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ABSTRACT

Hydrographic station data, consisting principally of temperature and salinity determina-
tions, have been used by physical oceanographers to develop a climatological picture of the
distribution of these quantities in the oceans of the world. Density as determined by Knud-
sen’s formula, taken together with hydrostatic and geostrophic dynamics, also provides a
crude picture of oceanic flow. However, the data probably contain substantially more in-
formation than has been derived from them in the past.

The quantity that is orthogonal to potential-density curves in the 6S plane is suggested
as a useful variable to complement the information contained in potential density. The deri-
vation of this quantity, denoted by 7 in this paper, is straightforward. A polynomial expres-
sion for 7 that is suitable for computer calculations of t from hydrographic station data is
given. Shown are examples of hydrographic station data from the Atlantic plotted on the
70y diagram. The information contained in the 7oy diagram shows many of the features
exhibited in the 7§ plane. Vertical sections of 7 appear to provide information about mixing
in different parts of the Atlantic. The distribution of 7 for abyssal waters at selected stations
in the oceans of the world resembles the distribution of abyssal density as plotted by Lynn
and Reid (1968). From the data presented, it appears that = may serve as a good tracer for
abyssal water movements.

Since 7 is defined to be orthogonal to gy, the expectation is that 7 is a dynamically passive
variable. However, since oy does not correlate with abyssal densities, it appears to lose dynam-
ical significance at great depth, and 7 assumes dynamical significance because of its ortho-
gonality to . This unexpected feature leads to an exploration of the dynamical significance
of gg. A natural starting point is the question of stability of abyssal water.

A distinction is made between stability as determined by in situ determinations and as
determined by the potential-density (op) distribution. Simple examples are presented to show
that analysis based on oy alone can lead to incorrect conclusions about gravitational stability
of the water in the abyssal ocean. The reason is that seawater is a multicomponent thermo-
dynamic system, and the thermodynamic coefficients are functions of pressure, salinity, and
temperature. This functional dependence leads to adjustments in density as a water particle
moves adiabatically in the vertical direction so that a layer of water that appears to be un-
stable near the surface may be stable (as determined by in situ determination) at great depth.
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A local potential density, which is simply the vertical integral of the in situ stability, is
derived. This quantity gives a precise picture of gravitational stability in the vertical direc-
tion. Some distributions of local potential density are shown.

1. Introduction. The many temperature (T') and salinity (§) measurements
obtained by oceanographers during the past century have enabled us to form a
climatological picture of the oceans. On oceanographic cruises, these data are
the most frequently gathered, and they form the largest single source of in-
formation about large-scale flow in the ocean. The usefulness of temperature
and salinity data is significantly enhanced by the use of the T'S diagram (Hel-
land-Hansen 1916) on which characteristic features of the T'S distribution can
be seen. Knudsen’s (19o1) formula for determining the density from given
values of T and §, taken together with the geostrophic and hydrostatic ap-
proximations, provides a zero-order picture of the dynamics of ocean currents.
Yet it is very likely that the data contain considerably more information than
has been obtained from them up to the present time. In this paper an approach
is presented that is an alternative, and hopefully a useful supplement, to classical
water-mass analysis.

As a starting point for this study, a brief outline of density functions is help-
ful. Density () can be determined from known values of temperature, salinity,
and pressure (p). In oceanography, it is customary to use sigma (¢), defined as
1000 times the difference between the in situ density® and the density of pure
water (in cgs units) at 4°C and atmospheric pressure:

o (T,8,p) = 1000 [o(T,S,p) — 1 gfcm3].
The most commonly used density variable is sigma-t, defined as
o¢(T,S) = o(T,S,0),

where the direct effect of pressure on density is absent, and water from all
levels can be compared. For dynamical® purposes it is preferable to use the
potential density, oy, which is defined as g4 but with the potential temperature,
0, replacing T

agg =0¢(0,9).

The preference for og lies in the fact that the pressure effect on temperature
is removed when 0 replaces T and op is a true measure of the potential

2. Strictly speaking, oceanographic determinations are based on specific gravity; but since the refer-
ence is distilled water at 4°C, the density and specific gravity are nearly identical numerically when cgs
units are used.

3. The term ““dynamical” is used here in the strict sense of physics and 7o# as it is conventionally
used in oceanography, e.g., as in “dynamical” computations. A parcel of seawater is assumed to make
an adiabatic adjustment when it undergoes a change of pressure and the properties of the parcel, after
such an adjustment, are taken to be the properties that are important or significant for the dynamical
interaction of that parcel with its surroundings.
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density. The widespread use of o, rather than og is unfortunate. In near-
surface‘ waters the temperature variation is large, and, since ¢4 and oy differ
only slightly, either can be used to give an adequate description of the dynam-
ically significant density distribution. In deeper water, however, the differences
between ¢ and gy are relatively significant, and the use of gy is distinctly pref-
erable. In more recent studies of distributions of quantities in deep water (e.g.,
Lynn and Reid 1968, Worthington and Wright 1970) the tendency has been
to use gg.

Since the potential density is defined to contain the dynamically significant
part of the temperature and salinity distributions, it is often desirable to look
at distributions (say, vertical sections or isopleths at a given level) of gg, even
though o is a derived rather than an observed quantity. Now, how is one to
supplement the og graph? With graphs of salinity? With graphs of potential
temperature? It is clear from the derivation of gy that some portion of 6 and
§ is implicit in each value of gg, so that displaying either 6 or § in concert with
op will yleld some redundant information. Displaying both 6 and § as well as
og would increase the redundancy, but it would still not be clear which part
of the f and § distributions is included in 6g. Hence, one is led to the question:
Is there a variable that can supplement oy and that contains temperature and
salinity information not included in gp?

The answer to this question 1s obvious. The variable must have isopleths in
the 68 plane that are orthogonal to the isopleths of og. Contours of such a
variable, denoted by 7 = const, are shown in Fig. 1. It is evident that 7 under-
goes a maximum change along a curve for which 6g = const and that t remains
constant along the normal gradient direction of og. Hence, it is the most
efficient variable that one can use to supplement the information contained in
og. Since it is orthogonal to g in the 6§ plane, it is conservative during an
adiabatic change, as is 0.

There are several points to be made in connection with the variable, 7.
The first and most obvious is that 7 is not unique. The definition depends on
the chosen scales of § and 6. In Fig. 1, the 6§ plane is the one used by the
Chesapeake Bay Institute with 0.05 inch corresponding to increments of AS
= 0.02%00 and AT = 0.1°C. Near 0 = 9.42°C and § = 35°/o0, an increment
of AS = 0.02°/00 gives a change in oy that is nearly the same as that produced
by an increment of AT = 0.1°C. The second point is that, unlike temperature
or salinity, 7 cannot be measured. It owes its existence to abstract reasoning.*
The only physical interpretation that can be given to it is that it contains that
combination of § (or T) and § that does not affect op (or o¢). As such, it may
serve a useful purpose as a tracer or as a measure of mixing along gy surfaces.

4. The only other reference to 7 that I have seen is in an interesting short paper by Stommel (1962),
who attempts to show that the 7'S relationship characteristic of abyssal water may be a dynamical con-
sequence of the distribution of 7 (called q in his paper). I have asked a variety of physical chemists, solu-

tion chemists, chemical engineers, and geochemists if they were familiar with 7, but I have invariably
drawn a blank.
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Figure 1. Curves of T = const slope upward to the left and are orthogonal to the ojg= const curves.
Values of 0p and 7 along the respective curves are shown at the ends of the curves. The
basic figure is a reproduction of the TS diagram produced by the Chesapeake Bay Institute.
The gy = const curves are normally given in terms of thermosteric anomally in cl/ton.

The derivation of 7 is given in § 2. Also contained there is a polynomial
expression for 7, where the coefficients are determined by minimizing the mean-
square error that the polynomial yields when compared with the derived values
for 7. The polynomial is suitable for computer calculations.

§ 3 includes several distributions of 7. In Figs. 2—4, profiles of 7 for stations
in the western South Atlantic, the eastern North Atlantic, and the northern
Mediterranean show how 7 is distributed in the vertical plane. Some of the
more striking features of the salinity profiles are mirrored in the 7 profiles.
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In Figs. 5 and 6, diagrams of 6 vs § are shown for stations in the North
and South Atlantic where some well-known characteristic features are present.
Corresponding diagrams of 7 vs gg are given in Figs. 7 and 8, and the analogous
features are discussed. The advantage of the 7oy diagram is that it exhibits
certain dynamical features more readily than does a 6§ diagram.

Fig. 9 shows a vertical section of 7 along 36°N in the Atlantic Ocean and
indicates the influence of Mediterranean outflow east of the Mid-Atlantic
Ridge. West of this Ridge the presence of Mediterranean water is indicated by
the intersection of op (shown by dashes) and 7 contours at a level of about
1300 m. A vertical section of v (Fig. 10) in the western North Atlantic
together with the corresponding section of gy indicates substantial mixing of
waters below 1000 m depth throughout the latitudinal range (60°S to 40°N).
Abyssal values of 7 for the world oceans are shown in Fig. 15 at the same sta-
tions for which Lynn and Reid (1968) have presented values of gy, 6, and S.
Lynn and Reid have pointed out that at great depths the distribution of ¢y does
not correlate well with any of the other variables. However, they have shown
that the potential density referred to the 4000-m level (gy) correlates much
better with potential temperature and exhibits features that make it useful as
a tracer. The distribution of 7 possesses the same desirable features, hence, it
may serve as a very useful indicator of abyssal water movement.

The good correlation of 7 with o4, taken together with the poor og— oy
correlation, indicates that in deep waters potential density may not be dynam-
ically significant. This point is pursued in §§ 4 and 5, where it is shown that,
even though oy is defined precisely and unambigously, it cannot be used in-
discriminately. For example, in determining the gravitational stabilitys of deep
water, one cannot generally use og. The reason is that seawater is a multi-
component fluid, and waters of different salinities and temperatures have dif-
ferent values of the thermodynamic coefficients (thermal expansion, compres-
sibility, etc.). Small but significant differences in the dynamically significant
part of the densities of different parcels of fluid can be masked by the changes
brought about by the calculation of potential density, and erroneous interpre-
tation can result. This point has been recognized by some workers (Wiist
1933, Schubert 1935, Kawai 1966, Lynn and Reid 1968), but it has not
been generally appreciated nor have the reasons for the apparently paradoxical
results been fully understood. Two examples of the paradox together with a
discussion of the associated problems are presented in § 4.

Gravitational stability based on potential-density distribution is associated
with a finite, vertical, adiabatic displacement of water parcels. The classically
accepted gravitational stability of ocean waters (Hesselberg and Sverdrup 1914)

5. In a single-component system, potential density is completely determined by potential temper-
ature, and either one can be used to determine the gravitational stability of the system. One might Aope
that in a multicomponent system potential density would serye the same purpose because the pressure

effect on density is removed. In theoretical analyses, in which the Boussinesq approximation is used,
there is a tacit assumption that potential density does determine the gravitational stability of the fluid.
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is based on an infinitesimal vertical displacement of parcels. There is a funda-
mental difference between these two approaches to stability. If the system is
disturbed by small-amplitude fluctuations, the Hesselberg-Sverdrup criterion is
applicable. However, if some process were to displace a layer of water a finite
distance in the vertical plane (the displacement could involve a large horizontal
distance as well), then stability determined by potential density becomes mean-
ingful. This point is discussed in § 5, where a “new” density distribution in the
vertical plane is introduced. This density—called local potential density and
denoted by g,—is obtained by calculating the in situ gravitational stability, a /a
Hesselberg and Sverdrup, and then integrating this derivative of the density
from the surface downward. The distribution so obtained is meaningful only
in the vertical direction, but it affords an instantaneous picture of the in-
finitesimal gravitational stability of each column of water. Examples are pre-
sented for individual stations in the Mediterranean and the Atlantic. Com-
parison of the local potential density with gg in the different regions is instruc-
tive. When the water is fairly homogeneous in 6 and &, as it is in the north-
western Mediterranean during the winter, the local potential density gives the
same information as og. However, for typical stations in the Atlantic, the two
variables differ substantially. In this case oy cannot be used as a measure of
gravitational stability—at least not in the sense of indicating vertical over-
turning. However, ¢, [= 1000 (g;— 1)] is defined to give just such a picture.
The accuracy of the determination of g is limited by the truncation error as-
sociated with vertical spacing of samples at individual stations.

Vertical profiles of ¢, for data from the Atlantic show that in deep water
o, correlates well with 7 but not at all with og. It has already been pointed out
that horizontal abyssal distributions show that potential density referred to
4000 m correlates with 7 but not with oy. Hence, in deep water, 7 correlates
better with variables that are known to be dynamically significant than does ap.

2. Derivation of t. The potential density (or o) curves in the 6.8 (or T'§)
plane are curves along which o (or o) is constant. It was noted in § 1 that
the information contained in g can be supplemented most efficiently by that
variable whose curves in the 6.8 plane are orthogonal to the curves og = const.
The derivation of this orthogonal variable is outlined here.

The differential form for ag (6, ) is

) dog
dUg—WdS-i-E‘B—dB (I)

Hence, the slope of the curves gy = const in the .8 plane is

49 00p/dS
S~ " Bapjab
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Denote the curves orthogonal to oy = const by 7 = const. Then the dif-
ferential expression for these curves is

d d
dv=22dS+2do, (3)
and
o 07/0S
48~ " 54/a0 (4)

along t = const.

Since the curves 7 = const are orthogonal to the curves oy = const, the non-
dimensional slope corresponding to (2) must be the negative reciprocal of the
nondimensional slope corresponding to (4). Hence

0t/0SAS 90506 A6
9</a0 46 ~ 97508 48’ (5)

where 4§ and A6 are convenient scaling factors for rendering the slopes non-
dimensional. The particular values of 4§ and A6 will depend on the respective
scales in the graph that is used. Now, since og is a known function of 6 and §
(by Knudsen’s formula), (5) is the differential equation for the curves 7 =
const.

Eq. (5) can be satisfied formally by writing

dt dogd6 Ot 0ogdS
59:—”(9)5)%641—5\: (’Wﬂ=a(9’s)6_6?ﬂ’ (6)

where (6, 8) is an arbitrary function of 6§ and §. For present purposes® it suf-
fices to take @ = const and to rescale 7 as 7/a.
Substituting (6) into (3) yields (with 47 now corresponding to dz/a)

daogAS§
a8 A6

dog A0

9=~ 56 45

ds + do. )

Now choose the increments 48 and 46 along a curve oy = const. Then sub-
stituting the value for 40 from (2) into (7) yields

50’941_9 (60’0/68)2@ a8, (8)

4T =~ 159 48 T 9opl00 A0

and solving (8) for 4§ yields

6. This argument produces a straightforward determination of 7. However, since the numerical
derivation of T depends on the scales that are chosen, the present method gives only one such determina-
tion. It may be that a definition not coupled to a specific choice of scales (as in the present one) may be
preferable. This point was made to me by N. P. Fofonoff (private communication).
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dop A0 (0ag\* A4S [00p)\*
=) eflas(am) w5 o

In a numerical procedure, one can choose a convenient value of 7 at some
suitable point in the 68 plane; then, for given increments d7 along the curve
oy = const through that point, one can use (9) to evaluate corresponding incre-
ments §8. The finite difference form of (2) then yields 40. Finally, starting at
points on the chosen gy = const curve, on which values of 7 have already been
calculated, one can construct the orthogonal trajectories to the gg = const
curve by using (4) and (5). These orthogonal trajectories are curves of con-
stant 7.

The foregoing procedure was followed and v was calculated for the ranges
0<0<30°C, 33°00<8<37%00. If the 8 diagram of the Chesapeake Bay
Institute is used, the appropriate scaling factors for nondimensionalizing the
slope are 46 = 0.1°C and 48 = 0.029/00, since these correspond to 0.05-inch
divisons on the CBI graph. In the actual numerical calculations, the arbitrary
value of 7 = 5.0 at 0 = 9.42°C and § = 35°/00 was chosen and a fine network
of values of 7 was calculated. A few of the curves t = const are shown in
Fig. 1. The range of 7 is from approximately 2.5 to 10.0. Thus, the range
is numerically comparable to that of gy.

With present-day computers it is more convenient to evaluate 7 from an
empirical formula rather than to have to resort to a graph. Hence, a poly-
nomial expression for 7 was generated by calculating the coefficients that give
a least-mean-squares fit to 100 scattered values calculated by the foregoing
procedure. The polynomial is of the fifth degree in 6 and § and yields values
of 7 that agree with the numerically calculated ones to within 0.002 units.
This accuracy is better than the reliability of gg (on which 7 depends) from 6§
data and should suffice for any conceivable use of 7. The empirical formula is

6 6
=3 X Ay0i-r80-, (10)
i=1 j=1

where the values of the A4y; are given in Table V1.

The usefulness of 7 for theoretical modeling depends on whether its distribu-
tion can be described by a mathematical expression. On the assumption that
molecular diffusion of salt and heat are unimportant in large-scale models, it is
possible to derive an appropriate equation.

Thus, suppose that 6 and § are simply advected by the flow so that the
equations

do as

o e (r1)

are valid. Since 7 is a function of 6 and §, it is possible to write



1972] Veronis: On Properties of Seawater 235

dvr 0tdO 0t dS

%30 & TS & (x2)
or
dTt
=it e (13)

by use of (r1).
Now separate 7 and the velocity, v, into ensemble means, 7 and @, and fluc-

tuations about the mean, 7’ and o’. Substituting such a separation into (13) and
taking the ensemble mean yields

d‘t’ ’—1
d—t+v V=0

or
dT ——

% V@) =o, (14)

where (14) is valid if the fluid is incompressible. If a coefficient of eddy dif-
fusivity is introduced into (14) in the usual fashion, the resulting equation is
dz

:1;=V’(1{V"E). (15)

A similar equation, with G replacing 7, can be derived for oy. If 7 is dynam-
ically passive, eq. (15) allows one to use 7 as a tracer. Boundary conditions on
7 can be expressed in terms of boundary conditions on 6 and §.

3. Distributions of 7. In Figs. 2, 3, and 4 are shown vertical profiles of ¢
together with the corresponding profiles of §, 6,and gp. In the Atlantic Ocean,
7 has the range 3 <7 <8, with larger values occurring near the surface and
smaller values near the bottom. Vertical profiles of 7 exhibit greater fluctua-
tions than do those of gy. Since oy is, by definition, the dynamically significant
variable, it tends to stratify monotonically. The variable 7 is dynamically pas-
sive and tends to act more as a tracer. Hence, it can have a much more variable
structure in the vertical plane.” The minimum value of 7 that occurs near
9oo-m depth in Fig. 3 lies below a salinity minimum. In Fig. 2 the interval of
unstable salinity stratification is an interval of smaller (but monotonic) change
in 7. The Mediterranean Station, in Fig. 4, shows a nearly mixed column of
water, and it is difficult to draw general conclusions from the profile shown.
However, since 7 contains the dynamically passive components of 6 and &, it
may serve as a single indicator of mixing.

7. Tracers such as O, or Cl4, which are dynamically passive, also exhibit variable structures. Even
salinity, which contributes less to the stable stratification of the oceans than does temperature, can have
several subsurface maxima and minima.
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Figure 2. Vertical profiles of S, g, 7, and gy for Crawrorp St. 127. The data are given in Table III.

Figs. 5 and 6 show 6§ diagrams of (evenly spaced) stations selected from
data along 36°N in the Atlantic and along a north-south section in the western
Atlantic, respectively. In Fig. 5 the influence of Mediterranean water is evident
in the high-salinity values that show up as tongues in the 6§ diagram. This
high salinity steadily decreases with longitude, with its maximum value at the
10°W station. At 60°W there is essentially no evidence of the Mediterranean
water at this latitude.

In the 6§ diagram for the western Atlantic stations, the salinity maximum
of Mediterranean water is again evident for the stations north of 8°N. Ant-
arctic Intermediate Water shows up as a salinity minimum for the South
Atlantic stations.

As an alternative one can look at the 7oy diagrams shown in Figs. 7 and 8
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Figure 3. Vertical profiles of S, 0, 7, and g for Cuain St. 63. The data are given in Table IV.



1972] Veronis: On Properties of Seawater 237

029100 29110 3840 3845
[R—

1000
e
- T s 6
= =
=
a
w
(=]
2000
sl Yo
920 930 1270 12.90

Figure 4. Vertical profiles of S, 6, 7, and g for Discovery St. 6749. The data are given in Table V.

for the same station data. In Fig. 7, high 7 values in the 26°N section are
evidence of the influence of Mediterranean water. These higher values also
decrease with increasing longitude, and again there is no evidence of Mediter-
ranean influence at 60°W.

Fig. 8 shows the influence of Mediterranean water with rather larger values
of 7 for latitudes north of 8°N. The presence of Antarctic Intermediate Water
is exhibited by the successively decreasing values of 7 with latitude for the
South Atlantic stations.

Individual small-scale features in the 6§ diagram can be identified in the
7og diagram. In fact, it is possible to see the variation in 7 and oy from the
0§ diagram itself, which normally contains oy curves and on which 7 curves
can be drawn. (If the 6§ diagram is rotated 45° clockwise, it resembles the
70 diagram). However, for present purposes it seems best to show the oy
diagram separately.

Figs. 9 and 10 show vertical sections of 7 along 36°N in the North Atlantic
and along a longitudinal section in the western Atlantic. Corresponding sec-
tions for og are shown in Figs. 11 and 12. In Fig. 9 one can see a blob with
7> 6.0 in the eastern Atlantic. This feature indicates mixing with Mediter-
ranean outflow that has high salinity and high values of 7 (>9.0). In Fig. o,
a few isopleths of oy are superimposed as dashed curves. Where no dashed
curves are drawn, contours of gg and 7 are more or less parallel. In such regions,
f is related to S, as can be seen by referring to the 6§ diagrams (Figs. 5 and 6).
The fact that a 6§ relationship obtains when ¢y and 7 are parallel is indicated
in § 6.

In order to interpret the significance of the distributions of 7, it is necessary
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Figure 5. The 6. diagram for stations along 36°V in the Atlantic Ocean. The approximate longitude
is marked on each curve.

to have some physical process in mind, because the same distribution can be
interpreted in different ways. Suppose, for example, that 7 is observed to have
a constant value along a constant o surface. This distribution could arise if the
water were formed in some surface location and if intense lateral mixing were
to obliterate any 7 variations along the constant g surface. On the other hand,
if all of the water with a particular value of oy were formed in a given location
where 7 was constant and if this water were simply advected with no lateral
mixing, then 7 would again be constant along a constant og surface. However,
the first alternative appears to describe a more likely situation, so that regions
where g and 7 contours parallel each other will be interpreted as ones with
intense horizontal mixing. (This interpretation of regions of parallel o and
7 contours was suggested to me by R. B. Montgomery).

Consider the case where 7 is observed to vary along a constant gy surface.
Such a variation could be associated with a time variation of 7 at the point of
origin and subsequent flow with no lateral mixing along a constant oy surface.
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Figure 6. The 08 diagram for stations along a north-south section in the western Atlantic. The ap-
proximate latitude is marked on each curve. Dashed curves etc. are used to distinguish
stations.

Or it could be that the water at the point of origin has a constant 7 value,
with some lateral mixing with waters of different 7 values on the surface where
ogis constant. A third possibility is that the water, as it progresses horizontally,
mixes with overlying and underlying water so that the values of 7 are altered.
In this case it is the wertica/ mixing process that is important; lateral mixing
cannot be very strong, otherwise horizontal variations would be smoothed out.
In their section on water-mass analysis, Sverdrup ez /. (1942) have chosen this
last interpretation for observed horizontal differences in properties. This inter-
pretation seems to be widely accepted and will be adopted here.

If 7 can be used as a measure of mixing, then the fact that the two sets of
curves intersect in the eastern basin indicates the presence of relatively strong
vertical mixing but moderate or weak lateral mixing east of the Mid-Atlantic
Ridge. West of this Ridge the only isopleth of op that clearly intersects the 7
curves is near the 1300-m depth. This is approximately the level of the water
that has mixed with water from the Mediterranean according to water-mass
analysis.

The north-south section of 7 in the western Atlantic (Fig. 10) shows a blob
of fluid with 7 > 4.0 centered at about 1200 m between the equator and 10°N.
The potential temperature [see Lynn and Reid (1968) for comparable north-
south sections of  and §] shows a slight increase with depth in this region, so
that 7 reflects this feature. This latitudinal band embraces the Equatorial
Counter Current. The characteristic features normally identified as Antarctic
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Figure 7. The 70y diagram for the stations in Fig. 5.
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Bottom Water, North Atlantic Deep Water, and Antarctic Intermediate
Water show up in the 7 distribution. The last two are easily identified. Ant-
arctic Bottom Water appears as the layer of minimum 7 at the bottom in the

southern hemisphere.

The superimposed contours of 7 and og in Fig. 10 parallel each other only
in the upper 1000 m and throughout the depth in the latitudinal band 35°N <
@ < 40°N. Again a 0§ relationship is indicated, and one can see this in the 6§
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Figure 8. The 70g diagtam for the stations in Fig. 6.
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12. A meridional section of gy for the data in Fig. 10. The mild reversal of o at great depth
indicates instability according to op.
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Figure 13. Abyssal values of gg reproduced from the paper by Lynn and Reid (1968). The values of
0p are nearly uniform and show little of the variation exhibited by § and 6.

diagram in Fig. 6, where curves for the upper 1000 m (particularly those in
the southern hemisphere) are more or less parallel. At greater depths, the inter-
section of 7 and oy contours provides evidence that these two quantities have
distributions that are determined by different physical processes. If the inter-
section of isopleths is interpreted as an indication of mixing, the suggestion is
that waters below 1000 m in the western Atlantic Basin are subject to rela-
tively strong vertical mixing and moderate or weak horizontal mixing.

A different type of display is shown in Figs. 13, 14, and 15. Fig. 13 includes
abyssal values of og, as calculated by Lynn and Reid. Except for the large
(> 28) values in the Arctic Ocean, the values of oy do not vary much in abyssal
waters. Lynn and Reid’s calculations of o4, potential density referred to the
4000-m level, are shown in Fig. 14; note that there is substantial variation in
04, and it is possible to trace a gradual change of o, from the source regions in
the Weddell Sea and the Greenland Sea to other regions. Lynn and Reid have
used g4 to trace the movement of abyssal waters.

Corresponding values of 7 are shown in Fig. 15. Low values of 7 occur in
the source regions for abyssal waters (the Weddell Sea and the Greenland Sea).
There is a gradual increase in 7 in the Antarctic Ocean eastward from the
Weddell Sea, and gradual increases are evident northward from the Antarctic
Ocean into the Indian and Pacific oceans. The eastern Atlantic shows large
values of 7, reflecting the large values of potential temperature there. The
maximum value of 7 in the western Atlantic coincides with the maximum
potential temperature at about 45°N. Hence, 7 exhibits many of the same
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Figure 14. Abyssal values of ¢4 reproduced from the paper by Lynn and Reid (1968) for the same sta-
tions shown in Fig. 13. The distribution of g4 values shows sufficient structure to allow
04 to be used as a tracer for abyssal-water movement.

features as o,. Potential density, on the other hand, is nearly uniform at great
depth and does not correlate at all with oy.

Stommel (1962) attributed the observed T'S relationship of abyssal waters to
a probable uniformity in 7. It appears from the present cursory study of the

Figure 15. Abyssal values of 7 for the station data in Figs. 13 and 14. The correlation between 7 and
g4 is high, indicating that 7 is as good a tracer as gy.
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data that 7 maintains small differences whereas gy becomes nearly uniform.
Hence, the relationship between 6 and § for abyssal waters may more appro-
priately be related to the approximate uniformity of oy at great depth.

Since gy, as calculated by Lynn and Reid, contains the dynamically signif-
icant portion of the density at great depth, the fact that 7 correlates well with
04 whereas oy does not indicates that, at great depth, 7 rather than gy is
dynamically significant. This ob-

servation is particularly surprising, Table I. Calculated properties of two

because gy was chosen because of samples of seawater at a pressure of
its dynamical significance so that  4ooodb with the same density but with
7 could be looked upon as a dy- different temperatures and salinities.

namically passive tracer. An at-

tempt to resolve this point is con- Sampleid Sampledl

o ; g TG . oo 2.30 2.09
S Bl e R T R 34.90 34.85
tions. T o000 45.93 45.93
(5 1.95 1.74

4. A Limitation on the Use of 05(g/L)........ 27.92 27.89

oy for Dynamical Purposes. Al-

though potential density is defined so as to incorporate the dynamically sig-
nificant parts of temperature and salinity, it cannot be used indiscriminately.
One of the problems that can arise can be seen by looking at the stability of
typical parcels of seawater at great depths.

For example, consider two elements of seawater with temperatures and salin-
ities that are typical of abyssal water (pressure = 4000 db) in the North Atlantic.
These are shown in Table I along with the calculated® common value ¢ =
45.93. The potential temperatures are also shown, as are the potential densities
(actually og). It is evident from this example that two samples of water that
are neutrally stable with respect to each other would appear to have a different
relative stability according to potential density. Sample 1 would appear to be
heavier when, in fact, it is not. In general, one can expect this behavior; i.e.,
elements of water with the same density but with different salinities and tem-
peratures will show different densities when referred to another level. This
behavior is associated with the different salinities and temperatures of the two
elements and would, of course, not be possible when either § or T is constant.

An even more instructive example is shown in Table II. Here sample 11
is denser than sample 1 by about 0.02 units in ¢. However, oy of sample 1 is
0.01 units larger than gy of sample 11. Hence, from the potential density, one
would conclude incorrectly that sample 1 is more dense. "The differences shown
are small, of course, but they are typical of abyssal waters. The conclusion is,

8. The quantities g, 0, and gg were calculated with the formulae used at the Woods Hole Oceano-
graphic Institution for these quantities. Density (or ) is obtained by using Ekman’s (1908) empirical
formula. Potential temperature (6) is calculated from the polynomial expression by Fofonoff and Froese
(1958). Potential density (og) is derived from the Knudsen (1901) formula for o, with 0 replacing T.
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therefore, that small differences in the salinities and temperatures of abyssal
waters can lead to potential densities that yield incorrect information with
regard to gravitational stability. In general, in a multicomponent system, poten-
tial density cannot be used as an unambiguous measure of the dynamical behay-
ior of the system. Potential density can still be used for other purposes, but its
use for the determination of stability must be made with caution, particularly

when the differences that are in-

Table II. Calculated properties of two volved are small.

samples of seawater at a pressure of The use of a deeper reference
4000 db with different densities, tem- level (Kawai 1966, Lynn and Reid
peratures, and salinities. 1968) gives a better measure of

the stability of deep waters. Al-

Sample I Sampl though the error in stability is

TEC)..uvnnn. 2:21 Lo thereby shifted upward to shal-
SR e 34.90 34.85 lowet Taviss. the i S

GiIE) oaroasoc 45.94 45.97 OVIETR AVIEIS,RUIC U vakiasions
BICE) ot 1.86 1.55 are large enough to provide a bet-
Gl e nsnon: 27.92 27.91 ter qualitative picture of stability.

Since the significance of poten-
tial density is the basis for the derivation and interpretation of the t distribu-
tions that have been presented, it is important for our purposes to determine
the specific significance of gg in abyssal waters. We shall make this determina-
tion by comparing stability as calculated from oy and from in situ density.

5. In situ Stability and Local Potential Density. We have seen that the use
of potential density can lead to errors in the determination of gravitational
stability of abyssal waters. It is well known (Hesselberg and Sverdrup 1914)
that gravitational stability to infinitesimal disturbances can be determined by
subtracting the in situ adiabatic density gradient from the observed density
gradient. The resulting expression for gravitational stability is

e e
>}
€ 02 | onervea  \@ 9% Jagiabatic (16)

el et -2 )
oT 0z observed ap 05 \0=z observed .

where hydrostatic balance has been used to evaluate the adiabatic temperature
gradient,

(aT 0Tdp _ oT

.a?)adiabatlc ap 0z g@%'

With z increasing upward, the water is gravitationally stable for E>o0: z is
measured positive upward in (16).
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Table IIT. Computed quantities for hydrographic data from CRAWFORD Sta-

tion 127, 4 April 1957, Lat. 15°5'S, Long. 30°59'W. In the last two
columns, (#) means x 10¥,

In situ op
Depth T 0 ) ap T ay stability stability
CCQ (O (fw) (g/L)  (g/lL)  (g/L) (sec™?) (sec™?)

1 27.24 2724 37.106 24.248 9.937 24.248
70 27.13 2711 37115 24.296 9928 24.296  0:660(-5)  0.662(-5)
95 2490 24.88 37.08¢ 24973 9511 24973  0-260(-3)  0.259(-3)
190 2140 21.36 36746 25741 8561 25741  0779(4)  0.771(-4)
285 1372 13.68 35328 26,526 5929 26542  0-824(-4)  0.788(-4)
380 10.00 995 34859 26.869 4966 26925 O0371(4)  0.344(-4)
475 754 749 34621 27.072 4404 27.155  0-228(4)  0.203(-4)
570 582 577 34473 27.187 4.026 27.296 01384  0.116(-4)
765 402  3.96 34387 27.325 3671 27470 0-828(-5)  0.673(5)
955  3.57 350 34464 27432 3633 27591  0-988(5)  0.539(-5)
1150 370  3.61 45658 27576 3.764 27.727  0-673(5)  0.700(-5)
1345 401 390 34850 27.699 3.936 27.839  0-942(5)  0.602(-5)
1540 383 370 34931 27.783 3.948 27930 O-#42(5)  0413(-5)
1740  3.46  3.32 34935 27.825 3.874 27089 0-274(5)  0.196(-5)
1910 3.1 296 34928 27.853 3.796 28.03¢  0-298(3)  0.159(-5)
2105 297 280 34916 27.858 3.756 28.049  0:650(-6)  0.227(-6)
2300 2.87 269 34912 27.865 3.730 28.064 0-097(-6)  0.355(-6)
2585 275 254 34909 27.875 3.697 28.084  0-669(-6)  0.348(-6)
2875  2.69 245 34909 27.883 3.679 28.008 0-463(-6)  0.251(-6)
3170 264 237 34907 27.888 3.660 28.111  0-381(6)  0.170(=6)
3465 252 222 34910 27.903 3.630 28139  0903(-6)  0.481(-6)
3755 2.27 194 34900 27.918 3565 28.181  O-135(5)  0.470(-6)
4050 1.81 146 34.842 27.907 3.430 28225  0138(5) -0.325(-6)
4345 113 077 34762 27.890 3.238 28291 02115 -0.560(-6)
4740 041 003 34691 27.876 3.041 28353 O198(5) -0.347(-6)

Values of E for actual station data can be calculated numerically by using
ordinary centered differences between levels. Comparison of in situ stability and
stability according to g is shown in Tables III-V for data taken from stations
in the South Atlantic, the North Atlantic, and the Mediterranean, respectively.
A characteristic feature of open-ocean stations (T'ables III and IV) is that near
the surface oy stability is only slightly smaller than the in situ stability whereas
for abyssal waters the in situ stability is substantially larger. Indeed, near the
bottom, g indicates instability whereas calculations based on E show mild
stability.? In Table V, data taken from the Mediterranean during the winter
overturning in 1969 show instability at various depths, using both methods.
Because of the general homogeneity of the water with depth (see  and §
values in Table V), the gy stability calculation differs only slightly from E, and
it can be used to determine gravitational instability.

9. That gy indicates instability for abyssal Atlantic water while £ shows stability has been known

for a long time (Schubert 1935). However, it is not a well-known fact, even though some workers (e.g.,
Lynn and Reid 1968) have emphasized it very strongly.
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Table IV. Computed quantities for hydrographic data from Cran Station 63,
6 May 1959, Lat. 36°15'N, Long. 22°08'W. In the last two columns, (#)

means x 10F.
In situ

Op
Depth T 6 S op T oy stability stability
°C) (°C) (°/o0) (g/L) (g/L) (g/L) (sec—2) (sec=2)
1 1693 1693 36318 26.559 7.434  26.559
50 1696 1695 36.327 26.561 7.448  26.561 g'ggigj; gggzgj
100 1595 1598 %6221 26719 TSI 26719 ol

150 15.09 15.07  36.061 26.792  6.878  26.798
200 14.41 14.38  35.955 26.861 6.663  26.869
300 13.24 13.20 35.807 26.995 6.330  27.008
400 12.43 12.37  35.704  27.081 6.101 27.100
500 11.74 11.67 35.616  27.148 5.906  27.176
600 10.93 10.86  35.538  27.238  5.703  27.274
700 10.42 10.33  35.526  27.324  5.606  27.369
800 10.01 9.91 35.587  27.444  5.593  27.494
900 9.57 9.46  35.617 27.544 5545  27.604
1000 9.10 898 35.649 27.649 5492 27.717
1200 7.81 7.68  35.552  27.776  5.173  27.880
1400 6.22 6.08  35.347  27.837 4.707  27.994
1648 4.88 4.73  35.162  27.856  4.307  28.069
1845 4.14 3.98 35.066 27.862  4.091 28.111
2140 3.50 3.32  34.987 27.866 3.906  28.152
2435 3.16 296 34.969 27.886 3.820  28.195
2731 2.93 2.70  34.958  27.900 3.760  28.227
3126 274 247  34.946  27.911 3.704  28.256
3523 2.61 2.300 34,9298 27:912 = 316585 2812774
3921 2.53 2.18 34.916 27.912 3.624  28.287
4320 2.47 2.07 34.907 27.913 3.596  28.300
4719 2.48 2.03 34.903 27.913 3.585  28.305
4819 2.50 2.03  34.901 27.911 3.585  28.294

0.136(~4)  0.131(4
0.134(—4)  0.128(4
0.870(-5)  0.814(-
0.706(-5)  0.642(

0.948(-5)  0.857(-
0.886(-5)  0.817(

0.121(-4)  0.115(-4
0.103(-4)  0.953(=5
0.109(—4)  0.994(-5
0.764(=5)  0.605(5
0.540(-5)  0.294(-5
0.281(-5)  0.732(-6)
0.200(-5)  0.294(-6)
0.128(-5)  0.120(-6)
0.137(=5)  0.647(-6)
0.104(=5)  0.464(-6)
0.687(-6)  0.250(-6)
0.400(-6)  0.228(-7)
0.305(-6)  -0.172(-8)
0.323(-6)  0.363(-7)
0.125(-6)  0.341(-8)
0.262(-6)  -0.199(-6)

It was pointed out in § 4 that the reason for the difference in the two sta-
bility calculations is that seawater is a multicomponent fluid and that the various
thermodynamic coefficients are functions of both temperature and salinity as
well as pressure. The small differences in these coefficients for fluid elements
with different T and § values give rise to changes in oy that are sufficiently
large to mask in situ density differences between the fluid elements. However,
there is also a qualitative distinction between the two types of stability calcula-
tions. E is a measure of local stability to infinitesimal disturbances but it cannot
determine whether a column of water is stable to finite amplitude disturbances.
In particular, if some process is capable of carrying a layer of water from one
depth where it is gravitationally stable to another depth, possibly over long
horizontal distances, and if the layer does not mix appreciably with its sur-
roundings during the course of the motion, the layer may arrive at a lower
level where it would be gravitationally unstable. Since in situ stability calcula-
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Table V. Computed quantities for hydrographic data from Discovery Station
6749, 7 February 1969, Lat. 42°04'N, Long. 4°51’E. In the last two
columns, (#) means x10*.

In situ oy

Depth T ] N ap T a; stability stability

CO) €O Ch) @D @D @) (e (see)

0 1292 1292 38441 20.092 9.310  29.093

96 1290 12.89 38.441 29.100 9.303 29.110  0-702(-6)  0.698(-6)
193 1291 12.88 38.442 29.101 9.304 29.101  O-164(-6)  0.162(-6)
280 1293 12.89 38444 20102 9.307 29.02 O327C7)  0.352(-7)
386 1296 12.90 38.444 29.099 9.310 29.099 ~0-324(-6) -0.315(-6)
435 1296 1290 38.447 29.102 9313 20.103  0-798(-6)  0.749(-6)
483 1296 12.89 38.444 29.102 9308 29.102 ~—0-190(-6)  -0.165(-6)
532 1296 12.88 38.442 29.102 9.304 29.102  0123(-7) -0.359(-8)
580 1296 12.87 38.441 29.102 9.301 29.103  2161(-6)  0.145(-6)
777 13.02 1290 38.442 29.097 9.308 20.098 ~0-277(-6) -0.258(-6)
974 13.01 12.86 38.439 29.103 9.296 29.104  0-327(-6)  0.294(-6)

1130 1299 12.82 38.426 29.102 9.271 29.105 0-247(-8) -0.553(-7)

1226 12.98 1279 38.421 29.103 9.260 29.107  C2'190(=6)  0.130(-6)

1323 1298 12.78 38.421 29.107 9.258 29.110  0:349(-6)  0.314(-6)

1420 1299 1277 38.418 29.105 9.252 29.109 ~0-961(7) -0.113(-6)

1516 1299 12.76 38.413 29.105 9.243 29.109 ~O'19%7) -0.670(-7)

1613 1299 1274 38.411 29.107 9.237 29111 0:214-6)  0.168(-6)

1808 13.00 1272 38410 29.110 9.231 29.115  0-219¢6)  0.186(-6)

2002 13.03 1272 38.408 29.109 9.228 29.115 ~O-437(-7) -0.478(-7)

2099 13.06 12.73 38.409 29.107 9.232 29.112 ~0-244(-6) -0.190(-6)

2195 13.07 1272 38.409 29.109 9.231 29.114 01546 0.132(-6)

2242 13.07 1271 38.408 29.110 9.228 29.116 0-244(6)  0.177(-6)

tions cannot determine the relative stability of widely separated waters, some
other determination must be made.

Potential density provides one such determination. For example, if a layer of
water that is stable according to E but is unstable according to gy were to be
displaced adiabatically toward the surface, it would become unstable at some
higher level. In the absence of such a vertical displacement, the water is, of
course, stable.

From a practical point of view, a comparison of the two stability calculations
may provide significant information. At high latitudes, near-surface waters that
sink and become abyssal water may stratify at deep levels in a2 manner other
than that indicated by their respective densities at the points of origin. An indi-
cation of this type of behavior can be seen in the paper by Lynn and Reid
(1968). Their fig. 4 shows that water flowing south over the Greenland-Iceland
Ridge has a higher potential density than water flowing north from Antarctica.
Yet, near the equator these two water masses stratify, with Antarctic water
lying below Arctic water. Their fig. 10 shows that the in situ stability™® of the
abyssal waters near the equator is the opposite of what one would expect by

10. Their g4 distribution provides an exact in situ stability at 4000 m.



250

Fournal of Marine Research

[30,2

Table VI. Values of 4;; for the polynomial expression for 7. (k) means 10¥,

7 1= 1 2 3

| A SR e =k 5.089907 0.1529522 -0.2653792(-2)
O R s e S o SRR 0.8424673 0.2309882(-1) —0.8486828(-3)
TN S b il 5 SR 0.6951154(-1) —-0.1173089(-2) 0.6613862(-4)
LS 2 B R M e -0.1263383(-2) —0.1542035(—4) -0.2640413(-5)
e TN, (T L 0.2008858(—4) -0.1205016(—4) -0.9072095(-5)
6 Toen ot A0 R o SRR —-0.1178271(-3) 0.7019903(-6) 0.4057835(=5)
7 i= 4 5 6

I OBO D HOTTGD GO0 b 0.9409070(—4) -0.3334090(-5) 0.5986311(~7)
D 5.0 © 0 6 D O 6 B e 0.5136553(—4) —0.3040085(-5) 0.7860879(-7)
R R T e —0.1241726(-5) -0.7876663(-6) 0.4358532(-7)
7 RPN T —0.3038523(-5) 0.1563445(-6) 0.4513363(-8)
Bt Ak Wiy, SR e 0.6932661(-6) 0.1004874(-6) -0.4025061(-8)
(R o R AT e £y 0.1928200(-6) -0.2404088(-7) 0.6693087(-9)

Comparlng the potential densities near the points of orlgln (even at great depth).
It is important to note that this effect is not due to mixing alone. Potential
density is a property of the water at the point of measurement, hence the effect
of mixing processes that have occurred as the water moved from its point of
origin is included in the determination of . But an added contribution is pro-
vided by the different adjustments in density that water masses with different
values of T and § make when moved adiabatically from one level to another.
The implication of the foregoing discussion is that the densest waters are
generated in the Greenland Sea but that the density adjustment of this water
during sinking is such that it is ligher than Antarctic Bottom water where they
meet; the Greenland Sea water therefore lies above the Antarctic Bottom
water at great depth.

In order to obtain an overall view of gravitational stability for a vertical
section one can, of course, plot values of E at observed points. However, the
following alternative approach may be preferable. From the expression for E,
one can write the dynamically significant vertical-density gradient as

0oy _ do 4
I = oooaAz——IoooEE, (17)

where p; is defined as the local potential density™ and ¢; = 1000(g;—1).
Using the measured value of g at the surface (or below the mixed layer, say at
100 m) as a boundary condition, one can integrate eq. (5) downward to obtain

z
—ng&,
00

I11. g is, in fact, simply the vertically integrated in situ stability.

0 — Osurface =

or
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Figure 16. A vertical section of g along 36°N in the Atlantic. The distribution of ¢ is meaningful
along the vertical direction only. This section shows that the deep water is gravitationally
more stable according to g than according to gyg.

z
07 = Ogurtace — Iooof gEdz. (18)
o

[With actual station data, the integral is evaluated numerically. In the vertical
sections of ¢, shown later, the integral is calculated to an accuracy of (4 z)4]
Here, g; corresponds to the dynamically significant value of the density; i.e.,
the adiabatic gradient at each /evel has been subtracted out in calculating E.
The difference between oy and ¢y is that in the gy calculation the adiabatic
adjustment is based on the values of T and § for the particular water element
at z whereas for g; the adiabatic adjustment is based on the local properties of
the water at each level about z. Essentially, o is associated with a Lagrangian
type of displacement, ¢; with an Eulerian displacement. The vertical distri-
bution of the local potential density provides an integral look at E for that
location.

Values of g are listed for three stations in Tables ITI-V, and vertical sec-
tions are plotted in Figs. 2—4. The graphs for the Atlantic stations show that
o and g, have similar vertical distributions near the surface. However, the g;
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Figure 17. A meridional section of ¢ in the western Atlantic. The distribution of ¢ is meaningful
along the vertical direction only. This section shows that the deep water is gravitationally
stable whereas gg shows mild instability at great depth over a substantial range of latitudes.

profile indicates a small but distinct stability in abyssal waters whereas g shows
neutral stability or a slight instability. For the Mediterranean station, the two
variables essentially coincide. However, in this case it is important to note that
the maximum ranges of both ¢; and op are only o.01 units; i.e., the column of
water is nearly homogeneous and only the difference between maximum and
minimum can be considered significant.

Two vertical sections of g; for the Atlantic Ocean are shown in Figs. 16
and 17. The distributions of oy are meaningful only along each vertical; i.e., one
cannot compare horizontally adjacent values of o; because the local adiabatic
gradients that have been subtracted out may differ. The graphs provide a
picture of the in situ stability for each station, i.e., along the vertical at each
location.

"The corresponding sections of gg are shown in Figs. 11 and 12. The western
Atlantic section of g; indicates that the abyssal water is stable whereas oy would
indicate instability. For the purpose of determining gravitational stability for
abyssal waters, the op section cannot be used whereas the ¢, section can be.
"The accuracy of the calculation of ¢y is limited only by the truncation error
associated with the vertical spacing of station data. For determination of stabil-
ity (and for that alone) g; is distinctly preferable to potential density irrespective
of the level of reference chosen for gy.

"The results presented in this section provide useful information for the inter-
pretation of the distribution of 7. As can be seen in Figs. 2 and 3, g does not
correlate with oy at great depth whereas 7 does. In Figs. 13—15 it is also evident
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that 7 correlates with ¢4 whereas g does not. We have noted that the thermo-
dynamic coefficients depend on T, §, and p in such a way that the small but
significant differences in the density distribution in deep water no longer appear
in the oy distribution. Hence, since 7 was defined to be orthogonal to oy in the
0§ plane, 7 has acquired dynamical significance—by default, so to speak.

6. Some General Considerations. Since 7 is a formally derived quantity, there
is no obvious a priori conclusion that one can draw from the distributions of 7
calculated from observed data. However, it is possible to make several general
statements that may be helpful in interpreting the distributions.

First, since 7 and gy are functions of  and § only, it is clear that a relation-
ship between the variables of either pair must imply a relationship for the other
pair. Alternatively, one may refer to the zgg and 6.8 planes to verify that a line
in one plane specifies a line in the other.

Second, if flow takes place along potential-density surfaces, as is often sup-
posed, then 7 should be the best available single measure of mixing. Thus, in
the vertical sections, the regions where contours of g and 7 intersect are loca-
tions of strong vertical mixing and regions with parallel contours for = and gy
indicate strong horizontal mixing. However, one must temper such statements
with consistent dynamical reasoning and keep in mind that the interpretation
is not unique.

Third, T may show significant variations when the 6 and § distributions are
confusing. A preliminary study shows that this seems to be the case for the
overturning of water in the northern Mediterranean during the winter of 1969.
During overturning, the 6 and § distributions show very small differences and
g is essentially uniform. However, 7 shows relatively significant variations.
A more comprehensive analysis of this phenomenon is being pursued and will
be reported later if the study proves to be fruitful.

Fourth, the fact that gy is dynamically significant in the upper layers of the
ocean but not in the deeper waters, combined with the fact that 7 seems to
acquire dynamical significance for deep water, means that some combination of
og and 7 with a weighting function of depth may be the most significant
dynamical variable to choose. This point is complicated, because even the
present superficial treatment of some observed data shows that oy can be
dynamically significant over only a shallow depth in one location but over
almost the entire depth at another. That may mean that a single function of 7
and og (or of 6 and §) may not serve the purpose.

Fifth, at least three recent investigators (Kawai 1964, Lynn and Reid 1968)
have proposed different reference surfaces for potential density as a means of
studying the stability of deep waters and for tracing abyssal waters. The density
referred to deeper layers gives a good picture of the stability in a thin horizontal
layer. The use of g; gives a good picture of the stability along the local vertical
plane. These two variables complement each other in usefulness.



254 Fournal of Marine Research [30,2

Acknowledgments. 1 wish to thank J. L. Reid for sending me the world pro-
jection chart, in which values of 7 are shown, and for offering his help with
information about data sources. I am pleased to acknowledge several helpful
discussions with Martin Mork and Henry Stommel. R. B. Montgomery, N. P.
Fofonoff, R. O. Reid, and Maurice Rattray made useful suggestions after
reading the original manuscript. The National Science Foundation supported
this research with Grant GA 11410.

Data Sources. For the 36°N Atlantic section, the data are from the ChaIn 7
cruise as published in Fuglister’s (1960) Atlas. Most of the data for the north-
south section in the western Atlantic are also from Fuglister’s Atlas. The sta-
tion data south of 32°S are from Discovery 11 stations 671, 673, 675, and
from ELTANIN cruises 7—15 (Jacobs 1965). The abyssal data sources are in the
paper Lynn and Reid (1968).
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