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Nonlinear limits to ocean thermal structure

by N. P. Fofonoff1

ABSTRACT
The nonlinear volume changes associated with diffusion and mixing of different seawater types

produce signi� cant conversions of gravitational potential energy to kinetic energy to maintain and
enhance mixing processesand to limit the magnitudes of temperature gradients that can persist in the
ocean. Several examples are given to illustrate these critical temperature gradients beyond which
conversionexceeds local energy consumption by mixing.

The vertical temperature gradients in the Gulf Stream reduce downstream from Cape Hatteras to
the critical limit found in the North Atlantic thermocline. The limiting gradients are also seen in
surface thermoclines and in ‘‘staircase’’ structures. Although the theoretical interpretation of the
nonlinear limiting processes is still incomplete, the observational evidence is compelling for further
study of these mechanisms.

1. Introduction

The change of volume that occurs when two masses of seawater of different tempera-
tures and salinities are mixed together has several dynamical effects on the distribution of
ocean properties. The change is usually a reduction of volume because of the increase of
the thermal expansion coefficient with temperature. The volume decrease of the warmer
water exceeds in magnitude the volume increase of the colder water. If the initial densities
are the same because of salinity differences, the mixtures are of higher density and can
result in a gravitational instability. This effect, usually called ‘‘cabbeling,’’ has been
examined by many authors starting with Witte (1902) (Fofonoff, 1961; 1995).

The change of volume also occurs because of the dependence of compressibility on
temperature. Cold water is more compressible than warm water. An increase of pressure on
a column of water can also result in a gravitational instability, for example, for a
convergent cold layer overlying warmer water. This type of convectional instability has
been described by Gill (1973).A similar instability in the atmosphere caused by a change in
pressure and release of latent heat by condensation is referred to as a Conditional
Instability of the Second Kind (CISK), (Charney and Eliassen, 1964).

Another effect, discussed by Eckel (1949) and addressed in the present paper, is the
change of Gravitational Potential Energy (GPE ) accompanying the displacement by
mixing of seawater masses relative to the geopotential � eld. A change in volume of a
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seawater element has an external or global effect as well as a local effect because the
volume change shifts mass relative to the geopotential � eld. This shift contributes to
available potential energy and can exceed the local energy required for the displacement.
The possibility of an instability and enhanced mixing exists that needs to be evaluated.

The changes of GPE are examined by evaluating the total change of GPE for two
extreme cases. First, a mass element in a column of seawater is isolated from its
surroundings and allowed to proceed by molecular diffusion toward equilibrium. The
second consists of an isentropic exchange of mass elements followed by mixing by
diffusion with surrounding seawater. This case is considered a simulation of active
turbulent mixing. In both cases, if the total change of GPE is negative, i.e. the global
decrease in GPE exceeds in magnitude the local increase, conversion of GPE to kinetic
energy is possible and can result in accelerated or sustained mixing locally. The reduction
in volume by mixing contributes to a downstream slope of pressure surfaces which become
‘‘slippery’’ when the decrease of global GPE of the overlying mass exceeds in magnitude
the local increase and energy dissipation.

The magnitude of the volume change depends primarily on the vertical temperature
gradient, although horizontal gradients can also contribute.A critical temperature gradient
is reached when the external changes of GPE are equal and opposite to the local changes.
Gradients larger in magnitude than the critical value will yield a net decrease of GPE and
are assumed to be associated with higher mixing rates and structures with shorter time
scales. Critical temperature gradients are reached at lower magnitudes than the diffusive
gradients for the mixing case if the salinity gradient is destabilizing.Temperature gradients
exceeding critical magnitudes are assumed to be indicative of regions of active mixing.

A number of examples are presented for which these two cases appear to limit the
vertical temperature-salinity structure of the water column and may represent criteria for
identifying active mixing regions of the ocean.

2. Isenthalpic perturbations by diffusion

If a portion of a seawater column is insulated from its surroundings and allowed to
proceed toward equilibrium by molecular diffusion, the difference between the � nal and
initial volumes, D V 5 V f 2 V i, can be estimated as follows:

Let m represent a mass variable over a column segment from z1 to z2 of total mass M:

m 5 e
z1

z
r dz, M 5 e

z1

z2
r dz,

where z is the vertical coordinate. The local change of GPE, D x local, is given by:

D x local 5 e
0

M
[ f f(m) 2 f i (m)] dm 5 e

0

M
D f (m) dm,

where f i, f f are the initial and � nal values of geopotential, f (m) 5 f 0 1 e 0

m
g a (m) dm,

where f 0 is the geopotential at the bottom of the mass segment, g is gravity and a (m),
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speci� c volume, a function of pressure p, temperature t and salinity s. The global change of
GPE, because of the change of volume of the segment, is given by:

D x global 5 p (M ) D V 5 p (M ) e
0

M
D a (m) dm.

The total change of GPE is, therefore,

D x global 1 D x local 5 p (M ) e
0

M
D a (m) dm 1 e

0

M
D f (m) dm 5 e

0

M
D p a (m) dm. (1)

The change of any thermodynamic function l ( p, t, s) from initial to � nal states, D L 5
e 0

M
( l f 2 l i) dm, can be estimated by expanding the function as a Taylor series in m and

integrating over the column segment:

D L 5 e
0

M
D l dm 5 D l 0M 1

1

2
D

d l

dm
M2 1

1

6
D

d 2 l

dm 2
M 3 1 · · ·

Expanding D L in terms of pressure p 5 p0 2 gm, enthalpy h, and salinity s yields:

D L 5
 l

 p 3 D p0M 1
1

2
D

dp

dm
M 2 1

1

6
D

d 2p

dm2
M 3 1 · · · 4

1
 l

 h 3 D h0M 1
1

2
D

dh

dm
M 2 1

1

6
D

d 2h

dm2
M 3 1 · · ·4

1
 l

 s 3 D s0M 1
1

2
D

ds

dm
M 2 1

1

6
D

d 2s

dm2
M 3 1 · · · 4

1
1

6
M 3 3 d

dm 1  l

 p 2 D
dp

dm
1

d

dm 1  l

 h 2 D
dh

dm
1

d

dm 1  l

 s 2 D
ds

dm4 1 · · ·

As no heat or mass is exchanged with the surroundings, the total mass M, enthalpy H, and
salt content S of the column segment are conserved, i.e.,

D M 5 D e
0

M
dm 5 0, D p 5 gD M 5 0

D H 5 e
0

M
D hdm 5 D h0M 1

1

2
D

dh

dm
M 2 1

1

6
D

d 2h

dm2
M 3 1 · · · 5 0

D S 5 e
0

M
D sdm 5 D s0M 1

1

2
D

ds

dm
M 2 1

1

6
D

d 2s

dm2
M3 1 · · · 5 0.

Applying the conservation equations, the change D L reduces to:

D L 5
1

6
M 33 1 d

dm 1  l

 h 2 D dh

dm
1

d

dm 1  l

 s 2 D
ds

dm4 1 · · · (2)
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The total change of GPE is given by substituting l 5 p a (m):

D x total 5
M 3

6 3 d

dm 1 p  a

 h 2 D dh

dm
1

d

dm 1 p  a

 s 2 D
ds

dm4 1 · · ·

The enthalpy gradient can be replaced with the temperature and salinity gradients:

D
dh

dm
5 CpD

dt

dm
1 Cs D

ds

dm
. CpD

dt

dm
,

since Cs 5 (  h/  s)p,t is small (Feistel and Hagen, 1995). The total change of GPE can be
approximated by:

D x total .
M 3

6 3 d

dm 1 p  a

 t 2 D
dt

dm
1

d

dm 1 p  a

 s 2 D
ds

dm4 , (3)

neglecting variations of speci� c heat Cp.
Assuming that the temperature and salinity gradients are perturbed by diffusion, the

changes within the segment by the vertical � uxes of heat and salt are approximated by:

Fq 5 2 r Cpkt

dt

dz
5 2 r 2Cpkt

dt

dm

Fs 5 2 r 2ks3 ds

dm
2 1 ds

dm2
equil

4 ,

where kt, ks are molecular diffusion coefficients for heat and salt.
As salt diffusion tends toward an equilibrium equalizing chemical potential, the

equilibrium salt gradient is different from zero. Over a time interval t , the heat transfer
across the middle of the segment D Q is given by:

D Q 5 e
M/2

M
Cp D tdm . e

M/2

M
Cp D

dt

dm
(m 2 M/2) dm . 2 r 2Cp t kt

dt

dm
,

which yields an estimate for the temperature gradient perturbation:

D
dt

dm
. 2 8

r 2 t kt

M 2 1 dt

dm2 . (4)

Similarly, the salt � ux perturbation is:

D
ds

dm
. 2 8

r 2 t ks

M 2 3 ds

dm
2 1 ds

dm2
equil

4 ,
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so that the total change of GPE is:

D x total . 2
4

3
M r 2 t 5 kt

d

dm 1 p  a

 t 2
dt

dm
1 ks

d

dm 1 p  a

 s 2 3
ds

dm
2 1 ds

dm2
equil

4 6 .

The contribution from the salt diffusion is small ks ½ kt so that the total GPE change is
approximated by:

D x total . 2
4

3
M r 2 t 3 d

dm 1 p  a

 t 2 4 kt

dt

dm
. (5)

The temperature gradient dt/dm is generally positive so that potential instabilities will
occur if p(  a /  t) decreases with depth and pressure.

Examples of the variation of p(  a /  t ) versus pressure and potential temperature are
taken from a CTD section (Fig. 1) across the Gulf Stream (Pickart and Smethie, 1993) and

Figure 1. R/V Endeavor#214 CTD section across the Gulf Stream.Arrows show averaged velocities
in the upper 1000 m (Pickart and Smethie, 1993).
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shown in Figure 2. If p( a / t ) is constant with pressure while the temperature is
decreasing, the potential instability can be seen more dramatically by plotting against
potential temperature (Fig. 2b), especially for the near surface thermocline at CTD #25.

A critical diffusive temperature gradient (dt/dm)diff occurs when:

d

dm 1 p  a

 t 2 5
 a

 t

dp

dm
1 p 3  2 a

 t  p

dp

dm
1

 2a

 t 2 1 dt

dm2
diff

1
 2a

 t  s

ds

dm4 5 0.

Solving for (dt/dm)diff yields:

1 dt

dm2
diff

5 3 g1  a

 t
1 p

 2 a

 t  p 2 2 p
 2 a

 t  s

ds

dm4 /p  2a

 t2
5 a 1 dt

dz2 diff

5 2 g 1 dt

dp2
diff

. (6)

Discussion and examples of diffusive and turbulent critical temperature gradients are
given in Section 4.

3. Turbulent mixing

Turbulent mixing is simulated by an adiabatic vertical exchange of two elements of
equal mass dm followed by mixing by diffusion with a surrounding water mass e dm where
the ratio may vary over the range 0 # e # ` . The contribution to GPE consists of three
parts. The elements exchanged are equal in mass but different in volume, thus shifting the
column between them. This shift produces a local change of GPE and an equal net change
of enthalpy of the two elements. The exchanged elements have different compressibilities
so that a net change in volume of the elements shifts the surrounding water relative to the
gravitational � eld producing a global change of GPE. The internal energy of the two mass

Figure 2. Plots of p( a / t ) vs. pressure p (a), and potential temperature (b) for the CTD section
shown in Figure 1.
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elements is changed by an equal magnitude but of opposite sign. Mixing by diffusion with
surrounding water after the exchange will not change enthalpy but, because of the volume
change, will produce a global change of GPE and an equal but opposite change of the
internal energy of the mixed mass elements.

The adiabatic exchange of mass elements produces a local GPE change, D x loc, by
shifting the water column of thickness D z and mass r D z vertically by the difference in
thickness of the exchanged mass elements ( a 2

f 2 a 1
i )dm, i.e.,

D x loc 5 r g D z( a 2
f 2 a 1

i )dm.

The initial volume element at level 2, a 2
i , is shifted vertically downward to level 1 by D z so

that:

a 2
f 5 a 2

i 2 1  a

 z 2 a D z 1 · · ·

Substituting and expanding by Taylor series yields:

D x loc 5 r gD z 3 a 2
i 2 a 1

i 2 1  a

 z 2 a D z 4 dm . r g 3 d a

dz
2 1  a

 z 2 a4 D z 2dm . 2dmD z 2Eloc, (7)

where Eloc 5 1�2N 2 is the GPE change per unit mass and unit displacement and N is the
Brunt-Väisälä frequency.

The external change D x ext results from the different compressibilities of the exchanged
elements shifting a mass p0/r g vertically by the volume change per unit area, i.e.,

D x ext 5 p0 (a 2
f 2 a 2

i 1 a 1
f 2 a 1

i )dm . p0g 3 d k

dz
2 1  k

 z 2 a4 D z 2dm . 2dmD z 2Eext, (8)

where k 5 2 1�a (  a /  p)a is adiabatic compressibility.
The exchanged mass element dm is mixed by diffusion with e dm of surrounding water at

level 2. The change of volume on mixing, (see Appendix), is given by:

D V2 5 (dm 1 e dm) a mix 2 (dma 1
f 1 e dma 2

i )

. 2
1

2

e dm

1 1 e 3 
2 a

 t 2
D t 2 1 2

 2a

 t s
D t D s 1

 2 a

 s 2
D s 2 4

and the contribution to GPE on mixing x mix2 is given by

D x mix2 5 p0D V2 . 2
1

2

e dm

1 1 e
p0 3 

2 a

 t 2
D t 2 1 2

 2a

 t  s
D tD s 1

 2 a

 s 2
D s 24 (9)
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where

D t 5 t2 2 t1 1 G D z 5 u zD z

D s 5 s2 2 s1 5 sz D z.

A similar contribution D x mix1 occurs at level 1, so that

D x mix 5 D x mix1 1 D x mix2 5 2 2dmD z 2
e

1 1 e
Emix. (10)

The total change of GPE per unit mass and unit displacement is, therefore:

EGPE 5 Eloc 1 Eext 2
e

1 1 e
Emix 5

1

2
5 r g 3 d 1 a 2 p01  a

 p 2
a
2

dz
2 1  1 a 2 p0 1  a

 p 2
a
2

 z
2
a
4

2
e

1 1 e
p01 

2 a

 t 2
u z

2 1
 2 a

 t  s
u zsz 1

 2 a

 s 2
s z

22 6 .

(11)

The limiting case for turbulent mixing is assumed to occur for diffusion with a large
volume of surrounding water after the exchange, i.e., e ® ` . The critical turbulent gradient
(dt/dz)turb occurs for EGPE 5 0.

4. Critical temperature gradients

The two types of perturbation described earlier are considered limiting cases for
diffusive and turbulent mixing. The critical vertical temperature gradient for diffusive
mixing is larger in magnitude than the turbulent critical gradient in regions where the
salinity strati� cation is destabilizing. Salt content is transferred more rapidly by turbulent
mixing than by diffusion alone. In regions of active mixing, the vertical gradients are
expected to lie between these two limits. For vertical gradients below or above these limits,
energy for mixing must come primarily from other sources such as velocity shear produced
by tides or internal waves, for example. Stable maximum vertical temperature gradients
should not exceed the diffusive limit according to this hypothesis if mixing is weak.
Several examples are presented to support this conclusion.

A striking example of a limiting diffusive gradient is exhibited by the North Atlantic
subtropical thermocline. The gradient is assumed to be strengthened by the downwelling
waters driven by convergent Ekman � ow in the surface layers and a deep upwelling driven
by convergent deep water � ow (Robinson and Stommel, 1959). The vertical gradient in the
thermocline is assumed to increase until limited by mixing processes (Munk, 1966). The
observed gradient reaches the diffusive limit suggesting that the turbulence within the
thermocline is not the dominant energy source. An example is presented from a CTD
section (Fig. 1) across the Gulf Stream. The data are taken from one of a series of sections
carried out by Pickart and Smethie (1993). As can be seen from Figure 2a,b, plots of
p( a / t ) vs pressure and potential temperature show decreasing values where the vertical
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temperature gradients within the thermocline exceed the diffusive limit. These occur along
the high-velocity inshore layer of the Gulf Stream where vertical shear is high. On the
ocean side, the vertical gradients are at the diffusive limit. The vertical structure of the
diffusive and turbulent critical gradients at Station #22 is shown in Figure 3. Throughout
the main thermocline from 500 to 1000 dbars, the vertical temperature gradient � uctuates
between the turbulent and diffusive limits with an average close to the turbulent limit. The
conclusion is that the vertical mixing reduces as much GPE globally as is increased locally
throughout the entire thickness of the thermocline. Thus, the volume change represents a
signi� cant secondary source of energy for the velocity � eld. The vertical temperature
gradients gradually relax downstream to the diffusive limit. At a section along 68W shown
in Figure 4a, b (Hall and Fofonoff, 1993), the average vertical temperature gradient of the
inshore layer in the main thermocline does not exceed the diffusive limit. Although the
average thermocline gradients are at the diffusive limit, small-scale structures can be seen
that � uctuate about this limit (Fig. 5). At gradients below the critical diffusive limit, the
contractionon mixing is not the dominant energy source and presumably plays a lesser role
in mixing processes affecting the vertical gradients.

Figure 3. Vertical temperature gradients for R/V Endeavor #214 CTD #22. (1 ) diffusive critical
gradient; (C) turbulent critical gradient; (—) measured vertical gradient.

1998] 801Fofonoff: Nonlinear limits to ocean thermal structure



Figure 4. Plots of p( a / t ) vs pressure p (a), and potential temperature (b) for R/V Endeavor #175
CTD section along 68W (Hall and Fofonoff, 1993).

Figure 5. Vertical temperature gradients for R/V Endeavor #175 CTD #10. ( 1 ) diffusive critical
gradient; (C) turbulent critical gradient; (—) measured vertical gradient.

802 Journal of Marine Research [56, 4



A turbulent limit for staircase structures is illustrated in Figure 6a, b. A High Resolution
Pro� ler (HRP ) Station #27, taken during the Caribbean-Sheets and Layer Transects, C 2
SALT, project (Schmitt et al., 1987), revealed active salt � nger layers at depths of 300 to
500 m. The vertical temperature gradients at the interfaces exceeded the critical turbulent
gradients by an order of magnitude. However, a vertical average over the layers yields
mean gradients at the turbulent gradient limit (Fig. 7a, b). The interpretation is that the
staircase structure derives signi� cant energy from the GPE conversion. A possible
interpretation is that the total step thickness D z and the interfacial thickness D zi adjust to
maintain turbulence in the layer. If the steps in temperature, salinity and velocity are given
by D t, D s, D u, the average Richardson number Rav is:

Rav 5 N 2/(du/dz)2 5 r g1  a

 t

D t

D z
1

 a

 s

D s

D z 2 / 1
D u

D z 2
2

, (12)

where D t/D z is equal to the critical turbulent gradient. For the interfacial layer, the
Richardson number is:

Ri 5 N 2/(du/dz)2 5 r g 1  a

 t

D t

D zi
1

 a

 s

D s

D zi
2 / 1 D u

D zi
2
2

,

then:

Ri/Rav 5 D zi/D z.

For a critical Richardson number at the interfaces, Ri # 1�4, the ratio becomes D zi/D z #
1/(4Rav), determined by the average density and velocity gradient.

Figure 6. Plots of p( a / t ) vs pressure p (a), and potential temperature (b) for R/V Knorr #118 C 2
SALT HRP #27 showing thermohaline step structure (Schmitt et al., 1987).
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5. Kinetic energy
The momentum equations yield the following equation for changes of kinetic energy

ke 5 1�2uiui:

r
 ke

 t
1 r uj

 ke

 xj
5 2 uj

 p

 xj
2 r uj

 f

 xj
1 viscous terms. (13)

The source terms for kinetic energy are the enthalpy � ux or pressure work term,
2 uj(  p/  xj), and the conversion to and from GPE, 2 r uj(  f / xj). The viscous terms also
contribute depending on the velocity gradients. The primary conversion for displacements
is between enthalpy and GPE, representing hydrostatic balance. Conversion of enthalpy to
and from kinetic energy occurs for � ow along a geopotential surface if pressure changes
occur along a streamline. Similarly, kinetic energy is changed for � ow along a pressure
surface if the gravitational potential changes along a streamline. Changes in the volume of
a water mass by diffusion and mixing will shift mass and pressure surfaces relative to the
gravitational � eld and contribute to the kinetic energy changes.

Figure 7. Vertical temperature gradients for R/V Knorr #118 HRP #27. The measured gradients are
averagedover npts successivedata points overlappedby ovrl for successivepressure intervals. (1 )
diffusive critical gradient; (C) turbulent critical gradient; (—) measured vertical gradient.
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A similar interpretation can be made from the energy conservation equation:

r
 (ke 1 h)

 t
1 r uj

(ke 1 h)

 xj
5

 p

 t
2 r uj

 f

 xj
1 viscous and diffusive terms. (14)

Volume changes by mixing produce global shifts of mass that do not change enthalpy
requiring, therefore, a conversion of GPE to kinetic energy. This can be seen more easily
for a steady state,  p/  t 5 0, where the contribution from mass shifts is between kinetic
energy and GPE.

Using the same adiabatic exchange of two elements of mass dm with velocitiesu1, u2 and
mixing with e dm of surrounding water, the change of kinetic energy at level 2 is:

D ke2 5
1

2
(dm 1 e dm)(u 2

f )2 2
1

2
(dmu 1

2 1 e dmu 2
2 ).

Assuming that momentum is conserved, the � nal velocity u 2
f will be:

u 2
f 5 (u1 1 e u2 )/(1 1 e ).

Similarly, at level 1:

u 1
f 5 ( e u1 1 u2)/(1 1 e )

D ke1 5
1

2
(dm 1 e dm)(u 2

f )2 2
1

2
(e dmu 1

2 1 dmu 2
2 )

so that the total change of kinetic energy is:

( D ke2 1 D ke1 )/(2dmD z 2 ) 5 2
1

2

e

1 1 e 1 du

dz 2
2

5 2
e

1 1 e
Eke

. (15)

The exchange and mix perturbation produces a total change of energy per unit mass and
unit length, Etotal, of:

Etotal 5 Elocal 1 Eext 2
e

1 1 e
(Eke

1 Emix ). (16)

Of these, Emix can be considered an energy source term for kinetic energy and Eke
a source

term for local mixing. The contribution of these two terms depends on the mass ratio e of
mixing with surrounding waters.

The hypothesis proposed here is that long-term stability requires Etotal . 0. If the global
changes of GPE offset the local changes, the kinetic energy level will be maintained or
increased. Thus, structures that yield a net decrease of total GPE for local perturbations
will have a more rapid decay rate toward a stable state where any perturbationwill increase
the total GPE. Thus, the relative stability of an ocean structure can be examined by
comparing the critical gradients with measured temperature gradients.
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A necessary condition for instability by vertical velocity shear in strati� ed � ow is for the
classical Richardson number Ri 5 N 2/(du/dz)2 5 Eloc/Eke

# 1 (Richardson, 1920), and a
sufficient condition for parallel shear � ow for Ri # 1�4 (Goldstein, 1931;Taylor, 1931). This
range of Ri can be expressed as:

Eloc # Eke
# 4Eloc,

or:

N 2 # 1 du

dz 2
2

# 4N 2.

The perturbations described above yield an excess of energy for mixing when:

e

1 1 e
(Eke

1 Emix) $ (Eloc 1 Eext).

The relative magnitudes of the energy sources and sinks can be described by a modi� ed
Richardson number Ri* de� ned as:

Ri* 5
e

1 1 e
5 3 Elocal 1 Eext

Eke
1 Emix

4 . (17)

For values 0 # Ri* # 1, the total energy change, Etotal, is negative and the mixing is
presumably energized by the velocity shear and the nonlinear contributions. For complete
mixing e ® ` , Ri* # 1.0. For partial mixing e . 1�3, Ri* has the classical value of 1�4.
Comparisons of Ri* and the classical Ri are shown for stations in the North Atlantic (Fig. 8)
and the Brazil basin (Fig. 9).

Both Eloc and Eext are linear functions of the vertical gradients of temperature and
salinity, while Emix and Eke

are quadratic functions. Thus, both Emix and Eke
are very

sensitive to the averaging used to estimate gradients from measurements using CTDs and
high-resolution pro� lers HRPs. To examine the dependence on averaging, the vertical
gradients were estimated by � tting a linear and a cubic least-square polynomial in pressure
to the temperature, salinity and velocity measurements. An interval of n cycles ranging
from 4 to 40 at 0.5 decibar intervals was used to calculate a sequence of least-square � ts.
Each variable was averaged over m intervals with the � tting interval advanced by novl for
each � t, where novl is the number of overlay cycles with the previous interval. Examples
are shown in Figures 8 and 9. The highest resolution, n 5 4, yields values for Eke

1 Emix

near or above the classical limit, Ri* 5 1�4. At the highest smoothing,n 5 40, the values are
closer to Ri* 5 1. Addition of the nonlinear GPE conversions to the kinetic energy term
results in a closer agreement with these limits. A possible interpretation is that the classical
Richardson number criterion for shear instabilities applies at the smallest scales, while the
modi� ed Richardson number is effective at larger scales. As measurement noise would also
increase the average quadratic mean of the gradient at the highest resolution, the
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interpretation must be viewed with some caution. However, the fact that the magnitude of
the local and global energy sources, Eke

1 Emix, falls within the narrow limits set by 1�4 #
Ri* # 1 is strong evidence for the role of the nonlinear contributions to energy conversions
in limiting vertical gradients in the oceans.

6. Conclusions

The strong dependence of the thermal expansion of seawater on temperature and
pressure places constraints on the structure of the temperature, salinity and density � elds in
the ocean. Vertical temperature gradients sharper than the critical magnitudes described
above, will allow more energy to be released to the column above than is consumed by
local perturbations. By analogy, a block of ice placed on a sloping surface will slide and
accelerate until dissipation at the interface reaches the rate of decrease of GPE of the
sliding block.The Gulf Stream is slippery in this sense. Downstream from Cape Hatteras, a
net release of GPE for vertical mixing occurs along the high-velocity inshore layer. The

Figure 8. R/V Oceanus #218 HRP #47. Vertical distribution of the linear energy parameters, Eloc,
Eext, and the second-order parameters, Emix, Eke

, plotted in units of 10 2 4 sec2 2. The linear
parameters, shown by solid lines, are not sensitive to vertical averaging.
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gradients weaken downstream to the turbulent limit and � nally to the diffusive limit that is
characteristic of the thermocline gradient throughout the North Atlantic basin.

A very different case can be seen for the staircase structure described by the C 2 SALT
data. Here, the temperature gradients at the interface layers strongly exceed both turbulent
and diffusive critical magnitudes. However, the vertical average of the gradient over the
staircase scale closely parallels the turbulent limiting gradient.Although the interpretation
is not entirely clear, the effect of the nonlinear energy release mechanism must play an
important role in setting the scales of the staircase structure.

Preliminary examination of CTD and HRP stations in other ocean basins indicates that
the critical gradients play a role in surface mixed-layer dynamics, in equatorial undercur-
rents as well as in structures such as warm/cold rings and meddies. Further studies are
needed.
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Figure 9. R/V S. Johnson #1 HRP #72. Vertical distribution of the linear energy parameters, Eloc,
Eext, and the second-orderparameters, Eke

, Emix, plotted in units of 102 4 sec2 2.
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APPENDIX

The change of a thermodynamic function, l , resulting from mixing of two mass
elements of seawater, m1, m2, at constant pressure p, can be estimated by expanding the
function in a Taylor series in terms of the conserved properties, salinity s and enthalpy h.
The � nal values are denoted by a superscript f.

Conservation of mass is expressed by:

D m f 5 m f 2 (m1 1 m2 ) 5 0.

Total internal energy m fe f, changed by pressure work, is given by:

m fD e f 5 m1 D e1 1 m2 D e2 5 2 m1p D a 1 2 m2p D a 2,

which is equivalent to conservation of enthalpy:

m1 ( D e1 1 pD a 1) 1 m2( D e2 1 p D a 2 ) 5 m1 D h1 1 m2 D h2 5 m f D h f 5 0.

Salinity, interpreted as a mass ratio, is conserved:

m fD s f 5 m fs f 2 (m1s1 1 m2s2 ) 5 m1 D s1 1 m2D s2 5 0.

Similarly, an arbitrary thermodynamic function, l , changes by:

m f D l f 5 m1( D l f 2 D l 1 ) 1 m2 (D l f 2 D l 2 ) 5 m1 D l 1 1 m2 D l 2.

Expanding D l 1, D l 2 in terms of the changes of enthalpy, D h1, D h2 and salinity, D s1, D s2

yields:

D l 1 5
 l

 h
D h1 1

 l

 s
D s1 2

1

2 1 
2l

 h 2
( D h1)2 1 2

 2l

 h  s
D h1D s1 1

 2 l

 s 2
( D s1)2 2 1 · · ·

D l 2 5
 l

 h
D h2 1

 l

 s
D s2 2

1

2 1 
2 l

 h 2
( D h2 )2 1 2

 2 l

 h  s
D h2D s 1

 2 l

 s 2
( D s2 )2 2 1 · · ·

The � rst-order terms drop out on substituting the Taylor expansions and applying the
conservation equations leaving only the second-order terms for changes of l :

m fD l f 5 2
1

2 3 
2 l

 h 2
(m1 (D h1 )2 1 m2 ( D h2 )2 ) 1

 2l

 h  s
(m1 D h1 D s1 1 m2 D h2 D s2 )

1
 2 l

 s 2
(m1 ( D s1)2 1 m2 ( D s2 )2 ) 4 1 · · ·
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Since,

m1 (D h1 )2 1 m2 ( D h2 )2 5
m1m2

m1 1 m2
( D (h1 2 h2))2

m1 D h1 D s1 1 m2 D h2 D s2 5
m1m2

m1 1 m2
(D (h1 2 h2) D (s1 2 s2 ))

m1 ( D s1 )2 1 m2 (D s2 )2 5
m1m2

m1 1 m2
(D (s1 2 s2 ))2,

the � nal expression for the change is:

m f D l f 5 2
1

2

m1m2

m1 1 m2
3 

2l

 h 2
(D h)2 1 2

 2 l

 h  s
D hD s 1

 2 l

 s 2
( D s)2 4 1 · · ·

Expressing enthalpy derivatives in terms of temperature and salinity yields:

m fD l f 5 2
1

2

m1m2

m1 1 m2
3 

2 l

 t 2
( D t )2 1 2

 2 l

 t  s
D t D s 1

 2l

 s 2
( D s)2

2
1

Cp

 l

 t 1 
2h

 t 2
(D t )2 1 2

 2h

 t s
D t D s 1

 2h

 s 2
(D s)2 2 4 1 · · ·

The change of volume by mixing, substituting a for l , is estimated by:

m f D a f . 2
1

2

m1m2

m1 1 m2
3 

2 a

 t 2
( D t )2 1 2

 2 a

 t  s
D t D s 1

 2a

 s 2
( D s)24

since the variation of speci� c heat, Cp 5  h/ t, with temperature and salinity does not
contribute signi� cantly to the volume change.
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