the differences in the salinity of the minimum

salinity surfaces of the three oceans. These differences are particu-

larly striking when the North Pacific Ocean is compared with the

North Atlantic and North Indian. The latter two both show higher

salinities than their southern counterparts, but the North Pacific

shows lower salinity than the South Pacific.

A significant similarity in salinity exists in the southern por-

tions of the three oceans. As Figure 7 shows, the salinities of the

minimum salinity surfaces are quite similar from the southern

boundaries to about 20°S but become increasingly different north of

that.

In the extensive region of overlap of the minimum salinity sur-

faces in the tropical North Pacific Ocean, the two extremum surfaces

are not very different with r'egard to salinity. However, since 22 of

the approximately 50 stations in this region showed the double salinity

minimum structure, there is no doubt concerning the existence of the

overlap. Consideration of the parameters of temperature, depth, and

density defines the separation of these two surfaces more clearly than

does salinity.

Although the regions in the Pacific and Indian oceans near the

East Indies display reasonably similar salinities along the minimum
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salinity surfaces, this cannot be taken as an indication of flow from

one ocean to the other at the depth of the extremum surfaces. The

topography of the island chains completely separates the two oceans

at the 1000 meter depth.

Distribution of Temperature Along the Extremum Surfaces

Chart 9 displays the distribution of temperature along the inter-

mediate depth minimum salinity surfaces of the world ocean.

The range of values extends from about 4°C in high latitudes to

values of about 15°C in the Arabian Sea. The low temperature areas

re found adjacent to the high latitude alpha boundaries of these sur-

faces. The high temperature areas are found near Gibraltar in the

Atlantic Ocean, in the tropical North Pacific Ocean, and in the North

Indian Ocean between Africa and India. The temperatures along these

extremum surfaces in the South Atlantic, South Pacific, and South

Indian oceans are considerably lower than those in their northern

counterparts. Not only are the northern halves of the oceans warmer,

but the temperature gradients along these extremum surfaces are

more intense.

In the region of overlapping minimum salinity surfaces in the

tropical North Pacific Ocean, the temperatures of the surfaces are

considerably different. The upper extremum surface shows tempera-

tures in the range of 11°C to 16. 8°C, while the lower extremum
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surface shows temperatures in the range of 5°C to 7. 8°C. This quite

clearly differentiates between these two extremum surfaces. A

similar contrast is found in the small region of overlapping minimum

salinity surfaces southwest of Ireland. The upper extremum surface

there shows temperatures of about 10°C, while the lower surface

shows temperatures of about 4°C.

Distribution of Density Along the Extrernum Surfaces

Chart 10 displays the distribution of density (sigma-t) along the

intermediate depth minimum salinity surfaces. The range extends

from about 26. 0 gIL to about 27. 8 gIL. The distribution of sigma-t

values along the minimum salinity surfaces approximately parallels

the temperature distribution.

The areas of low density are found in the North Pacific Ocean,

where sigma-t values of less than 26. 0 gIL are found, and in the

North Indian Ocean between Africa and India, where values of less

than 27. 0 gIL are found. There are no other areas in the world

ocean showing sigma-t values less than 27. 0 gIL along the minimum

salinity surfaces. High density values along the extremum surfaces

are found in the North Atlantic Ocean, where sigma-t values as high

as 27. 9 gIL are found. The highest sigma-t values are found along

the small miflimum salinity surface whose alpha boundary is in the

North Atlantic.
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Discussion

The distributions of depth, salinity, temperature, and density

along the intermediate depth minimum salinity surfaces clearly show

that there are two separate minimum salinity surfaces in each of the

three major oceans. The separation is quite clear in the Indian Ocean

where the two extremum surfaces are separated by a wide region

showing no salinity minimum. In the Atlantic Ocean the separation

is not as obvious, but the differences in depth, temperature, salinity,

and density lead one to the conclusion that two separate surfaces are

present. In the region southwest of Ireland there were several sta-

tions which showed two salinity minima in the water column. The

upper one had the characteristics of the minimum surface farther

south, and the lower one had the characteristics of the minimum sur-

face farther north, clearly confirming that they are separate and dis-

tinct surfaces.

The large region of overlapping minimum salinity surfaces in

the tropical North Pacific Ocean similarly confirms the observation

that two separate minimum surfaces are present in the Pacific Ocean.

The two surfaces show only minor differences in salinity in the over-

lap region, but they are separated by 500 to 600 meters in depth, and

show differences of about 3°C to 12°C in tempezature and 1. 0 g /L to

1. 5 gIL in sigma-t values. The lower of the two surfaces is



obviously a northward extension of the minimum salinity surface

found in the South Pacific Ocean. The upper surface is not as clearly

defined, however, The fact that only 22 of the approximately 50 sta-

tions in the overlap region showed a double minimum structure mdi-

cates that the upper minimum surface is broken into separate corn-

ponents.

The vertical salinity section shown in Figure 10 was constructed

from a line of Hugh M Smith EquaPac stations across the region of

overlap. It quite clearly shows the overlap of the two minimum

salinity surfaces and the broken nature of the upper surface. It is

evident that a study of the region based on close station spacing is

required to accurately define the salinity structure. Such a study is

beyond the scope of this investigation.

It has been advocated (Reid) that the minimum salinity surface

found at depths less than 600 meters between the eqiator and 15°N is

distinct and separate from that found at depths greater than 600

meters farther north. The station spacing used in this investigation

does not permit verification of this contention, and this investigator

represents the minimum salinity surface in this region as continuous

with the deeper minimum salinity surface farther north. This is the

simplest representation consistent with the data used in this investi-

gation.
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It is noteworthy that the two major areas showing no intermed-

iate depth minimum salinity surfaces in the Atlantic and Indian oceans

are both located near regions of high salinity along the extremum

surfaces. This indicates that minimum salinity surfaces are not able

to penetrate these regions of high salinity because of diffusion, which

annihilates the extremum surface.

Charts 7, 8, and 9, which show salinity, depth, and temperature

distributions along the minimum salinity surfaces, when compared

with those constructed by WiIst (1935) for the Atlantic Ocean south of

30°N reveal close agreement for the salinity and temperature distri-

butions, but not for the depth distribution. The overall depth range

and the approximate location of shallower or deeper regions agree

reasonably well with Wüst's distribution, but the shape of the con-

tours and the size of the inter-contour regions are somewhat different

in several locations. This may be a consequence of differentmethods

of locating the salinity minimum in depth.

Comparison of the salinity and depth distributions shown in

Charts 7 and 8 with those constructed by Muromtsev (1958) for the

minimum salinity surface in the Pacific Ocean reveals close agree-

ment except for a region of low salinity (less than 34. 2 ppt) which he

shows near the southern boundary in the South Pacific Ocean and the

tropical North Pacific, where Muromtsev does not show a region of

overlapping minimum salinity surfaces. In both cases the differences
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in the distributions may be due to a difference in definition of the

minimum salinity surface. Although he does not define the extremum

surface in his publication, it appears that he simply regards the

average absolute minimum salinity in the water column beneath each

ten-degree square as the salinity of the minimum salinity surface in

that area, Of course, this process would obscure a second minimum

salinity surface of slightly higher salinity. Apparently, the same

averaging process is used to obtain the depth of the minimum salinity

surface.

A comparison of the distributions of salinity and depth shown

in Charts 7 and 8 with those s]clown by Muromtsev (1963) for the

Atlantic Ocean reveals reasonably good agreement for the portion of

the ocean which he covers. He shows no minimum salinity surface

north of about ZO°N to 30°N, a. boundary of this extremum surface

which was found to exist by this investigator only on the western side

of the ocean. Since an English translation of this publication is not

available at this time, the criteria used by Muromtsev to define the

boundary of this extremum surface are unknown to this investigator.

The Deep Maximum Salinity Surfaces

Structure of the Extremum Surfaces

Charts 11 and 12, respectively, display the distributions of

salinity and depth along the deep maximum salinity surfaces. The
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dotted line roughly paralleling the continents in Chart 12 is the 1000

fathom depth contour, which can be regarded as the boundary of these

extremum surfaces with the sea floor whenever they are found adja-

cent to the contour, There appear to be just two deep maximum

salinity surfaces in the world ocean. A major one is found in the

Atlantic Ocean, Southern Ocean, and South Indian Ocean, while a

minor one is found only in the North Indian Ocean between India and

Africa.

The omega boundary of the major deep maximum salinity sur-

face is not shown on Charts 11 and 12 but should be found as an anni-

hilation boundary in the Southern Ocean. The minor extremum sur-

face has an omega boundary coincident with the northern boundary of

the region in the Indian Ocean which shows no deep maximum salinity

surface. The extension of the minor extremum surface into the

Arabian Sea is not well defined. There are two salinity maxima

showing at most of the stations in that region, but the deeper of the

two is found in the 100 to 200 meter depth range at several of them.

Since only a few suitable hydrographic stations were available in this

area, the continuity of the extremum surface could not be established.

The alpha boundaries of the major deep maximum salinity sur-

face are found near Gibralta; around the region showing no deep

maximum salinity surface in the western Atlantic Ocean, and along

the southern boundaries of the regions showing no 4eep maximum
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salinity surfaces in the Indian and South Pacific oceans Actually,

there is no alpha boundary in the Atlantic Ocean near Gibraltar, but

it is located somewhere in the Mediterranean Sea instead. Since the

Mediterranean Sea is not surveyed in this investigation, however, the

alpha boundary will be arbitrarily positioned at Gibraltar. There

probably are other alpha boundaries in the Arctic regions of the

North Atlantic Ocean, but these regions are not generally surveyed

in this investigation and consequently remain undescribed here.

The minor deep maximum salinity surface similarly must have

an alpha boundary at the surface in the Red Sea somewhere. This

boundary will be arbitrarily positioned in the Indian Ocean near the

Gulf of Aden. Because of the scarcity of hydrographic data in the

central portion of the Arabian Sea, the boundaries of the minor deep

maximum salinity surface in that region are not defined.

The region in the eastern South Atlantic which has no deep

maximum salinity surface shows the appropriate salinities at the

depths at which the maximum should be found, but the water beneath

these depths is of essentially the same salinity. This is probably a

result of bottom topography in the area. The region is closed from

the south and west by a ridge extending to depths less than 3000

meters. This prevents Antarctic Bottom Water from directly enter-.

ing the region; consequently, no lower salinity water is found beneath

the saline water which would otherwise be seen as a salinity
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maximum. On Chart 12 the 2000 fathom depth contour, represented

by a dot-dash line in the eastern South Atlantic Ocean, clearly shows

the position of the ridge which blocks the flow of Antarctic Bottom

Water into the region.

The depth of the major deep maximum salinity surface ranges

from 1000 to 2000 meters in general. Greater depths are found in

small areas of the South Indian Ocean, South Atlantic Ocean and North

Atlantic Ocean. The minor deep maximum salinity surface is rela-

tively shallow, ranging from 300 to 750 meters deep.

Figures 11 and 12 are plots of depth and salinity of these deep

maximum salinity surfaces versus latitude. along the reference lines

shown in Charts 11 and 12. The discontinuities in the plots occurring

at about 20°S in the Indian Ocean and at about 40°N in the Atlantic

Ocean indicate the regions which show no deep maximum salinity sur-

face in the two oceans. The depths and salinities on either side of the

discontinuities are appreciably different and suggest that the surfaces

are distinct and separate.

Figures 13 and 14, which are plots of depth and salinity versus

longitude along the line N-N' in the North Atlantic Ocean, do not

support this contention in that ocean. In these plots no discontinuities

or overlaps appear along the extremum surface, but a transition from

one regime of salinity and depth to another evidently occurs instead.

However, a rather abrupt change in the trends of these two
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parameters occurs at about 30°W. Evidently this s where water of

Mediterranean origin meets that of Arctic origin. Certainly this

portion of the extremum surface should be more thoroughly investi-

gated in order to more accurately describe it.

Distribution of Salinity Along the Extremurn Surfaces

The salinity of the major extremum surface in the Atlantic

Ocean generally increases from the northwest and southwest toward

Gibraltar. This clearly shows the dominant role of the Mediterranean

Sea outflow in the formation of this surface. Along the extremum

surfaces elsewhere in the world ocean the gradients of salinity are

quite small. The contour interval chosen in the construction of

Chart 11 does not reveal any salinity gradient along the extremum

surfaces outside the Atlantic Ocean except in the South Indian Ocean

south of Madagascar. The minor extremum surface in the North

Indian Ocean is too small to be contoured at the scale of Chart 11,

but the data from this area reveal an increase in salinity from values

of about 35. 1 ppt near the southern boundary of the surface to values

of about 36. 0 ppt in the Gulf of Aden. The distribution of salinity

along this surface is not portrayed in the Arabian Sea because of

insufficient data.



Distribution of Temperature Along the Extremum Surfaces

Chart 13 displays the distribution of temperature along the deep

maximum salinity surfaces. In the Atlantic Ocean the temperatures

along the extremum surface increase from the northwest and south-

west toward Gibraltar, analogous to the salinity distribution in the

same region. In high southern latitudes the temperature shows a de-

crease with increasing latitude to temperatures of about 1°C. The

minor extremum surface in the North Indian Ocean shows tempera-

tures in the range of 8. 5°C to 14°C, increasing from the southern

boundary toward the Gulf of Aden. The distribution of temperature

along this surface is not portrayed in the Arabian Sea because of

iisufficient data.

Distribution of Density Along the Extremum Surfaces

The sigma-t values of the extremum surfaces were found gen-

erally in the range of 27. 7 gIL to 27. 9 gIL, except near Gibraltar

and in the North Indian Ocean, where lower values were found. Since

the variation was found to be rather small, and since the maximum

error in obtaining sigma-t values at the depths of the extremum sur-

face is about ± 0. 15 gIL, this distribution was not charted.
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Diseiisinri

Comparison of the distributions of salinity, depth, and tempera-

ture, shown on Charts 11, 12, and 13, with those constructed by Wüst

(1935) for the Atlantic Ocean reveals close agreement between them

except for the placement of the 2°C contour line south of Africa.

Wllst shows this contour between 45°S and 50°S. This investigator

shows the 2°C contour line between 38°S and 40°S. Deacon (1937)

shows the 2°C contour of potential temperature, about 2. 1°C in situ,

ranging from 35°S to 50°S on the basis of more stations than are used

by either Wflst or this investigator. The lack of agreement among the

three interpretations of the extremum surface near South Africa

suggests that there may be a significant perturbation of the steady

state distribution of salinity caused by the introduction of boluses of

warm, saline water from the South Atlantic. Verification of this

would require a more detailed investigation of the area.

The Slope Ratio of the T-S Curve

General Discussion

The T-S curves of stations having negative vertical gradients

of both temperature and salinity in the upper kilometer of water were

found to coincide remarkably well with the constant slope ratio curve a

The regions of coincidence usually extended from near the shallow
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salinity maxima to within 100 or 200 meters of the intermediate

depth salinity minima. The coincidence was closer for T-S curves

of low slope ratio than for those of higher values. No attempt was

made to statistically analyze the closeness of fit of the 600 to 700

curves.

Figure 15 is a sample T-S plot for a hydrographic station in

the South Atlantic Ocean. A constant slope ratio curve with R = 2. 0

is superimposed on the data points, and a straight line is drawn

through two of the data points, one at each end of the region of co-

incidence. It is apparent that the constant slope ratio curve fits the

observed T-S distribution much better than the straight line. The

mean difference between the data points and the constant slope ratio

curve in the region of coincidence is 0. 006 ppt for seven T-S points,

and the mean difference between the data points and the straight line

for the same seven points is 0. 09 ppt.

Of what significance is the coincidence between the observed

T-S plots and the constant slope ratio curves? One answer to this

question relates to the mixing model frequently used in an attempt to

explain observed T-S distributions. This model, often called the

straight-line mixing model, ssu-nes that vertical diffusion with

equal diffusivities for salt and heat is the only process leading to the

T-S distribution and that heat changes due to heat of mixing and

changes in heat capacity of the sea water are negligible. With this
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model, the mixing of various proportions of only two water types,

each represented by a T-S point, will result in a set of mixtures

represented by a set of T-S points which lie along a straight line

joining the two water types in the TS field, The fact that the constant

slope ratio curves fit the observed T-S distributions better than do

straight lines indicates that animproved mixing model which yields

distributions like the constant slope ratio curves would more ac-

curately explain the observed TS distributions.

Since the constant slope ratio curve is a two-parameter curve,

the T-S distribution is completely specified if in addition to the slope

ratio a point on the curve is fixed. The selection of this point is

arbitrary. A convenient way is to specify the salinity of the ten-

degree intercept (Figure 15). For example, the T-S distribution in

Figure 1, can be described quite well for the region between T-S

points (19. 7, 36. 30) and (5. Z, 34. 36) merely by stating the numbers

2. 0 and 34. 82, which are the pertinent values of the slope ratio and

the ten-degree intercept.

Until a satisfactory theory of the T-S structure is developed,

the close coincidence of the observed T-S curves and constant slope

ratio curves can only be considered as an empirical observation.
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Distribution of Slope Ratio

Chart 14 displays the distribution of slope ratio for those por-.

tions of the world ocean possessing negative vertical gradients of both

temperature and salinity in the upper kilometer of water. That the

three oceans differ with regard to this parameter is quite apparent.

The Atlantic Ocean shows large regions of low slope ratio, predom-

inantly in the range from 1. 9 to 2. 3. The Indian Ocean shows very

little area with slope ratios in this range but shows a large region of

slope ratios less than 1. 9 and a large region of slope ratios greater

than 2. 3. The Pacific Ocean shows no slope ratios as low as 2. 3

except for five stations near New Zealand which show ratios in the

range from 1. 8 to 2. 0. The South Pacific Ocean contains a large area

of slope ratios between 2. 3 and 2. 9. The North Pacific Ocean, which

shows slope ratios generally greater than 2. 9, shows a large region

of ratios greater than 4. 5.

Figure 16 is a plot of the reciprocal slope ratio l/R, versus

latitude along the lines A-A', I_I', and P-F', which are shown in

Chart 14. The reciprocal of R was ued in the construction of the

plot rather than R in order to yield a smaller range of values on the

vertical scale. The curves shown in the figure clearly demonstrate

the differences in the three oceans with regard to slope ratio.
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Table 3 shows the percent of the total area surveyed, and of

each pf the three major oceans showing a specific slope ratio inter-

val. The percent values are rounded to the nearest five percent.

Table 3. Percent of total surveyed area and of each major
ocean showing various ranges of slope ratio values. *

Slope Percent of area surveyedratio
interval Total Atlantic Indian Pacific

<1.9 10 20 30 0

1.9-2.3 20 70 15 0

2.3-2.9 15 5 10 25

2.9-4.5 30 5 10 45

>4.5 20 0 35 30

*Rounded to the nearest 5 percent.

The lowest value of slope ratio in the 0 to 1000 meter depth

range found in the survey was 1. 4. This value was found at a few

stations inthe two regions of low slope ratio in the North Atlantic

and jn the region of low slope ratio in the South Indian Ocean. Lower

slope ratios than 1.4 were found incidentally beneath the deep salinity

maximum on some T-S curves for stations in the North Atlantic near

Gibraltar. This portion of the T-S curves was not systematically

surveyed, however.

The lower limit of the slope ratio of T-S curves in regions of

negative vertical gradients of both salinity and temperature is 1. 0,

which would represent a situation of neutral stability. T-S



distributions with slope ratios approaching this limit can be expected

in regions where near-surface water is sinking, the formation zones

for subsurface water masses. Because the temperature and salinity

range of the T-S distribution is usually greatly reduced in these

regions, it is difficult to make an estimate of the slope ratio. Sev-

eral T-S curves showing the greatly reduced temperature and salinity

range were found in the course of this investigation, but they were

located in regions where the vertical salinity gradient is positive,

which makes an estimate of the slope ratio impossible by the methods

of this investigation.

T-S curves with low slope ratios can be expected in the Red

Sea and the Mediterranean Sea, which are sources of warm, highly

saline subsurface water masses. Miller (1963) shows composite T-S

curves, including three very nearly isopycnal curves, plotted on an

expanded scale for various regions of the Mediterranean Sea.

The fact that no slope ratios lower than 1. 4 were found in the

upper kilometer of the open ocean indicates that there are no major

areas of sinking of warm, high salinity water there. If vertical

transport of saltand heat into deep water from regions such as the

Sargasso Sea is needed to maintain the steady state condition of such

a region, it must be accomplished by dLffusion or perhaps by salt

fountain convection rather than by sinking of near-surface water.



Worthington (1959) has described the formation of what he calls

l80 WaterU along the northern edge of the Sargasso Sea. He believes

that this water is the most dense formed at the surface in the Sargasso

Sea and that it spreads beneath it at approximately 300 meters depth.

This present investigation did not find slope ratios in the northern

Sargasso Sea area approaching 1. 0, but this could be due to wide sta-

tion spacing or sampling at the wrong time of the year to detect the

formation zone. The existence of this 180 Water does not alter the

suggestion that transport of heat and salt into deep water from the

Sargasso must be accomplished by a means other than sinking of

warm, high salinity water.

The Ten-Degree Intercept

Chart 15 displays the distribution of the ten-degree intercept in

that portion of the world ocean which shows negative verticalgradiénts

for both temperature and salinity in the upper kilometer of water.

The Intensity of the Interrriediate Depth Salinity Minimum

Chart 16 displays the distribution of the intensity of the inter-

mediate depth salinity minimum along the minimum salinity surfaces.

The intensity values range from 0 ppt adjacent to alpha and omega

boundaries of the minimum salinity surfaces to values in excess of

Z. 0 ppt in the western South Atlantic Ocean. The area of the
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minimum salinity surfaces of the world ocean are about equally divided

into regions with intensity values higher and lower than 1. 0 ppt. It

should be noted that the intensity of a minimum does not become zero

at the omega boundary of the minimum salinity surface in the region

of overlapping minimum salinity surfaces in the tropical North

Pacific Ocean. This is because the second minimum, which still

exists in the water column, preserves the perturbation of the salinity

versus depth curve.

It is evident that the distribution of intensity does not parallel

the distribution of salinity along the minimum salinity surfaces; it

appears to be more similar to the distribution of salinity along the

shallow maximum salinity surfaces. This can be seen by comparing

Chart 3 with Chart 16.
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IV. INFERENCE OF CIRCULATION FROM THE

SALINITY DISTRIBUTION

Since it is common practice to infer flow from the distribution

of properties along their extremum surfaces, a discussion of the

limitations of this practice must be included here, even though the

inference of circulation is not part of the stated objective of this

inve stigation.

Various authors have used the distribution of properties along

extremum surfaces to infer flow. Specifically, Wüst (1935) shows

arrows in his plots of core layers which indicate the direction of

11Ausbreitung" or spreading of water. He constructs them along the

extremum surface in a direction normal to the lines of constant

property.

Sverdrup, Johnson, and Fleming (1942) discuss a tonguelike

distribution of salinity in a vertical section which is analogous to a

vertical section through a salinity extremum surface in the direction

of the salinity gradient. They suggest that this distribution in the

X-Z plane can be maintained in a steady state by a balance of verti

cal diffusion and horizontal advection. They point out, however,

that this is not the only means of maintaining such a tonguelike dis-

tribution. It could be maintained as easily by diffusion in both the X

and Z directions. They further state that if advection does play a
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part in the maintenance of the distribution it is not necessary that the

axis of the distribution coincide with the maximum advective velocity.

All this means that the motion, advective or diffusive, is not neces-

sarily along the extremum surface nor in the direction of the salinity

gradient.

Because diffusion can only attenuate salinity differences in sea

water and because the mechanisms which can increase salinity dif-

ferences operate only at the sea surface or bottom, the following

statement is valid: A mass of water that is on a maximum or mini-

mum salinity surface at a given time must at a later time have a

lower or higher salinity, respectively. It should be noted that water

which is not on a salinity extremum surface can either decrease or

increase in salinity with time, but the sign of the time rate of change

of salinity for water on a salinity extremum surface is fixed.

This statement' s validity is not changed if the water mass

moves from the extremum surface, nor does it require that the mo-

tion of the water mass be in the direction of the salinity gradient.

The only requirement is that it must cross isohaline surfaces in a

particular sense. Therefore, while there is a tendency for motion

from the alpha boundary to the omega boundary of a particular salin-

ity extremum surface, the flow vectors cannot be determined from

the distribution of salinity along the surface.
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It is interesting to note that the conclusions regarding the direc-

tion of advection reached by observing the salinity gradient along an

extremum surface tend to be orthogonal to the conclusions reached

using the geostrophic approximation. For example, if the horizontal

gradient of salinity along a level portion of an extremum surface

parallels the. pre s sure gradient, the geostrophic approximation will

yield currents parallel to the isobars, while inference from the

salinity gradient would yield advection at right angles to the iso-

bars.

This is not a paradox if the assumptions involved in the geo-

strophic approximation are recalled. Geostrophic flow occurs at

right angles to the equal 3nd opposite pressure gradient and Coriolis

forces, assuming that there is no friction and that the flow is unac-

celerated. If the flow is frictionless, molecular and eddy viscosity

are non-existent, and likewise molecular and eddy diffusion cannot

exist. Under these conditions nothing occurs to dissipate the gradient

of pressure, since the flow is parallel to the isobars and since no

diffusion exists. Also, no sources or sinks of energy are involved in

geostrophic flow since it is frictionless and unaccelerated. Of course,

this is not what actually occurs in nature. True geostrophic flow is

impossible because of the ubiquity of viscosity and diffusion. Any

friction in the fluid will cause the flow to become partly ageostro-

phic. Any diffusion will reduce the density gradients and cons equeitly
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will reduce the pressure gradient forces and thus yield a negative

acceleration of the flow.

Certainly in regions where the mean velocities are quite large

compared to the turbulent velocities, the geostrophic equation yields

a good approximation of the flow. However, if the mean velocities

are small relative to the turbulent velocities, diffusiveprocesses

become more important, and the flow will be ageostrophic.

The state of uncertainty regarding the nature of subsurface

currents is discussed by Knauss (1964). He describes large turbu-

lent velocities in current measurements as deep as 2000 meters. The

turbulent velocities, 1 cm/sec to S cm/sec, suggest that large-scale

horizontal eddy motions of considerable energy may be common in

deep currents in addition to the slow, more uniform drift.
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V. SUMMARY AND CONCLUSIONS

Summary of Methods of the Investigation

The hydrographic data from 885 oceanographic stations scat-

tered throughout the three major oceans and the American

Mediterranean Sea were examined as follows:

1. The salinity, depth, temperature, and sigma-t of the

salinity extrema were estimated. The distribution of each of these

parameters along the salinity extremum surfaces was plotted and

contoured on a world ocean map.

2. A new parameter, called the slope ratio of the T-S curve,

was defined as R T/8 S 0T/ aS I o-t. The value of this parameter

was estimated for each T-S curve showing negative vertical gradients

of both salinity and temperature in the upper kilometer of depth. The

values were plotted and contoured on a world ocean chart.

3. An estimate was made of the salinity of the ten-degree

intercept of the constant slope ratio curve which most closely coin-

cided with the T-S curve. The intercept values were plotted and con-

toured on a world ocean chart.

4. A new parameter of the salinity structure, called the inten-

sity of the salinity minimum, was defined as the difference between

the salinity at the salinity minimum surface and the salinity which

would exist at that same depth if the shallow salinity maximum and
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the deep salinity maximum were linked by a straight line on the salin-

ity versus depth plot instead. The value of the intensity was estima-

ted for each station possessing an intermediate depth salinity mini-

mum. The values were plotted and contoured on a world ocean chart.

Conclusions

It was found that the extremum surfaces manifested character-

istic differences in each of the three major oceans and that the por-

trayal of the extremum surfaces thus provides an effective means of

showing some basic differences of the major oceans. Figures 17, 18,

and 19, which are plots of depth of the extremum surfaces versus

latitude along central longitude meridians of the major oceans, dem-

onstrate some of the structural differences in the extremum surfaces.

The following paragraphs recapitulate the principal conclusions

reached by this investigation.

Boundaries of the Extremum Surfaces

The extremum surfaces are bounded by intersection with the

sea surface and the sea floor or by annihilation boundaries, where

mixing yields a monotonic vertical salinity distribution. An omega

boundary is defined as that portion of the boundary of a salinity ex-

tremum surface not in contact with the sea floor which displays the

least extreme values of salinity. An alpha boundary is that portion
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of the boundary of a salinity extremum surface that is neither an

omega boundary nor a sea floor boundary. A portion of the alpha

boundary including the most extreme salinities will be a source for

the salinity extremum surface

each extremum surface.

These boundaries were identified for

The Shallow Maximum Salinity Surfaces

The shallow maximum salinity surface in each major ocean is

probably divided into two surfaces by the equatorial undercurrents

which greatly distort the horizontal salinity structure across the

equator at the depth of this extremum surface. Wherever this ex-.

tremum surface is coincident with the sea surface, an alpha boundary

and a possible source exist. The coincidence of the extremum sur-

face with the sea surface and the salinity of the extremum surfaces

at these positions of coincidence will vary seasonally. The omega

boundaries of the shallow maximum salinity surfaces are found

principally in the high latitude boundaries. The boundaries of these

shallow extremum surfaces with the sea floor may actually be anni-

hilation boundaries due to mixing caused by tidal currents.

The Atlantic Ocean shows the highest salinities along the shal-

low maximum salinity surfaces, and the North Pacific Ocean shows

the lowest salinities. The lowest salinities are generally found along

the high latitude omega boundaries of the extremum surfaces.
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There is a difference of about two ppt in the salinities shown

along the shallow maximum salinity surfaces on the Atlantic and

Pacific sides of Central Aruerica. This variation is probably related

to the water vapor transport from the Atlantic Ocean to the Pacific

Ocean across the Isthmus of Panama.

The temperatuie distribution along the shallow maximum salin-.

ity surface reveals differences in the placement of high and low

temperature areas in the three major oceans. There is an unusual

region of low temperature in the eastern tropical portion of both the

Pacific and Indian oceans. The low temperature region in the

Pacific may be the result of upwelling or differential vertical diffu-

sion.

The Intermediate Depth Minimum Salinity Surfaces

There are two separate intermediate depth minimum salinity

surfaces in each of the three major oceans. In each case the northern

surface is smaller than the southern one. In the Atlantic and Indian

oceans the size difference between northern and southern extremum

surfaces is greater than in the PaciLic Ocean. There is a large

region of overlapping minimum salinity surfaces in the tropical

North Pacific Ocean. The region of overlap is about 10° to 15° wide

in latitude and extends about 120° in longitude just north of the equa-

to r.



The salinity distribution along these extremum surfaces

shows regions of high salinity in the vicinity of the Red Sea and the

Mediterranean Sea. The regions of low salinity along these extre-

mum surfaces are found along the alpha boundaries in high latitudes,

the lowest salinity being found along the alpha boundary in the North

Pacific Ocean. The distribution of temperature along the extremum

surfaces reveals high temperature regions near the Mediterranean

Sea, near the Red Sea, and in the tropical North Pacific Ocean. The

low temperature regions are adjacent to the alpha boundaries of the

extremum surface.

The Deep Maximum Salinity Surfaces

There are two deep maximum salinity surfaces in the world

ocean: a major one, which is found in most of the Atlantic Ocean,

part of the Indian Ocean, and part of the Southern Ocean, and a minor

one, which is found only in the North Indian Ocean between Africa and

India. The major surface evidently has its alpha boundaries in the

North Atlantic Ocean, while the minor surface has its alpha boundary

in the vicinity of the Red Sea. Salinity and temperature along these

surfaces decrease with distance from the Mediterranean Sea and the

Red Sea, respectively.



The Slope Ratio of the T-S Curve

A striking coincidence is found between the upper portions of

T-S curves and curves of constant slope ratio in regions where there

is a negative vertical gradient of both salinity and temperature,

assuming depth positive downward. The reason for the coincidence

is unknown. The lowest slope ratios found in the open ocean had a

value of 1. 4. The lack of slope ratios approaching 1. 0 in the open

ocean indicates that salt and heat are not transported vertically into

deep water from oceanic regions of high temperature and salinity by

sinking of water. For comparable vertical temperature distributions

the slope ratio is a measure of comparitive stability.

The Ten-Degree Intercept

The ten-degree intercept, or any other arbitrary point on a

coincident constant slope ratio curve, together with the slope ratio

provides a two-parameter description of a T-S curve in the region of

coincidence. This description is more accurate than the commonly

used straight-line approximation.

The Intensity of the Intermediate Depth Salinity Minimum

The distribution of the intensity of the intermediate depth salin-

ity minimum provides a means of assessing the variation of the per-

turbation of the vertical salinity structure due to the presence of the



salinity minimum.

Suggested Further Investigations

This investigation has revealed a number of problems. Several

of these appear to be suitable for further investigation. Since an

exhaustive search of the literature of oceanography was not conducted

relative to these problems, it is not known if they have already been

solved.

An investigation of the processes leading to the observed T-S

distributions, which so closely coincided with constant slope ratio

curves, is needed to determine if this empirical observation has a

theoretical foundation.

The salinity structure of the tropical North Pacific Ocean in the

region of the overlapping minimum salinity surfaces should be de-

scribed more thoroughly on the basis of all available hydrographic

data for the region.

The structure of the deep maximum salinity surface in the

North Atlantic Ocean should be described in more detail. In particu-

lar, an attempt should be made to define the extent of the Mediterranean

and Arctic components of this extremum surface.

The attenuation of the extremum surfaces should be investigated

to clarify the quantitative aspects of eddy diffusion leading to attenua-

tion. The regions in which the intermediate depth minimum salinity



surface is strongly attenuated can be roughly inferred from the dis-

tribution of the intensity of that extremum, but more refined param-

eters need to be devised for this and the other major extrema.

The possible existence of major non-steady state structures in

the salinity distribution of the South Atlantic Ocean at the depth of the

deep maximum salinity surface should be investigated.

The salinity structure of the North Indian Ocean should be de-

scribed more thoroughly when the data from the current international

investigation of the Indian Ocean are made available.

The unusual region of low temperature along the shallow maxi-

mum salinity surface in the eastern tropical North Pacific Ocean

should be investigated to determine the mechanisms responsible.

Finally, the processes by which heat and salt are transferred

vertically to deep water from cells of high temperature and salinity,

such as the Sargasso Sea, should be investigated. It is apparent that

the transfer is not accomplished by sinking.
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APPENDIX A. SOURCES OF HYDROGRAPHIC DATA

North Atlantic Ocean and American Med1térranean Sea

Vessel and
cruise Dates Reference* Stations

Atlantis 22 IX 54- Fuglister, 1960 5190, 5l92, 5194,
208 25 IX 54 5197, 5200

Atlantis 11 X[ 54- Fuglister, 1960 5203, 5206, 5210,
212 12 XII 54 5233, 5257, 5261

Atlantis 215 11 VI 55- Fuglister, 1960 5305, 5310
13 VI 55

Atlantis 229 29 XI 56 Fuglister, 1960 5461

Chain 7 21 IV 59- Fuglister, 1960 30, 35, 38, 40, 43,
12 V 59 45, 49, 50, 55, 60,

62, 64, 65, 66, 68,
70, 72, 74

Chain 12 8 IV 60- Fuglister, 1964 140, 143, 146, 149,
14 IV 60 152, 155, 158, 161

Crawford 10 7 V 57- Fuglister, 1960 154, 156, 157, 158,
0 V 57 160, 165, 170, 175,

180

Crawford 16 9 X 57-. Fuglister, 1960 225, 230, 235, 240,
8 XII 57 245, 246, 247, 248,

249, 250, 251, 252,
253, 277, 278, 279,
280, 285, 290, 295,
300, 305, 311

Crawford 17 11 II 58- Fuglister, 1960 312, 315, 320, 330,
20 11158 331, 335, 339, 356,

360, 364, 369, 371,
375, 379, 382, 386,
390, 391, 394, 398

*Reference in Bibliography.



North Atlantic Ocean and American Mediterranean Sea (Continued)

Vessel and
cruise Dates

Discovery 11-1 18:IV 57-
26 IV 57

Discovery 11-2 9 X 57-
5 XII 57

Reference *

Fuglister, 1960

Fuglister, 1960

Discovery 11-3 18 VIII 58 Fuglister, 1960
15 IX 58

Stations

3520, 3522, 3525,
3527, 3530, 3532,
3534, 3535, 3537,
3540, 3542

3595, 3600, 3605,
3607, 3610, 3515,
3620, 3624, 3625,
3630, 3635, 3640,
3645

3827, 3828, 3829,
3830, 3835, 3836,
3838, 3839, 3840,
3841, 3842, 3843,
3844, 3846, 3847,
3848, 3849, 3850,
3851, 3852, 3853,
3854, 3955, 3856,
3857, 3958, 3860,
3862, 3868, 3870,
3872, 3874, 3875,
3876, 3878, 3880,
3884, 3885, 3890,
3895

Evergreen 4 IV 52- Bronson, 1953 4633, 4650, 4725,
Ice Patrol 12 VI 52 4736, 4828, 4829,

4830, 4919

Evergreen 27 VII 57- Dinsmore, Morse, 6560, 6562, 6564,
Ice Patrol 29 VII 57 & Soule, 1958 6566, 6568

Evergreen 3 IV 60- Bullard et al. 7287, 7290, 7293,
Ice Patrol 9 IV 60 1961 7296, 7299, 7302,

7305
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North Atlantic Ocean and American Mediterranean Sea (Continued)

Vessel and
cruise Dates Reference * Stations

Hildalgo 17 II 62- McLellan and 16, 18, 20, 23, 28,
30 III 62 Nowlin, 1962 36, 41, 44, 56, 58,

61, 67, 69, 72, 93,

96, 99, 124

Total North Atlantic Ocean and American Mediterranean Sea = 194



South Atlantic Ocean

Vessel and
cruise Dates Reference*

Atlantis 247 11 IV 59- Fuglister, 1960
3 VI 59

Crawford 10 1 III 57- Fuglister, 1960
22 IV 57

Crawford 22 3 X 58- Fuglister, 1960
29 XI 58

Deutschland

Discovery II

Discovery II

Eltanin 4

Glacier
Deep Freeze 60

Ob 3

30 VIII 11-
11 XI 11

23 V 36-
6 1V 37

20 III 38-
9 VII 38

96

Stations

5798, 5806, 5810,
5815, 5820, 5825,
5830, 5832, 5840,
5843

86, 92, 95, 97, 100,
105, 110, 115, 125,
130, 135, 140, 143,
145, 147, 150, 153

420, 425, 430, 435,
440, 445, 450, 465,
470, 475, 480, 485,
490, 495, 500

Brennecke, 1921 92, 9

Discovery, 1944 1772,
1776,
2034

Discovery, 1947 2291,
2355,

5, 99, 109

1773, 1775,
2027, 2030,

2351, 2353,
2357

17 VII 62 Friedman, 1964 E4-.2

13 III 60 Capurro, 1961a 26, 29

6 VI 58- capurro, 1961a
13 VI 58

Oh 4 17 III 59- U. S. N. 0. D. C.
21 III 59

Oh 5 9 XII 59 U. S. N. 0. D. C.

453, 455, 459, 461,
463, 464, 45, 466,
467, 468

495, 497, 499, 500

503
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South Atlantic Ocean (Continued)

Vessel and
cruise Dates ReIerence* Stations

00004 6 VI 25- U. 5, N. 0. D. C, 0002, 0005, 0008,
31 XII 25 0009, 0010, 0011,

0012, 0056, 0058,
0060, 0062, 0097

00035 11 II 26- U.S. N. 0. D. C. D009, D012, D077
6 VI 26

00037 24 IV 31 U.S. N. 0. D. C. D673

00694 15 IX 58 U.S. N. 0. D. C. 0330

00692 14 XII 57-. U.S. N. 0. D. C. 0212, 0214, 0229,
18 XII 57 0249

08001 21 VIII 62- U. S. N. 0. D. C. 0456, 0460, 0462,
5 IX 62 0477

08003 22 XI 62 U.S. N. 0. D. C. 0506

Total South Atlantic Ocean = 102
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Indian Ocean

Vessel and
cruise Dates Reference* Stations

Anton Bruun 4A 20 X 63- Woods Hole, 1965 180, 182, 185, 186
3 XI 63 188, 189, 195

Argo Monsoon 14 XII 60- California, n. d. IV-4, IV-5, 1V9,
12 I 61 IV-ll, IV-l2, IV-l6,

V-4

Atlantis 242 28 V 58- Capurro, 1961b 5609, 5610, 5617,
17 VI 58 5618, 5622, 5623,

5624, 5631, 5632,
5633, 5634, 5635,
5636, 5637, 5638

Commandant 31 III 50- France, 1951 32, 34, 35, 36
Charcot 17 IV 50

Diamantina 16 X 59- Australia, l962a 14, 16, 18, 20, 91,
Dm 2/59 17 II 60 94, 100

Diamantina 6 II 60- Australia, l962b 16, 18, 21, 25, 30,
Dm 1/60 17 II 60 47, 50, 54, 60

Diamantina 26 LI 61- Australia, l963a 13, 15, 17, 19, 23,
Dm 1/61 6 III 61 27, 31, 32, 38

Discovery 4 III 30- Howard, 1940 65, 68, 70
BANZAR 11111 30

Discovery II 11 XI 35- Discovery, 1944 1609, 1612, 1613,
7 V 36 1614, 1744, 1748,

1752, 1756, 1760
1763, 1765

Eastwind 31 III 61- Tressler, 1963 1, 2, 3, 4, 5, 7,
WAGB-279 9 IV 61 8, 11, 14

Norsel 1 XI 55- Capurro, l961b 1, 2, 3, 4, 5, 6,
1 III 56 7, 8, 9, 10, 11,

22, 23, 24, 25, 26,
27, 28, 29



Vessel and
cruise

Nor s e 1

Ob 1

Ob 1

Oh 2

Umitaka. Maru

Indian Ocean (Continued)

Dates Reference* Stations

4 III 58- Capurro, 1961b 40, 41, 42, 43, 44,
8 III 58 45, 46, 47, 48

7 V 56- Capurro, 1961a 103, 104, 105, 106,
17 V 56 107, 108, 110, 111,

112, 113, 114, 115,
116, 118

4 VI 56- Capurro, 1961b 144, 145, 146, 147,
6V156 148

25 IV 57- Capurro, l961b 308, 309, 310, 312,
14 V 57 314, 316, 318, 320,

322, 323a, 324a,
326, 328

1311159- U.S.N.O.D.C. 489, 490, 491, 493
17 III 59

28 XI 56- Capurro, 1961b
26 III 57

Vema 14 28 IV 58- Friedman, 1960
23 V 58

Vema 16 29 XII 59- Friedman, 1960
14 II 60

William 1 VIII 50, Discovery, 1953
Scoresby 4 VIII 50

00040 3 I 38- U. S. N. 0. D. C.
4 I 38

00399 6 V 48 U.S. N. 0. D. C.

00702 12 IX 51 U.S. N. 0. D. C.

1, 2, 3, 4, 5, 6, 7,
8, 9, 10, 11, 13,
14, 21, 22, 23

47, 48, 49, 50, 51,
53, 56, 57

40, 42, 44, 46, 48,
50, 52, 54, 56, 60,
63, 66, 68

WS 1025, WS 1026,
WS 1027

2156, 2157

1548

2881



Vessel and
cruise

00712

00830

90004

Indian Ocean (Continued)

Dates

24 III 50

5 V 56

14 IV 57
16 IV 57

Total Indian Ocean = 194

Reference *

U. S. N. 0, D. C.

U. S. N. 0. D. C.

U, S. N. 0, D. C.

Stations

0031

0099

0291, 0292, 0294
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North Pacific Ocean

Vessel and

101

cruise Dates Reference* Stations

Black Douglas 24 II 51- California, 1963 80. 70, 40. 60
18 VII 51

Black Douglas 17 VIII 55- NORPAC, 1960 54, 56, 59, 73
NORPAC 5 IX 55

Brown Bear 27 VI 55- California, 1962 108-32, 108-35
108 28 VI 55

Brown Bear 1 VIII 55- NORPAC, 1960 110-3, 110-6,
NORPAC 30 VIII 55 110-26, 110-46

Carnegie VII 4 V 29- Fleming et al. 100, 102, 103, 104,
27 V 29 1945 105, 107, 108

Crest 12 IX 50- California, 1960 70. 280, 90. 175
15 IX 50

Crest 26 VI 55 California, 1962 60, 90

Horizon 7 V 51 California, 1963 110. 110

Horizon Dolphin 24 IV 58- Capurro, 196ld 17, 30, 35, 37
30 V 58

Horizon Dorado 12 VII 59- Capurro, l961d 1, 5, 10, 15
10 VIII 59

Horizon 26 X 57- Capurro, 1961d 4, 7

Downwind 31 X 57

Horizon 8 X 55- Capurro, 196ld 10, 20, 24, 31, 57,
Eastropic 13 XII 55 80, 86, 91

Horizon 7 VIII 56- Capurro, 1961d 1, 5, 35, 41, 48
EquaPac 2 IX 56

Horizon 3 VIII 55- NORPAC, 1960 3, 5, 11, 61
NORPAC 24 VIII 55
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North Pacific Ocean (Continued)

Vessel and
cruise Dates Reference* Stations

Horizon Step I 5 XII 60- California, 1961 85, 90
7 XII 60

HughM. Smith 28 X 55- Capurro, 1961d 64, 133, 144
Eastropic 31 20 XI 55

Hugh M.Smith 19 VII 56- Capurro, 1961d 46, 48, 50, 52, 55,
EquaPac 35 5 X 56 60, 114, 120, 125,

169, 175, 178

HughM. Smith 18 VII 55- NORPAC, 1960 5, 10, 14, 20, 24,
NORPAC 26 VIII 55 28, 32, 37, 40, 44,

49, 53, 59, 65, 68,
73, 77, 81, 86, 93,
96, 103, 109

Northwjnd 31967 16 VII 62- U. S. C. G. 1962 0015, 0017, 0019,
22 VII 62 0021, 0023, 0025,

0027

Oshawa 17 V 61- Dodimead et al. , 7, 10, 13, 17, 24,
28 V 61 1961 27, 42

Oshoro Maru 29 VI 55- NORPAC, 1960 5, JO, 15, 21
NORPAC 1OVII55

Ryofo Maru 26 VIII 55- NORPAC, 1960 491, 509
NORPAC 6 IX 55

St. Anthony 12 VI 61- Dodimead et al. 38, 64, 70, 75, 81
27 VI 61 1961

Ste. Therese 24 VII.t 55-. NORPAC, 1960 62, 72, 82
NORPAC 31 VIII 55

Satsuma 9 VIII 56- Capurro, 1961c 6, 9, 11, 13, 21,
EquaPac 25 VIII 56 34, 38, 40, 43, 45

Satsuma 3 VIII 55- NORPAC, 1960 3, 9, 13, 16, 22,
NORPAC 22 VIII 55 25, 28, 33, 39, 45



North Pacific Ocean (Continued)

Vessel and
cruise Dates Reference*

Spencer F. Baird 14 XI 59-. Capurro, 1961d
CRD 20X159

Spencer F. Baird 7 X 55- Capurro, 1961d
Eastropic 12 XII 55

SpencerF. Baird 23 VIII 55- NORPAC, 1960
NORPAC 14 IX 55

Stranger 15 Viii 58- Capurro, 1961d
Doldrums 19 VIII 58

Stranger 21 VIII 56- Capurro, 1961d
EquaPac 20 IX 56

Stranger 22 VIII 55- NORPAC, 1960
NORPAC I IX 55

Takuyo 12 VII 58 Capurro, 1961c

Takuyo 1211159- Capurro, 1961c
1411159

Tenyo Maru 30 VII 55- NORPAC, 1960
NORPAC 5 IX 55

Umitaka Maru 12 XI 58- Capurro, 1961c
15 XI 58

Umitaka Maru 15 X 55 NORPAC, 1960
NORPAC

Vityaz 25

Vityaz 26

7 IX 57-
10 IX 57

7 1158-
14 II 58
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Stations

1, 13, 14, 21, 26

10, 15, 20, 22, 23,
24, 37, 40, 45, 48,
51, 65, 70, 75, 80,
85, 90

129, 146, 149, 153,
157, 162

1, 6, 10

2, 3, 4, 5, 10, 15,
20, 35, 40, 46

76, 78, 80, 82,
104, 106

100

107, 110

6, 10, 13, 15, 17,
20, 25, 27, 29, 32,
35, 45

2-9, 2-11, 2-13

46

Capurro, l961c 3729, 3732, 3735

Capurro, 1961c 3864, 3867, 3870,
3873, 3876



North Pacific Ocean (Continued)

Vessel and
cruise Dates Reference*

Vityaz Z7 21 IV 58- Capurro, 196lc
23 IV 58

Total North Pacific Ocean = 216

Stations

3959, 3962, 3964,
3967

104



South Pacific Ocean

Vessel and

105

cruise Dates Reference* Stations

Argo Monsoon 7 II 61 California, n. d. VI-il

AtkaDeep Freeze 6 II 58 Capurro, 1961a 30
III

Brategg 13 XII 47- Midttun and 1, 7, 32
21 I 48 Natvig, 1957

Burton Island 8 II 60- Capurro, 1961a 8, 10, 12
Deep Freeze 60 9 II 60

Carnegie VII 29 XI 28- Fleming et al. 48, 50, 52, 54, 56,
17 XI 29 1945 58, 60, 62, 64, 66,

68, 81, 82, 83, 91,
92, 93, 161, 162

Dana 12 X 28- Garner, 1962 3624, 3628, 3630,
27 I 29 3654

Discovery II 26 VI 32- Discovery, 1941 920, 921, 923, 924
30 VI 32

Discovery II 6 III 36- Discovery, 1944 1688, 1689, l690
9111 36 1691

Discovery II 8 II 38- Discovery, 1947 2213, 2216, 2218,
13 II 38 2220

Discovery II V 51 Garner, 1962 2824

Edisto 514 26 III 56- iL-S. Navy, 1956 16, 19
31 III 56

Eltanin 4 21 VIII 62- Friedman, 1964 E4-19, E4-21,
30 VIII 62 E4-23, E4-25

Gascoyne G1/60 8 II 60- Australia, 1962c 28, 36, 44, 50, 54,
29 II 60 58, 65, 71, 82



South Pacific Ocean (Continued)

Vessel and

106

cruise Dates Reference* Stations

Gascoyne G2/60 19 III 60- Australia, 1,62c 90, 95, 100, 103,
29 III 60 108, 116, 121, 130,

134, 136

Gascoyne Gl/6l 14 I 61- Australia, 1963b 1, 6, 13, 16, 20,
1211 61 24, 28, 31, 39, 42

Horizon 11 IV 58- Capurro, 1961d 5, 20, 21, 25
Dolphin 18 V 58

Horizon 5 XI 57- Capurro, 1961d 10, 12, 13, 14, 32,
Downwind 13 II 58 40

Horizon 22 XI 55- Capurro, 1961d 59, 65, 70
Eastropic 3 XII 55

Horizon 13 VIII 56- Capurro, 1961d 10, 15, 18, 20, 22,
EquaPac 24 VIII 56 25, 28, 30

Horizon Step I 29 IX 60- California, 1961 1, 5, 14, 16, 33,
3 XII 60 37, 41, 52, 61, 64,

70, 75, 80

Hugh M. Smith 31 X 55- Capurro, l961d 75, 82, 85, 149
Eastropic 21 XI 55

HughM. Smith 21 VIII 56- Capurro, 196ld 65, 75, 81, 85, 91,
EquaPac 35 27 IX 56 100, 108, 130, 135,

147, 153, 159, 164

Obi 5 IV 56 Capurro, 196la 71

Ob 3 20 III 58- Capurro, 1961a 359, 361, 363, 365,
29 IV 58 367, 383, 385, 387,

389, 392, 400, 409,
411, 413, 415, 417

Satsurna 6 VIII 56- Capurro, l96lc 15, 31

EquaPac 17 VIII 56



South Pacific Ocean (Continued)

Vessel and
cruise Dates Reference*

Spencer F. Baird 16 XI 55 Capurro, 1961d
Eastropic 28 XI 55

Stranger 31 VIII 56- Capurro, 196ld
EquaPac 13 IX 56

Vityaz 26 4 XII 57 Capurro, l96lc

Vityaz 27 20 IV 58 Capurro, l96ic

00038 15 IX 32- U, S. N. 0, D, C
19 IX 32

00802 26 XI 57- U.S. N. 0. ID. C,
lXlI 57

00862 8158 U,S,N.O,D,C,

35952 25 IX 58 U.S. N. 0. ID, C,

90005 8 IV 58 U.S. N, 0. D, C,
11 IV 58

Total South Pacific Ocean = 179

Stations

52, 55, 58

25, 27, 28, 30

3805, 3810, 3814,
3816, 3851, 3853,
3855, 3858, 3861

3955, 3957

0963, 0965, 0967

D016, IDOl?, D018

3832

0008

0390, 0392, 0394,
0396

107
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Chart 1. Positions of' hydrographic stations used in the investigation. Each black dot represents a

single hydrographic station. The map projection is Goode's Homolosine Equal Area Projection. The grid interval

s ten degrees latitude and longitude.
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Chart 2. Gross salinity structure of the world ocean. 2 indicates a maximum salinity surface, I indicates

an intermediate depth minimum salinity surface, the subscript letters N and S indicate the hemisphere in which the

alpha boundary of the minimum salinity surface is found, and 1 indicates a secondary minimum salinity surface or a

minimum salinity at the sea surface.
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H relatively high salinity. L= relatively low salinity. = boundary beyond which there is no shallow

maximum salinity surface
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rrrrn' boundary beyond which there is no shallow maximum salinity surface.
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Chart 5. Temperature of the shallow m2xi[Iium salinity surfaces (°C). 15°C. 525°C.
boundary beyond which there is no shallow maximum salinity surface. H= relatively high temperature.

L = relatively low temperature.
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ltl(LIboundary beyond which there is no shallow maximum salinity surface. H = relatively high density. L relatively
low density.
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Chart 7. Salinity of the intermediate depth minimum salinity surface$ (ppt-O). Inset map shows distri-

bution along the North Pacific minimum salinity surface. +boundary of the North Pacific minimum salinity

surface. ---boundary of the South Pacific minimum salinity surface,. = 1000 meter depth contour and

approximate boundary of the minimum salinity surface withi the sea floor. + - ++ approximate_boundary between North

Atlantic and South Atlantic minimum salinity surfaces.
[ ] 34 4 ppt

f 4
535 0 ppt. = region of mono-

tonic salinity distribution beneath a shallow maximum salinity surface. = boundary beyond which the minimum

salinity surface is at the sea surface H relatively high salinity
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Chart 8. Depth of the intermediate depth riiinimum salinity surfaces (hectometers). Inset map shows distri-

bution along the North Pacific minimum salinity surface. +boundary of the North Pacific minimum salinity

surface.--- boundary of the South Pacific minimum salinity surf'ace. -----lOOO meter depth contour and

approximate boundary of the minimum salinity surface with the sea floor. -----approximate boundary between North

Atlantic and South Atlantic minimum salinity surfaces 4 hectometers 58 hectometer.

= region of rnonotonic salinity distribution beneath a shallow maximum salinity surface boundary beyond

which the minimum salinity surface is at the sea surfaceS
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Chart 9. Temperature.of the intermediate depth minimum salinity surfaces (°C). Inset map shows distri-

bution along the North Pacific minimum salinity surface. boundary of the North Pacific minimum salinity

surface. -------boundary of the South Pacific, minimum salinity surface. =1000 meter depth contour and

approximate boundary of the minimum surface with the sea floor1 -4---+-+approximate boundary between North Atlantic

and South Atlantic minimum salinity surfaces EJ 500 ] 510°C = region of monotonic salinity

distribution beneath a shallow maximuni salinity surface. uiwji boundary beyond which the minimum salinity surface

is at the sea surface. H = relatively high temperature.
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Chart 10. Density (Sirna-T) of.the intermediate depth minimum salinity surfaces (gIL-20). Inset map

shows distribution along the North Pacific mini'num salinity surface -'---+boundary of the North Pacific minimum

salinity surface ---boundary of the South Pacific minimum salinity surface. ------- 1000 meter depth contour

and approximate boundary of the minimum salinity surface with the sea floor ----± approximate boundary between

Nort Atlantic and South Atlantic minimum salinity surfaces 27 0 g/L U 27 4 gIL = region of

monotonic salinity distribution beneath a shallow maximum salinity surface. =boundary beyond which the mini-

mum salinity surface is at the sea surface. L = relatively low density. H = relatively high density.
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Chart 12. Depth of the deep maximum salinity surfaces (km). region showing no deep maximum

salinity surface ------ -=1000 fatuom depth contour and approximate boundary of the extremum surfaces with the sea

floor.
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Chart 13. Temperature of the deeo maximum salinity surfaces (°C).
J

2°C

= region showing no deep maximum salinity surface.
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Chart 14. Slope ratio (R) of the T-S curve for the upper kilometer of depth in regions showing a nega-

tive vertical gradient of both temperature and salinity. R T/àS 11' 11111111bound8ry beyond

which the vertical gradient of salinity is positive . Lj 1 9 J 54.5w Inset map shows distribution above

North Pacific minimum salinity surface. H = relatively high slope ratio. L = relatively low slope ratio.
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Inset map showS values associated with the North Pacific minimum salinity surf2ce. L = relatively 1owsalinity.
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Chart 16. Intensity of the intermediate depth salinity minima (ppt) . Inset map shows distribution along

the North Pacific minimum salinity surface r15 1 0 ppt. region of monotonic salinity distribution

beneath a shallow maximum salinity surface. m-r-rr-i-r = boundary beyond which the minimum salinity surface is found at

the sea surface. =1000 meter depth contour and approximate boundary of the minimum salinity surface with the

sea floor. L = relatively low int.enity.




