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Available energy of the world ocean

by Peter R. Bannon'? and Raymond G. Najjar!

ABSTRACT

The available energy of the ocean is the excess of the sum of the ocean’s internal and gravitational
energies with respect to its equilibrium state, which is in thermodynamic equilibrium and has the
same total entropy as the ocean. The equilibrium state for the world ocean is rigorously determined to
be an isothermal ocean with a temperature of 3.66°C and a horizontally uniform absolute salinity that
increases monotonically from 27.30 g kg~ ! at the surface to 47.39 g kg~ ! at a depth of 5.5 km. This
salinity profile is consistent with a uniform relative chemical potential of 47.44 J g~ ! salt. The ocean’s
available energy is 220 x 102! J or 630 MJ m~2. Most (72%) of the available energy is due to the
internal energy difference between the ocean and its equilibrium state; the remaining 28% is due to the
gravitational energy difference. The ocean’s available energy is shown to be concentrated vertically in
the upper halfkilometer and geographically in the tropics and subtropics. This distribution is accurately
represented by the temperature variance from the equilibrium temperature. The contributions of sea
ice and variable sea surface height to the available energy are estimated to be small.

Keywords. global ocean energetics, available energy, available potential energy, ocean entropics

1. Introduction

The energy that drives the ocean circulation comes from the work done by the winds
and the tides and from the fluxes of thermal energy and freshwater at the sea surface.
Some of this energy input is stored as gravitational and internal energy that is available
to be converted to kinetic energy. Quantifying this available energy is thus a central goal
of physical oceanography. Several attempts to quantify this energy have been made for
selected ocean regions and systems (Bray and Fofonoff 1981; Reid et al. 1981) as well as
for the global ocean (Oort et al. 1989, 1994; Huang 2005). These attempts build upon the
concept of Lorenz’s (1955) available potential energy that measures the work done during
the adiabatic rearrangement of individual fluid parcels. However, a more general definition
of the available energy is afforded by the concept of availability.

A formal definition of the available energy of a thermodynamic system is provided by
the availability function 3 A that represents the amount of work obtainable from the system
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relative to a “dead” reference state, one that is in thermodynamic equilibrium (motion-
less, hydrostatic, isothermal, and with uniform chemical potential). This work excludes the
“pdV”’ work of expansion between the system and its equilibrium (Bannon 2012). Other
appellations of the available energy include free energy, exergy, entropic energy, and maxi-
mum work (Landau and Lifshitz 1980; Bejan 2006; Tailleux 2013a). Bannon (2012, 2013)
shows that the availability function satisfies the relation

8A(Ty) =3TE(T,) — T,35(T}) , D

where T, is the temperature of the reference state, the total energy 7E is the sum of the
internal and gravitational energies (TE = IE+GE), and S is the total entropy. The availability
is defined for the given system of interest and, for that system, is only a function of the
reference temperature 7,. The availability is the integral over the mass m of the system
8A = [ 8a dm of the specific availability defined by

da = 8h — T, 8s — adp — W8, 2)

where &, s, and o are the specific enthalpy, entropy, and volume, respectively, T is the abso-
lute temperature, and p is the pressure. The relative chemical potential is & = Wgair —Mwarers
and the concentration ¥ is given by the absolute salinity ¥ = S4. A reference value is denoted
by a subscript 7. State variables of the system are functions of position x = (x, y, z) and
time 7, but the reference enthalpy, entropy, pressure, and salinity are only functions of height
z as required for a motionless reference state. The chemical potential of the reference state
L, 18 a constant, as required by thermodynamic equilibrium. The symbol 8 defines a finite
departure of the system from the reference state (Fig. 1). For example, the specific inter-
nal energy departure is du = u(X, t)—u,(z). The total mass of the system and that of the
reference state are the same but the volumes of the two may differ (Fig. 1). Furthermore,
the reference ocean has a sea surface that coincides with a geopotential surface, whereas
the ocean’s surface departs from a geopotential surface as a result of winds, tides, and
air—sea fluxes of energy and freshwater. Then the difference in, say, the total entropy is
3§ =8 —8, = [ (ps — prs,)dV,,, where the respective densities vanish in the appropriate
regions of the total material volume V,,.

The maximum available energy AE of a system is given by the minimum of the availability
3A at the reference temperature 7, = Ty and salinity S4, = Sa0(z) such that there is no
total entropy difference between the system and the reference state. That reference state
is defined to be the equilibrium state of the system. Then because 3S(7p) = 0, we have
from (1)

AE = 3A (Tp) = STE (Tp) . 3)

It is noted that the equilibrium temperature Ty, the equilibrium salinity profile S4(z), and
the available energy are thermodynamic state variables of the geophysical system. (Here
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Figure 1. Schematic diagram of the ocean and its equilibrium ocean. The equilibrium ocean is hydro-
static and isothermal and has the same total mass and salt content as the ocean. The equilibrium
ocean’s vertical salinity and pressure gradients offset to produce an equilibrium state with uniform
chemical potential. Both the ocean and its equilibrium are subject to the same uniform atmospheric
pressure pu:m. The sea surface of the equilibrium ocean corresponds to a geopotential surface. The
equilibrium ocean is a dynamically and convectively “dead” state.

and elsewhere a subscript zero is used to denote a quantity evaluated in the equilibrium
state of the system.) It should be noted that this equilibrium state differs from that obtained
if the ocean were to be isolated and slowly equilibrated adiabatically. In this case diffusive
processes would have increased the total entropy of the system.

A quantity related to available energy is the available potential energy APE (Lorenz
1955; Tailleux 2013a) that represents the difference in the total energy of the system and
its adiabatically adjusted reference state. The crucial distinction is that, in the APE theory,
individual parcels are rearranged isentropically while in availability theory the system as
a whole is reconfigured isentropically. The APE is the sum of an available gravitational
energy AGE and an available internal energy AIE: APE = AGE + AIE, where

AGE = /g (z —z4)dm and AIE = / (u —ugz)dm. @

Here the subscript a denotes the adiabatically adjusted state (i.e., individual parcels are
rearranged isentropically) and u is the specific internal energy. Huang (2005) presents a
review of oceanic APE theory. We note several of its salient results. Firstly, the dominant
term is the available gravitational energy AGE with the smaller available internal energy
being negative. The positive AGE implies that the center of mass has been lowered during the
adjustment to the reference state. The negative A/E is attributed (Bray and Fofonoff 1981)
to the nonlinear thermodynamics of seawater as follows. On average during the adjustment
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Figure 2. Availability function 3A as a function of the reference temperature 7. Panel (b) is a
magnified version of panel (a). The vertical line in each panel denotes the equilibrium temperature
Ty = 3.66°C, denoting the function’s minimum. In panel (b) the tilted solid and dashed lines denote
the departure in total energy 3TE and entropy term 7,-8S. At the equilibrium temperature, 35 = 0
and the available energy is AE = 8TE(Tp) = 630 MJ m—2.

process, the denser sinking water parcels are colder than the rising warmer parcels. The rising
parcels are adiabatically cooled more than the sinking parcels are adiabatically warmed.
This asymmetry leads to a negative AIE. Secondly, the AIE and AGE may be combined
using the hydrostatic assumption into an available enthalpic energy AHE = [ (h — hy)dm
plus several boundary terms that require the determination of the change in volume of
the system and change in bottom pressure distribution. Thirdly, and most importantly, the
determination of the adiabatic reference state remains an unsolved problem. [Huang (2005,
145) notes that his numerical algorithm obtains the gravitational minimum state and not
necessarily the state with minimum total energy.] Progress on this issue is ongoing (Tailleux
2013b). An approximate formulation of the AGE has been applied to the world’s ocean (e.g.,
Oort et al. 1989) as available gravitational potential energy (AGPE) in the form

_\2
AGPE = 5/("__—de, (5)
2J) (—dp?/dz)

where p° is the potential density and an overbar denotes a horizontal average. Typically
the variance in the density field in the numerator decreases less rapidly with depth than the
stability term in the denominator of the integrand (e.g., Oort et al. 1989). Thus, the resulting
integrand displays an unphysical increase with depth. As a consequence, the AGPE approach
is limited to the upper portions of the domain.

In this paper we rigorously determine the available energy of the world ocean by an exact
determination of the equilibrium state. The ocean is treated as a fully compressible fluid.
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Section 2 describes the world ocean data set and the analysis procedures used to evaluate
the availability function 8A and determine the equilibrium state of the world ocean. The
current analysis improves on that in Bannon (2013), which ignores horizontal and seasonal
variability and assumes an equilibrium ocean with uniform salinity. Here the equilibrium
salinity profile increases with depth such that the equilibrium relative chemical potential
is uniform. This uniformity is required by the oceanic proof of the result (1). Section 3
describes the attributes of the available energy of the world ocean. Section 4 compares
the present results with prior results and includes estimates of the contribution of sea ice
and variable sea surface height to the available energy. Section 5 discusses how available
energetics provides a framework for determining the relative roles of thermal and mechanical
forcing of the ocean circulation.

2. World ocean and its equilibrium
a. Global ocean data

The data sets employed are the seasonal- and annual-mean World Ocean Atlas 2009
(WOAQ9) temperature (Locarnini et al. 2010) and practical salinity (Antonov et al. 2010)
fields, which reside on a 1° x 1° latitude-longitude grid (centered on the half-degree grid
points) at up to 33 standard levels in the vertical. The vertical grid is nonuniform with
levels at depths of 0, 10, 20, ..., 4,500, 5,000, and 5,500 m. Midpoints are defined between
successive levels. When computing vertical integrals, the data at each level are taken to
represent the layer between successive midpoints except for the surface and bottom layers.
Level 1 data are taken to represent the layer between 0 and 5 m, and data at the deepest level
at a given location represent the layer between the bottom level and the midpoint above
it (Levitus 1982). The data from all marginal seas (e.g., Baltic, Black, and Red Seas) are
included except those for the region of the Caspian Sea, a landlocked lake.

b. Data analysis

The thermodynamic properties of the data are analyzed with the Gibbs Sea Water Oceano-
graphic Toolbox of the Thermodynamic Equation of Seawater - 2010, TEOS-10 (McDougall
and Barker 2011). In this formulation, the zero point for the entropy and enthalpy of sea-
water is defined as that at standard atmospheric pressure (101,325 Pa), a temperature of
0°C, and an absolute salinity of S4 = 35.16504 g kg~! (Feistel 2008). The pressure and
absolute salinity fields associated with the WOAQ9 data (temperature and practical salin-
ity as a function of depth) are determined iteratively assuming hydrostasy and using the
TEOS-10 conversion from practical salinity to absolute salinity (which itself is a function
of pressure). This procedure employs eight iterations to ensure that the pressure converges
to within 0.001 dbar. The temperature data are then adjusted for values below freezing. For
example, of the 1,155,406 grid points in the annual-mean data set, 1,727 points failed the
test by being below freezing. These points had their temperatures increased to a hundredth
of a degree above freezing. The maximum temperature increase is 0.18°C with a mean
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Table 1. Regional distribution of physical properties.

Area Volume Mean Mass

Region (1012 m?) (1015 m3) depth (m) (10'8 kg)
Arctic 12.18 19.52 1,602 20.20
North Atlantic 43.70 159.13 3,642 165.14
South Atlantic 33.68 145.34 4,315 150.90
Southern Atlantic 11.86 43.60 3,677 45.25

Total Atlantic 101.42 367.59 3,625 381.50
North Pacific 79.12 348.19 4,401 361.62
South Pacific 76.18 301.30 3,955 312.55
Southern Pacific 20.04 71.77 3,881 80.70

Total Pacific 175.33 727.25 4,148 754.87
Indian 59.21 238.91 4,035 247.90
Southern Indian 13.92 56.34 4,047 58.48

Total Indian 73.13 295.25 4,037 306.38
World ocean 349.89 1,390.10 3,973 1,442.74

Table 2. Regional distribution of annual-mean thermodynamic properties: mass-weighted mean salin-
ity and temperature.

Absolute salinity Temperature

Region (gkg™") 0
Arctic 34.93 —0.17
North Atlantic 35.28 5.44
South Atlantic 34.96 3.76
Southern Atlantic 34.81 0.35

Total Atlantic 35.08 3.87
North Pacific 34.76 3.48
South Pacific 34.83 4.07
Southern Pacific 34.79 1.62

Total Pacific 34.79 3.53
Indian 34.94 4.31
Southern Indian 34.81 0.86

Total Indian 3491 3.65
World ocean 34.89 3.64

increase of the adjusted points equal to 0.03°C. The analysis employs an acceleration due
to gravity g set to a latitude of 45° and includes a linear vertical depth dependence.

Tables 1 and 2 summarize the geometrical and mean physical properties of the three
oceans (Atlantic, Pacific, and Indian) and related regions. Following the WOAQ9, the Arctic
Ocean is considered to be part of the Atlantic Ocean. The Atlantic and Pacific Oceans are
partitioned into regions north (northern latitudes) and south (southern latitudes north of
50°S) of the equator. The three oceans are further divided at longitudes 20°, 147°, and 292°
into a southern region (latitudes south of 50°S) that together sum to form the Southern
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Ocean surrounding Antarctica. Comparison of the data in Table 1 with that in Oort et al.
(1989) indicates that the surface areas are similar but that the WOAQ9 ocean is about 233
m deeper and has a mass about 5.6% larger. The state variables (Table 2) are consistent
with other studies (e.g., Oort et al. 1989). For example, the North Atlantic is the saltiest,
the North Pacific the freshest, and the Indian the warmest.

c. The equilibrium ocean

The equilibrium ocean with temperature 7y has the same entropy as the real ocean
[3S(Tp) = 0] such that its available energy is given by (3). In equilibrium, there can be
no diffusive fluxes of heat or salt (e.g., Fofonoff 1962). Proper treatment of diffusion must
consider the effects of pressure as well as temperature and concentration gradients (Landau
and Lifshitz 1987). For simplicity we follow Fofonoff (1962) and treat the dissolved salts in
seawater as a single component, ignoring individual ions. Then the condition of no diffusive
fluxes requires the temperature and relative chemical potential to be uniform with a salinity
gradient that balances the barodiffusive effects of the vertical pressure gradient required
by hydrostasy. One finds [Appendix B of McDougall and Barker (2011)] that the salinity
gradient must satisfy

as
— = —gB'/ (00/0S) . ©)

dz

where 8" = (1/p)(8p/3S4)7,, is the coefficient of saline contraction. This salinity gradient
is typically between —3 and —4 g kg~! km™! [in agreement with Fofonoff (1962)] and
increases in magnitude approximately linearly with depth. This structure primarily reflects
that of the saline contraction term, whose vertical dependence dominates the salinity gra-
dient (6). The equilibrium salinity profile for a given isothermal ocean is found iteratively
subject to the constraint (6) and the requirement of mass conservation. In practice, the salt
conservation constraint is applied first to determine the salinity profile over 64 iterations.
The thickness of the surface grid box of the equilibrium ocean is then adjusted over 16 iter-
ations to ensure the conservation of total mass. This procedure yields the sea surface height
1o of the equilibrium ocean (Fig. 1) and its virtually constant relative chemical potential g
of 47.44 J g~! salt with a standard deviation of 5 x 107 J g~ !.

The equilibrium temperature is determined by finding the minimum of the availability
function (1). The variation of the availability A = | pda dV with the reference temperature
T, is depicted in Figure 2 for the annual-mean data set. One finds the minimum occurs at
the equilibrium temperature Ty = 3.65535°C with a mean salinity of 34.8945 g kg~!. [The
excessive number of significant figures for the equilibrium temperature arises from the need
to satisfy the relation (3) at equilibrium such that A = 8TE.] This minimum occurs where
the total entropy difference between the ocean and its reference ocean vanishes and, by (1),
the function equals the difference in total energy between the ocean and its equilibrium.
Then the available energy AE is 220 x 10?! J or 629.6 MJ m~2. The effect of the marginal
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Figure 3. Vertical profiles of the horizontal mean (§olid curve) and equilibrium (dashed curve) (a)
temperature, (b) salinity anomaly ASy = S4 — Sy (relative to the mean value of S4 = 34.89 g
kg_l), and (c) density departure 8p = p — pg. The ocean’s horizontal mean salinity anomaly is

multiplied by a factor of 10 in panel (b). The thin vertical lines represent the reference lines of zero
in panels (b) and (c).

seas is assessed in a separate calculation without the Hudson Bay, the Persian Gulf, and the
Mediterranean, Black, Baltic, and Red Seas. The values of the equilibrium temperature and
mean salinity shift slightly lower to 3.6230°C and 34.888 g kg~! with a reduction in the
available energy by 0.75%. All subsequent results presented here include all marginal seas
(except the Caspian).

The temperature, salinity, and density of the equilibrium ocean are compared to the
ocean’s horizontal means in Figure 3. The ocean is warmer, on average, than its equilibrium
state above a depth of 1.18 km and cooler below. The salinity of the equilibrium ocean
increases monotonically from the surface value of 27.30 g kg~! to the deepest (5.5 km)
value of 47.39 g kg~!. (This maximum value is well below the saturation value of 360
g kg~! for sodium chloride.) The ocean’s mean salinity profile differs significantly from
the equilibrium salinity profile, with saltier waters below 2.3 km and fresher waters above.
This difference indicates that the ocean’s salinity profile is well stirred compared to its
equilibrium. The density departure 8p = p—pg indicates that the equilibrium ocean is more
stably stratified than the mean ocean, with heavier fluid below a depth of 2.4 km and lighter
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Table 3. Budget of the annual-mean ocean for total mass M, total salt SALT, internal energy /IE,
gravitational energy GE, total energy TE = IE 4 GE, and entropy S.

Property Ocean Equilibrium
M (Ggm™2) 4.1235 4.1235
SALT (Mg m~2) 143.886 143.886
IE (GJm™2) 57.2410 56.7903
GE (GI m™2) 131.3808 131.2018
TE (Gl m~2) 188.6217 187.9921
SMIK1m2) 205.7494 205.7491

above. This structure reflects the dominance of the salinity profiles (Fig. 3b) in the density
fields. The maximum departure of 4.37 kg m~3 is less than half the minimum of —8.99 kg
m~>. The net effect of this density departure on the conservation of mass is to elevate the
equilibrium sea surface height 35 cm over that of the ocean. Calculations with a constant-
temperature ocean give a similar result, indicating that the change in salinity is responsible
for the elevation change. This effect is, in turn, due to the coefficient of saline contraction
decreasing with pressure.

Global properties of the ocean and its equilibrium are summarized in Table 3. Mass and
salt are conserved between the two systems. Both the internal and gravitational energies
are greater for the ocean than its equilibrium, with the internal (8/E = 451 MJ m~2) and
gravitational (3GE = 179 MJ m~2) departures contributing 72% and 28%, respectively,
to the available energy (AE = 630 MJ m~2). These departures represent only 0.79% of
the total internal energy and 0.14% of the total gravitational energy. Here the gravitational
energy is defined to be zero at the 5.5 km depth. The smaller gravitational energy of the
equilibrium ocean indicates a lower center of gravity. This lowering occurs despite the
slight rise in sea surface elevation and results from the higher stratification (Fig. 3b) of the
equilibrium ocean.

The internal energy of the ocean is greater than its equilibrium (Table 3) despite the
fact that the equilibrium ocean, with a temperature of 3.66°C, is warmer than the ocean
[whose mass-weighted temperature is 3.64°C (Table 2)]. This behavior reflects the nonlinear
properties of the internal energy as a function of temperature and pressure. This explanation
notes that the rate of change of internal energy with temperature, du /97, decreases with
pressure. Then the positive temperature anomalies 87" > 0 in the upper ocean produce, on
average, a greater positive internal energy change than the negative change produced by
the negative departures in the deep ocean (Fig. 3c). The net departure in internal energy is
positive, implying an equilibrium ocean with lower internal energy.

The total energy is greater for the ocean than its equilibrium (Table 3). This difference,
8TE = 629.5 MJ m~2, agrees within 0.01% with the available energy determined by the
minimization of the availability function (Fig. 2). Thus, of the 6.60 x 10? J of total (i.e.,
internal plus gravitational) energy of the world ocean, only a small fraction, 0.34%, is
available to do work and be converted into kinetic energy of macroscopic motions.
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Figure4. Vertical profiles of (a) the mean specific available energy ae, (b) the fraction of total available
energy AE aloft, and (c) the mean specific available baroclinic energy abe (solid curve) and the
mean ae (dashed curve). The thin vertical lines in each panel represent the reference lines of zero,
one, and zero, respectively.

3. Ocean energy
a. Available energy

The specific available energy is the availability function (2) evaluated for the equilibrium
state

ae =dh — Tpds — adp — WodX. @)

The vertical distribution (Fig. 4a) of its horizontal mean indicates a positive-definite field
with a maximum value of 2.18 kJ kg~! at the surface and a rapid decline with depth to
a minimum of 0.02 kJ kg~! at 1.75 km. Below 2 km there is an increase with depth to a
maximum of 0.17 kJ kg~! at a depth of 5.5 km. The definition of the fraction of available
energy aloft (Fig. 4b) is

0
fAE(z)=AE*l/ / paedzdAs, (8)
A(z) Iz
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where the total available energy AE is 220 x 10! J. The energy is confined mainly to the
upper ocean with 50 and 75% above a depth of about 200 and 1,100 m, respectively.

A measure of the baroclinic contribution to the available energy is given by the difference
between the available energy and that of the horizontal mean state. We then define the specific
available baroclinic energy by

abe = ae (Sa, T, p)—ae(S’A,T,p), ©)]

where the overbar denotes a horizontal area mean. Figure 4c compares this abe to the mean
available energy. The baroclinic component has a maximum at the surface of 648 J kg~!
and deceases with depth. It is significant only above a depth of about 1 km and contributes
globally about 29% of the energy. [It is noted that the suggestion of Bannon (2012) to use
the lowest equilibrium temperature of a single sounding of the system does not prove to be
a useful estimate of the baroclinic contribution for the ocean. The equilibrium temperature
is close to the mass-weighted mean temperature of the sounding. For the ocean, that mean
sounding is about —2°C. Figure 2a indicates that the implied available baroclinic energy is
unrealistic.]

Vertical profiles (Fig. 5) of the individual terms in the specific available energy (7) indicate
that the enthalpy departure has a slightly larger magnitude than the contribution resulting
from the entropy departure (Fig. 5a). The crossing of these two terms with each other and
the zero line at a depth of 1.1 km reflects the dominance of the temperature over the salinity
field in the enthalpy and entropy departures (Fig. 3a and 3b). The sum of the terms involving
enthalpy and entropy overestimates the mean available energy near the surface and yields
negative values in the abyss (Fig. 5b). The pressure and concentration departures (Fig. 5¢)
contribute negatively to the available energy near the surface and positively at great depth.
The contribution from the concentration departure closely follows the equilibrium salinity
profile, as the variation of the ocean’s salinity profile is relatively small (Fig. 3b). The
pressure departure contribution to the available energy is small; it is negative above a depth
of 4.5 km, reflecting the greater pressure at a given depth of the ocean with respect to its
equilibrium state, which is, in turn, due to the greater density of the upper ocean compared
to its equilibrium state (Fig. 3c).

Further insight into the structure of the available energy field is afforded by its linearized
form (Bannon 2005) that is represented as the sum of the quadratics of the departure of
three state variables:

Ty (55)% + 1
aeji, = — (8s
lin 2CPO Zp%c%

2, KWxo 2
®p)” + - )7, (10)
where ¢, is the specific heat at constant pressure, co is the speed of sound, and ., is the
derivative of the chemical potential with respect to the concentration. This relation demon-
strates that the available energy is positive definite for an ocean close to its equilibrium.
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Figure 5. Vertical profiles of (a) the mean departure in the enthalpy (solid curve) and entropy (dashed
curve) terms of the available energy, (b) their difference (solid curve) compared to the mean available
energy (dashed curve), and (c) the mean departure in pressure multiplied by a factor of 10 (solid
curve) and concentration (dashed curve) terms of the specific available energy. The thin vertical
line in each panel represents the zero line.

The three terms on the right-hand side of (10) are the linear available potential (ape), elastic
(aee), and chemical (ace) energies, respectively. Their mean profiles are plotted in Figure
6. The available potential energy slightly underestimates the mean available energy (Fig.
6a). The mean available elastic energy is negligible with a maximum less than 1 mJ kg~!
(not shown). Its coefficient is about 4 x 107> J kg~! dbar~2, implying that a relatively
large pressure anomaly of 1 dbar (corresponding to a variation in the sea surface height of
1 m) makes an insignificant contribution. The available chemical energy (Fig. 6b) makes
a significant contribution near the surface and in the abyss where the salinity departure is
largest (Fig. 3b). The coefficient of the chemical energy contribution represented by the
third term is about 2 J kg ! (g kg~")~2, implying an energy of 100 J kg~ for a large salin-
ity variation of 10 g kg~'. The chemical energy augments the potential one and improves
the agreement with the nonlinear result. However, the linear result (10) slightly underes-

timates the nonlinear one, as shown in Figure 6b where the mean ae — aey;, .. profile is
plotted.
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Figure 6. Vertical profiles of (a) the mean available energy (solid curve) and the linear available
potential energy (dashed curve), (b) the mean available chemical energy (solid curve) and difference
between the mean nonlinear and linear available energies (dashed curve), and (c) the mean available
energy (solid curve) and linear available thermal energy (dashed curve). The thin vertical line in
each panel represents the zero line.

The preceding analysis of the linear form (10) suggests that the effect of the last two terms
in the availability function (2) is small and that the available energy may be approximated
by

ae ~ ate = 2L (3T)?, (11)

2Ty

which we designate as the available thermal energy ate. We note that this expression is
a straightforward approximation of the exergy 84 — Tpds for an incompressible liquid.
The heat capacity c,, is chosen to produce the best fit to the available energy (7). Table 4
demonstrates the relative accuracy of (11) for four choices of heat capacity: (i) a constant
4.21kJ kg=! K~! for freshwater at the equilibrium temperature, (ii) a constant 3.99 kJ kg~!
K~! for the conservative enthalpy/temperature formulation of McDougall (2003), (iii) for
the equilibrium ocean that varies monotonically from an abyssal value of 3.80 kJ kg~! K~!
to4.03 kI kg~! K~ at the surface, and (iv) for the mean ocean that varies similarly from 3.84
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Figure 7. Geographical distribution of the annual mean vertically integrated available energy. The
field is smoothed 10 times using a 1-2—1 smoother in both horizontal directions before plotting to
eliminate high-frequency noise while retaining the large-scale structure.

Table 4. Accuracy of the available thermal energy ate (11) with respect to the exact expression (7)
for the specific available energy for various choices of the specific heat cp,. The root-mean-square
(rms) specific available energy is 1,113 J kg~!. The signal-to-noise ratio is the square of the ratio
of the standard deviation to the rms error.

Specific heat rms error (J kg~ 1) Signal-to-noise ratio
Freshwater 95 137
Equilibrium ocean 56 400
Mean ocean 50 496
Conservative temperature 49 519

kI kg™ ' K~ t04.00kJ kg~! K~!. The available thermal energy approximation (11) that uses
the heat capacity for the conservative temperature most accurately captures the structure of
the available energy (Table 4) with a slight underestimate in the thermocline (Fig. 6¢). As
expected, the abyssal maximum due to salinity is not captured by the approximation (11).

b. Geographical distribution of available energy

The geographical distribution of the vertically integrated available energy (Fig. 7) reflects
primarily the temperature distribution (not shown) in the upper ocean. There are subtropical
maxima exceeding 1,000 MJ m~2 and minima less than 100 MJ m~2 in the Bering, Okhotsk,
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Table 5. Regional distribution of the departures in internal energy 3/E, gravitational energy 3GE, total
energy 37E, and available energy AE (GJ m~2).

Region dME dGE 3TE AE
Arctic —25.09 0.19 —24.90 0.23
North Atlantic 27.05 0.18 27.23 0.75
South Atlantic 2.49 0.18 2.67 0.55
Southern Atlantic —49.27 0.25 —49.02 0.41

Total Atlantic 3.71 0.19 3.90 0.58
North Pacific -2.15 0.15 —2.01 0.68
South Pacific 7.24 0.17 7.41 0.70
Southern Pacific —31.87 0.23 —31.64 0.27

Total Pacific —1.47 0.17 —1.30 0.64
Indian 11.41 0.18 11.59 0.74
Southern Indian —45.72 0.25 —45.47 0.36

Total Indian 0.54 0.19 0.73 0.67
World ocean 0.45 0.18 0.63 0.63

Chukchi, Greenland, and Argentine Seas. There is a decided zonal asymmetry in the Atlantic
and Pacific subtropical basins with larger energies in the west and smaller in the east,
reflecting the deeper thermocline in the west. Extreme values of the energy are found in
some of the marginal seas as a consequence of the high temperature and salinity in those
regions. For example, the Mediterranean Sea has an average available energy of 1,620 MJ
m~2 for a total of 3.16 x 10?' J.

The geographical distributions of the internal, gravitational, and total energies defined by

STE = 3IE + SGE, (12)

where
dE =/(pu — poug)dV and BGE :/(p— po) gzdV. (13)

are presented in Table 5. The regional variations associated with the internal energy depar-
ture are large and fluctuate in sign. Comparison of Tables 2 and 5 indicates that the fluctuation
has the same sign as the mean temperature of the basin minus the equilibrium temperature
(3.66°C). In comparison, the gravitational energy fluctuations are all positive in sign and
relatively uniform. This uniformity suggests that these fluctuations are primarily due to the
relatively consistent difference in the salinity profiles between the ocean and its equilibrium
(Fig. 3b). The total energy departures track the departures in internal energy, as the grav-
itational energy departures are small. We note that the relation (3) stating the equivalence
of the available energy and the total energy departure holds globally but not regionally. To
emphasize this point, we present the geographical distribution of the available energy in
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Table 6. Seasonal variation of available energy (MJ m~2) and equilibrium temperature (°C) based
on the annual mean and boreal winter, spring, summer, and autumn data sets. The range is the
maximum minus the minimum. The maximum for each region is underlined.

Region Annual Winter Spring Summer Autumn  Range
Arctic 227 228 228 227 225 3
North Atlantic 752 732 739 774 768 42
South Atlantic 549 568 559 533 538 35
Southern Atlantic 411 411 410 412 412 2
Total Atlantic 581 579 579 586 585 7
North Pacific 676 657 674 694 683 37
South Pacific 703 721 712 685 697 36
Southern Pacific 265 267 267 262 265 5
Total Pacific 641 640 644 641 641 3
Indian 744 757 757 731 736 26
Southern Indian 357 355 352 361 363 11
Total Indian 671 680 680 661 665 19
World ocean 630 631 633 629 630 4

Equilibrium temperature (°C) 3.655 3.657 3.660 3.653 3.652 0.008

the last column of Table 5. The global departure in total energy is 630 MJ m~2, in good
agreement with the direct calculation of the available energy (see subsection 2c).

The distribution of total energy departure (Table 5) implies that energy will be exported
from regions of positive departure to regions of negative departure during the adjustment
to equilibrium. Data from Tables 1 and 5 indicate energy surpluses in the North Atlantic,
Indian, South Pacific, and South Atlantic Oceans of 1,190, 686, 565, and 90 ZJ (1 ZJ = 10?!
J) and energy deficits in the Pacific, Indian, and Atlantic regions of the Southern Ocean and
the Arctic and North Pacific Oceans of 634, 633, 581, 303, and 159 ZJ, respectively. We
note that the implied adjustment process is broadly consistent with a transport of thermal
energy from the North Atlantic and subtropical regions to the polar regions.

c. Seasonal variation of available energy

The seasonal variation of the available energy is summarized in Table 6. In these cal-
culations the equilibrium temperature and salinity profiles are determined separately for
each data set. The variation in the equilibrium temperature is small. Similarly, the largest
variation in the mean equilibrium salinity at any depth is only 7 x 10~* g kg~ (not shown).
The North/South Atlantic and Pacific regions exhibit the largest variations of about 5-7%
with the maximum occurring in that region’s summer. The polar variations are small and can
produce maxima in winter (e.g., the Arctic) due to lower temperatures producing a larger
variance from the equilibrium temperature. The regional variations tend to compensate to
produce a small global variation of less than 1%.
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4. Discussion

We now discuss how our findings compare with prior estimates of the ocean’s available
energy. We also consider how neglect of sea ice and variations of sea surface height may
affect our available energy estimates.

a. Relationship to available potential energy

The ocean’s available energy of 630 MJ m~2 is large compared to the available potential
energy (APE) estimates of Oort et al. (1989, 1994) and Huang (2005), which lie in the range
of 0.4-2.3 MJ m~2. Formally we may partition the available energy into two components,

AE = 3TE = TE — TEy = APE + TE, — TE,, (14)

where the subscript a denotes an adiabatic, mechanical rearrangement of individual fluid
parcels. Then the Lorenz available potential energy is APE = TE — TE, and represents a
subset of the available energy for an ocean with the same total entropy. (The total entropy
of the Lorenz equilibrium state is identical to that of the ocean and to the equilibrium ocean
determined here.) The available energy includes a thermodynamic reconfiguration of the
system in addition to the Lorenzian, mechanical rearrangement. It therefore subsumes the
available potential energy such that AE > APE.

b. Comparison with Bannon (2013)

The effect of the salinity stratification due to barodiffusion (6) on the available energy is
assessed by assuming a uniform salinity as done in Bannon (2013). In that case the mean
available energy is reduced about 100 MJ m~2 to a value of 523 MJ m~2 and the equilibrium
temperature decreases slightly to 3.637°C. Thus, about two-thirds of the difference between
the present study and that of Bannon (2013) is due to relaxing the assumption of horizontal
homogeneity and about one-third is due to a more accurate treatment of salinity in the
equilibrium state.

c. Sea surface height and sea-ice contributions

A limitation of these results is the neglect of variations in the ocean’s sea surface height
n and the neglect of sea ice (Fig. 1). Both can in principle be included into the present
framework. The gravitational energy departure between the ocean and its equilibrium sea
surface height is (1/2)p(z = 0)g (8n)2. For a height departure of 1 m, typical of the differ-
ence between the sea surface height and the geoid, this energy departure would contribute
only 5 x 1073 MJ m~2 and may therefore be neglected.

In order to assess the impact of sea ice, we note that the available energy may be partitioned
into contributions for each of its components (Bannon 2012; Section 4b) such that pae =
> j pjae;, where the specific available energy of the jth component is ae; = dh; —
Tods; — a;8p;. With sea ice residing at the surface, the departures in pressure may, in a
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first approximation, be ignored. The enthalpy and entropy of ice (denoted with a subscript
i) are related to those for the liquid phase (subscript /) by the relations 7; = h; — Iy and
s; =8 — ly/T, where Iy is the enthalpy of fusion. Then the available energy of the ice is
related to that of the liquid by

aei=a61—<T;To>lf(T)' (15)

In order to assess the impact of the sea ice, we take the ice to have a temperature of 0°C
(8T = —3.66 K). Then, using (11) with the conservative temperature value of the specific
heat, we find ae; ~ 97 ] kg_l. In contrast, the phase contribution in (15) is <4.4 x 103
J kg~! using the large fusion enthalpy for pure water of 3.34 x 107 J kg~!. A large but
representative value of the volume of the sea ice is 5 x 10'3 m? (Barry 2011), corresponding
to a mass of sea ice of about 5 x 10'® kg. Then the available energy of the world sea ice is
about 2.2 x 10?° J in total or, if distributed uniformly over the Arctic Ocean, 18 MJ m~2,
corresponding to only an 8% increase in that region (Table 6). Neglecting sea ice in the
global available energy analysis is thus a reasonable assumption.

5. Available energetics of the ocean

We discuss how available energetics provides a framework for the comparison of ther-
mal and mechanical forcing of the world ocean circulation. The equations describing the
available energetics of the ocean are readily obtained (see Appendix) in a manner similar
to those for the atmosphere (see Bannon 2012). The ocean’s energy balance is governed
by the interplay among radiative processes, the mechanical driving by the winds and tidal
forces, the efflux of exergy and thermal energy out of the ocean, and the lost work due to
irreversible entropy production,

3 (AE + KE)

a7 = R—E+W+T—TOSirr, (16)

where KE is the kinetic energy. The available energy generation rate by radiative processes

is given by
. T-To\ .
R = T pCIraddV’ (17)

where pg,,q represents the convergence of solar and terrestrial radiation in the upper ocean
and V., is the volume of the ocean. The rate of generation of kinetic energy by the action
of the atmosphere

W= [ (v:-t+ pwkeyvy) -ndA, (18)
Ay
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includes that due to the wind stress T as well as the kinetic energy input by precipitation, with
the subscript w indicating freshwater. Here n is the unit outward normal to the bounding
surface A of the ocean. The rate of generation of kinetic energy by tidal action is

T = —/ pv - V®4udV, (19)
V()(‘n

where @4, represents the tidal grav1tat10nal potential. The irreversible entropy production
is S,,, = fV SidV , where §;,, = (1/T)p<|> — (1/T2)Jq VT —Js-V(u/T) > 0. This
production is positive because the viscous dissipation ¢ of kinetic energy is always positive,
the heat flux J, is always down the temperature gradient, and the diffusive flux of salt J, is
always down the gradient of the relative chemical potential divided by the temperature (de
Groot and Mazur 1984). If allowed to operate unopposed, these molecular processes would
act to destroy available energy and produce an ocean similar to the equilibrium ocean but
with increased entropy. The maximum entropy production occurs when the change in total
energy is zero (Landau and Lifshitz 1980). For the world ocean this state has the reference

temperature 7, = 3.694°C (Fig. 2) with a relative chemical potential of 47.45 J g~ ! salt.
The effect of the sensible and latent heat fluxes at the ocean’s boundary is given by

. T—-Tp

E= Pw €Xy Vy + T Jeona | -mdA, (20)

where ex = 8h — Tyds is the exergy of freshwater entering or leaving the ocean (by pre-
cipitation, evaporation, and fluvial processes) and J .4 is the conductive flux of thermal
energy.
The kinetic energy equation is
OKE

T=c'+W+T'—D, 1)

where the conversion of available energy to kinetic energy is
C = / (—=v-Vp—pv-Vd)dV. (22)
Vorn

This conversion is identical to that of traditional energetics and indicates that seawater
flowing down the pressure and geopotentlal @ gradients produces kinetic energy. The rate
of dissipation of kinetic energy is D= f Vo pd dV and can feed back into the generation of
available energy. In concert with the lost work term, the net generation of available energy
by viscous dissipation is V= fVocn (T —Ty/T)p $dv.

These equations provide an excellent framework (Fig. 8) to compare thermal and mechan-
ical forcings of the ocean’s circulation. The equilibrium temperature 7; plays a central
role in this comparison through the radiative generation of available energy (17) and the
boundary efflux (20). Heating processes are modulated by the efficacy factor (T — Tp)/T.
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Available Energetics of the Ocean

R E w

Figure 8. Schematic diagram of the available energetics of the world ocean. Circles denote the reser-
voirs of available (AE) and kinetic (KE) energy. Solid arrows indicate the exchange between the
reservoirs. Flow down the gradients of pressure and geopotential lead to the conversion € of avail-
able to kinetic energy. Friction leads to the dissipation D of kinetic energy. Open arrows indicate net
processes into the total energy reservoir. The ocean is driven by energy inputs by radiation R, wind
stress W, and tidal forces 7', and by energy outputs of sensible and latent heat E. The net imbal-
ance is represented by the lost work Ty S, associated with the irreversible production of entropy
Si,-r. The vertical dashed line conceptually divides the thermodynamic (left) and mechanical (right)
domains. For simplicity, benthic processes are omitted.

Although suggestive of the Carnot efficiency, this factor modulates the heating such that a
positive heating generates available energy only where the temperature is greater than the
equilibrium temperature. For the ocean, where the temperature rarely exceeds 30°C, this
efficiency is less than 9% and may become negative. The exergy flux is also dependent
on this temperature. The thermal generation of available energy relative to the mechanical
generation of kinetic energy by the surface wind stress and tidal forces will be assessed in
future work.

6. Conclusions

When viewed from an energetics perspective, ocean currents are driven, in part, from
the conversion of the ocean’s available gravitational and internal energy to kinetic energy.
However, the available energy has been difficult to estimate rigorously because the equilib-
rium state was heretofore unknown. Using a new theory of available energy in geophysical
systems (Bannon 2012, 2013), the equilibrium state of the world ocean has been determined
by the minimization of an availability function to be a hydrostatic ocean in thermodynamic
equilibrium that is isothermal at a temperature of 3.66°C with a salinity profile that is con-
sistent with a uniform relative chemical potential of 47.44 J g~! salt. This equilibrium is
in principle accessible by an isentropic reconfiguration of the ocean. The energy difference
between the ocean and this equilibrium is available to do work. About 29% of this available
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energy is associated with the baroclinic (i.e., horizontal variation) component of the ocean’s
thermodynamic structure. The remainder lies in the vertical stratification. It has been shown
that this available energy is well approximated in terms of the variance of the temperature
field relative to the ocean’s equilibrium temperature. Thus, the majority of the available
energy resides vertically in the upper one-half kilometer of the ocean and geographically
mainly in the subtropical gyres.

The value of the oceanic available energy computed here is a small fraction (0.33%) of the
total energy in the ocean (Table 3) but, if entirely converted to kinetic energy, would lead to
a root-mean-square speed of more than 17 m s~!. Some interpretation of this comparison is
required. The available energy is the maximum amount of work that can be extracted from a
system. Processes that extract this work include baroclinic instability, the conversion of the
thermal energy associated with the temperature difference across the thermocline to produce
electric power, or the conversion of the potential energy of the ocean’s salinity profile relative
to its equilibrium. However, any geophysically relevant conversion of the available energy
is governed by, and hence limited by, the laws of fluid dynamics [see Bannon (2005) for a
theoretical discussion of the conversion processes]. Lorenz (1967, 102—-103) notes that his
“reference state cannot be reached” and that “not all of the APE is ‘available’.” Similarly,
available energy provides a theoretical upper bound on the conversion to kinetic energy.
The converse issue is to note that, despite the presence of molecular diffusion of heat and
salt, the ocean has been forced externally by the interplay of differential heating, the tides,
and the winds into a configuration so far removed from its equilibrium.
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APPENDIX
Available energetics of the ocean
This appendix provides a derivation of the governing equations for the oceanic available

and kinetic energies. The time rate of change of the available energy (7) following the
three-dimensional, mass-weighted, mean velocity v is

Dae  Dh T Ds D (@b p) Dy Dpy
=— —Ty— — — (Wdp) — po—— — dp——,
Dt~ Dt °Dr  pp P TR T,

(AD)

where we have used the fact that the equilibrium state satisfies the Gibbs relation in the form
dh = Tds + adp + pdy. Here the material derivative is D/Dt = 9/9t +v -V, Vv = X ;V;,
and x; =m;/) jmj, where m; and v; are the mass and velocity of the jth component.
The subscripts j = 1 or2 (or j = w or S) correspond to the freshwater or salt, respectively.
The continuity equation is Da/Dt = aV - v, where p = a~! is the total density. For
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the hydrostatic equilibrium state, the force balance is agVpy = —V®, where & is the
geopotential. Then (A1) becomes

Dae Dh T Ds D (@p) L v VO Dy (A2)
—=——-Ty— — — (a V- — ho——-.
Dt Dt "Dt~ Dt P Ho Dt

The specific kinetic energy, ke, and enthalpy, h, equations are

Dke .
E=—aV'VP—V'V(CD+<I>n‘da1)+0tV'(V'T)—d>, (A3)
Dh _ 2P pDs | DX (A4)
— = — - —_—,
Dt Dt Dt Dt

where ®,; 4, represents the tidal gravitational potential, T is the stress tensor, and $ is the
viscous dissipation rate. Then (A2), (A3), and (A4) sum to give

D (ae + ke) Ds Dy
—— =—aV-(® 3T — + dp—— -(V.1). AS
Dr aV .- @pv) + Dt+ th—i-ocv (V-1 (AS5)

The equation for the salinity rate of change is

Dy
L —py=-V- , A6
Py = PX (psvs) (A6)

where py is the salinity density whose velocity relative to the mass-weighted average velocity
v is Vi, = vg — v. The specific entropy equation is

Ds . . . .
pTE = oTs = pg + pd — pILX, (A7)

where ¢ is the heating rate due to radiation, conduction, and diffusion. Then (A5) becomes

D k
p%=—V'(5PV)+V-(V'T)+psae, (A3)
where
3T\ . Top, o oo .
== E— |l = —— )% A9
sae <T>q T¢+ 0<T T())X (A9)

Itis convenient to rewrite the equation in flux form using the exergy. The exergy of the jth
component is defined as ex; = 8h; — Tyds;. Then the available energy is pae = pjex; —3dp
or ae = ex — adp and the flux form of (A8) is

0p (ae + ke)
— = —V-[pltke+ex)vI+V-(v-1)— pv-VD,4u + psae, (A10)
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where the rate of working by the pressure departure has dropped from the equation. Decom-
posing the diabatic term into radiative heating and heat fluxes pg = pg,qa — V - J; yields

3T . ?dT 3T Ty
TP = 7pqmd—V- TJ‘I +ﬁJq~VT. (A11)
The third term in (A9) is modified by noting that the ¥ term may be written in terms of the
salt flux relative to the mean flow as px = —V - Jg, where Js = psvg = —J,,. The last
equality follows from mass conservation. Then the third term becomes
moopo) . mo Ko 1
(2 -2 o5 =-—pv. (L& T .v(—), A2
O(T T())PX 0 (T TO>JS+ ods T (A12)

using the fact that o/ Tp is a constant. Collecting these results, we have

YA 3T [T VY .
psae = p <T> Grad — V - <?Jq> — TV - <? - F(())) Js — To Sirr (A13)

where the irreversible entropy production is

. 1 . 1 W
§irr = qu)—ﬁJq.VT—Js.v(?) > 0. (A14)
The convergence terms in (A13) can be combined as follows. The heat flux is composed
of a conductive flux and a diffusive flux: J;, = Jeona + Jaigr, where Jeong = —kr VT and
Jaip = hsJs + hyJy. Here k7 is the thermal conductivity of seawater. Then
dT L o 3T
-V = —Tho)V-|=—— ==V .| —=Jeona )| =V - Jex, AlS
< T Jq> 0 <T T Js T Jcond J (A1)

where the exergy diffusive flux is

3T [V
Jox = ?Jdiﬁ + T (T - FZ) Js = exgJs + exuJu. (A16)

The last equality follows with some effort by using the definition of the relative chemical
potential.
With these results the available-kinetic energy equation (A10) becomes

dap (ae + ke)
——— = -V - [pkeV + pyexyVy + psexsvs + QT /T) Jeon
57 [p PweXy psexsvs + QT /T) Jeondl (AL7)

+V-(v-1) = oV Vg0 + BT /T) pGraa — ToSirr-

Integration over the volume of the ocean yields the results discussed in section 5.
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