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Abstract

The pitfalls of applying the commonly used definition of available gravitational potential energy { AGPE ) to the world oceans are

re-examined. It is proposed that such definition should apply to the meso-scale problems in the oceans, not the global scale.

Based on WOA98 climatological data, the meso-scale AGPE in the world oceans is estimated. Unlike previous resulis by Oort et

al. , the meso-scale AGPE is large wherever there is a strong horizontal density gradient. The distribution of meso-scale AGPE re-

veals the close connection between the baroclinic instability and the release of gravitational potential energy stored within the scale

of Rossby deformation radius.
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1 Imtroduction

The oceanic general circulation takes place in
the environments of gravity. As a mechanical sys-
tem, the oceanic circulation requires sources of me-
chanical energy to overcome friction and dissipation.
Although the ocean receives a huge amount of ther-
mal energy from solar radiation and the atmosphere,
it cannot convert the thermal energy efficiently. In

fact, the oceanic circulation is not a thermal engine;

instead, it is a conveyer driven by external sources

of mechanical energy from wind and tides. There-

fore, the mechanical energy, in particular, the bal-
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ance of gravitational potential energy ( GPE ) plays a
vital role in the energetics of the oceanic circulation
( Huang, 2004 ). Using the mean depth of the world
vcean, z = 3750 m, and the reference level, the total
amount of GPE in the world oceans is estimated at
20.9 YJ ( Qort et al. , 1994 ). However, most part
of such huge amount of energy is dynamically inert,
and only a very small fraction, the available gravita-
tional potential energy ( AGPE ), is dynamically ac-
tive.

The concept of AGPE was first introduced by
Margules ( 1905 ). However, the application of this
concept to the dynamics of atmosphere appeared pri-
marily after Lorenz ( 1955 ) introduced an approxi-
mate definition for AGPE. Different forms of AGPE
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have been proposed for the study of the ocean. For

an incompressible ocean, AGPE is defined as
X:gf(z—-Z)dm, (1)

where g is the gravitational acceleration; z and Z are
the geopotential height of a mass element in the
physical and reference states.

The reference state is defined as a state with
minimal GPE. For the case of an incompressible
ocean such a reference state can be found through a
single sorting ( Huang, 1998 ). Owing to the nonlin-
ear equation of state of the seawater, searching such
a state of minimal GPE in the ocean is complicated.
In previous studies the horizontal mean density pro-
file has been used as the reference state as a compro-
mise. For example, Wright ( 1972 ) discussed the
deep circulation of Atlantic, using such a reference
state to infer the rate of the release of AGPE in the

Atlantic. In many previous studies for the oceanic

circulation AGPE is calculated according to the fol- |

lowing definition { Qort et al. , 1989; Oort et al. ,
.1994; Reid et al. , 1981 ):

T =—gj”(—f’—‘[;3’(z¥'))zdxdydz, (2)

where the reference state o( z) is defined by horizon-
tally averaging the density field; and p? is the verti-
cal gradient of the horizontal-mean potential density.

Since this definition is equivalent to that used in
quasi-geostrophic dynamics ( Pedlosky, 1987 ), it
has been called the quasi-geostrophic AGPE { QG
AGPE hereafter ) ( Huang, 1998; 2005 ). Note that
in this study the vertical gradient of potential density
was calculated as follows: first, the potential density
atlevels ( £ +1) and (k-1 ) was calculated, using
the Pressure at Level % as the reference pressure;
second, a central difference was used to calculate
the vertical gradient of potential density at
Level k.

Although this definition is simple and easy to

use, it has some problems as well. First, although

quasi-geostrophy is a sound approximation for the
study of meso-scale eddies and baroclinic instability,
it is inaccurate for the study of thermohaline circula-
tion. It is found that the application of this tradition-
al definition of AGPE and its sources can lead to
substantial errors, as shown in the case of an incom-
pressible ocean by Huang ( 1998 ). Second, the con-
tribution due to internal energy is not clearly defined
in this formulation. Thirdly, as discussed by Huang
{ 2005 ), horizontal mixing of density field is re-
quired during the adjustment from the physical state
to the reference state; thus, this definition is not
based on truly adiabatic processes. Furthermore, a
close examination reveals that such a horizontal shift-
ing of water mass does not change the total GPE;
thus, the meaning of AGPE defined in this way re-
mains unclear.

Despite of the problems existed in the QG
AGPE for application to the study of basin-scale dy-
namics; there is no question that such a definition
remains a very powerful tool in the study of meso-
scale dynamics, in particular in understanding the
baroclinic instability. It is well-known that GPE of
the mean state is released and converted into kinetic
energy and potential energy of meso-scale eddies.
Therefore , it is important to explore whether we can
find a suitable way to use this commonly accepted
definition of AGPE. As will be discussed shortly,
the best way is to limit its use for problems with hori-
zontal scale on the order of deformation radius. Ac-
cordingly, we will call such a definition meso-scale
AGPE ( MS AGPE hereafter ). On the other hand,
for dynamical processes associated with basin-scale,
the exact definition of AGPE should apply, as dis-
cussed by Huang ( 2005 ).

In this study we will be focused on the MS
AGPE in the world oceans. First, we derive a for-
mula appropriate for meso-scale phenomena in Sec-
tion 2. Combining with climatological grid data, we

apply this formula to the distribution of MS AGPE in
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the world oceans in Section 3. This study is conclu-

ded in Section 4.
2 Formula and method for calculation

Our calculation was based on WOA98( Levitus
et al. , 1998 ) climatology data, with a horizontal
resolution of 1° x1° and 33 levels in the vertical di-
rection. Here the UNESCO equation of state ( Fo-
fonoff and Millard 1983 ) was used in the density and
potential density calculation. For comparison, we
carried out four calculations in which the same for-
mula ( 2 ) was used.

Case A: Eq. (2) was applied to a global 1° x
1° grids, i.e., the density obtained by horizontally
averaging over the 1° x 1° grid cell was used as p in
Eq. (2 ); results from this caleulation will be re-
ferred to as MS1 AGPE hereafter. The corresponding

finite difference scheme ( see Appendix A ) is:

o

I, =% (0 +4 +m112~p§)<,af )4AZ,. (3)

Case B: Eq. (2 ) was applied to a global 2° x
2° grid, and the results will be referred to as MS2
AGPE. In this case, the density horizontally aver-
aged over the 2° x2° grid cell was used as the refer-
ence density p. Equation ( 2) is reduced to the fol-

lowing finite deference form ( see Appendix ):
km 4
¢ __& 1, 2 1 2
H,;h,' - 2 ; ; [lz(px,_,r +py,i + lsz,i) +
()6:' _I; )2]( Ef )_lAiAZk (4)

where p, is the average density in one of each four
sub-cells in the 2° x2° grid cell; the reference state
density p is the horizontal average density of those
four sub-cells; p? is the average vertical gradient of
potential density in this cell; and A, represents the
area of a sub-cell. For the meaning of p, ;,p ,.p, ;
and the derivation, the reader may refer to the Ap-
pendix A.

Case C: Eq. (2) was applied to the individual

basins in the world oceans, and the results will be
referred to as BA AGPE hereafter. Therefore, the
horizontal-mean density and the vertical gradient of
potential density in each basin were used in Eq. (2 )
accordingly.

Case D: Eq. (2 ) is applied to the world
oceans, and the results will be referred to as GL
AGPE hereafter. In this calculation, the density pro-
file obtained by horizontally averaging over the global
oceans was used as p( z}, and the corresponding
global mean vertical potential density gradient was
used as p!. Note that the result obtained from this
case is parallel to that obtained by Oort et al.
(1994 ), and any difference between our results
presented here and Oort et al. ( 1994 ) is due to the
data quality ( Oort et al. used an old data set with a
very low resolution of 4° x5° ) and the finite differ-
ence schemes are used in the calculation.

Note that for Cases A and B some inland seas
and semi-closed basins were excluded from our cal-
culation, such as the Mediterranean Sea, Red Sea,
and Hadson Sea. Besides, in the Northern Hemi-
sphere our calculation was limited to 70°N; thus,

the Arctic Ocean was excluded.

3 Results and analysis

3.1 Global sum of AGPE

The total amount of AGPE and its horizontal
distribution calculated from these cases are different.
First of all, the total amount of AGPE increases dra-
matically, as the horizontal scale used to calculate
the reference density p increases ( see Table 1 ).
Note that for Case C, the calculation was carried out
for 14 basins, and the corresponding results are lis-
ted in Table 2. The large difference in the total a-
mount of AGPE calculated in these four cases can be
easily explained through the definition of Eq. (2 ).

Assuming the density is a linear function in space,
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AGPE calculated from Eq. (2 ) is linearly propor-
tional to the square of the grid size. Therefore, as

the horizontal scale of density averaging increases

from 1° to 2°, to the basin scale, and eventually the

global scale, the total amount of AGPE increases
1 000 times ( Table 1 ).

Table 1. Global sum of AGPE( EJ) of all cases. Values in _the last column are the total amount of AGPE
and the net AGPE, calculated from the exact definition of AGPE, as discussed by Huang ( 2005 )

Case
A(MS1) B( MS2) C(BA} X GL) Pt
AGPE/E] 1.07 8.22 344 1277 1880( 811 )
Table 2. BA AGPE ( EJ) in different basins

Basin BA AGPE/E] Basin BA AGPE/E]
North Pacific 21.6 Arctic Ocean 51.0
North Atlantic 15.2 Gulf of Mexico 0.296
North Indian 1.58 South China Sea 0.754
South Pacilic 19.7 Indonesia seas 1.65
South Atlantic 6.13 Mediterranean 0.26
South Indian 15.0 Sea of Japan 0.51
Southern Ocean 210 Hadson Bay 0.005

Sum

344

Which calculation gives the best estimate of
global sum of AGPE? MS1 AGPE gives a global sum
of 1.07 EJ, which is 9/10 smaller than the total a-
mount of meso-scale energy in the world oceans, 13
EJ estimated by Zang and Wunsch ( 2001 ). Since
meso-scale eddies obtain their energy primarily from
AGPE, this estimated amount of AGPE ( 1.07 EJ )
may not be large enough to support the meso-
scale activity, and, thus, the total amount of AGPE
calculated from MS1 AGPE seems to be too small.

By doubling the grid size, the global integrated
MS2 AGPE is 8.22 EJ, which is comparable to the

total kinetic energy of meso-scale eddies, 13 EJ.
V Choosing such a 2° x 2° grid can be linked to the
preferred horizontal scale for the baroclinic instabili-
ty. The major density fronts in the world oceans are
mostly located at middle latitudes, where the first

baroclinic radius of deformation is about 40 km. The

typical wave length of meso-scale eddy is estimated
at 2+ times the Rossby deformation radius, and ithis
corresponds to approximately 200 km at middle lati-
tudes; thus, a 2° x2° grid is the optimal size to
catch the GPE available through the baroclinic insta-
bility. At higher latitudes, the first deformation radi-
us is reduced to 20 km or less, but the zonal length
of our 2° grid is also reduced to the order of 120 km;
thus, it seems a suitable choice. Note that at low
latitudes, the deformation radius is on the order of
200 km or more, so our 2° grid may not be a good
choice for the meso-scale phenomena there. Howev-
er, our 2° X 2° grid seems a good compromise for the
world oceans.

Note that the reference state used in this calcu-
Iation is a density field which is piecewise constant
within the 2° x 2° grid cell. It is clear that such a

reference state.is not a state of minimal gravitation
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potential energy for the world oceans because the ad-
ditional adjustment of the density field is possible to
low down the GPE further. Therefore, the total MS
AGPE caleulated in this way is much smaller than
the total amount of GPE that can be released from
the initial state; instead, the horizontal distribution
of M52 AGPE provides us important information re-
garding the potential energy source supporting the
baroclinic instability on the scale of deformation ra-
dius.

On the other hand, both the BA and GL AGPE
give a much large amount of global sum of AGPE
( see Table 1 ). Incidentally, the total amount of
AGPE calculated from the GL definition fells be-
tween the AGPE and APE calculated from the exact
definition of AGPE discussed by Huang ( 2005 ).
However, applying these two definitions te the world
oceans is theoretically inappropriate. As discussed
by Huang ( 1998, 2005 ) and summed up in the in-
troduction, such applications violate the fundamental
assumptions, such as the adiabatic adjustment from
the physical state to the reference state. The pitfalls
of these two definitions will be further illustrated
through analysis of the results obtained in the follow-
ing discussion.

The most remarkable contrast is between MS1
AGPE and GI. AGPE, which reflects the essential
differences between the potential adjustment proces-
ses implied in these two definitions. In the following
discussion a detailed description of MS1 AGPE dis-
tribution will be presented and compared with that
obtained from Case D, i.e., the GL AGPE.

3.2 Global distribution of AGPE

MS1 AGPE distribution in the world oceans cal-
culated from Eq. (3 ) shows a very interesting pic-
ture ( see Fig. 1 ). The most remarkable feature is
the high-density of MS1 AGPE associated with strong

density fronts, including the western boundary cur-

rents, such as the Kuroshio and Gulf Stream between

20° and 40°N ( with a MS AGPE density of 2 KJ/
m* ), and Antarctic Circumpolar Current { ACC
hereafter; with a MS AGPE density of 9 KJ/m® ).
The total MS AGPE stored in the Southern Ocean is
approximately 0. 8EJ, which is almost three times

* larger than the Northern Hemisphere. Distribution of

AGPE calculated from Case B has a feature very sim-
ilar to that from Case A, except for slightly more dif-
tusive features due to a lower spatial resolution.

In comparison, the distribution of GL AGPE
calculated using a reference state defined as the
global horizontal-mean density, is quite different
from two MS AGPE. Note that the units used in Fig,
2 is 1 000 times larger than that in Fig. 1 because
the scale used to calculated the horizontal mean den-
sity in this case is much larger than in Fig. 1; the
reason for such a huge difference in magnitude has
been discussed above. It is readily seen that high GL
AGPE values primarily appear in the western equato-
rial Pacific and at high latitudes, such as around
60°S in the Southern Hemisphere and in the Green-
land ~ Norwegian Sea in the Northern Hemisphere
('see Fig. 2 ). Note that although ACC is a high-val-
ue area of AGPE in both GL AGPE and MS AGPE,
there is a big difference in the exact location. In the
case of GL AGPE, the maximum appears around the
southern edge of ACC, at the latitude band of 60°S;
while the high-value areas of MS AGPE appear at the
latitude of 50°S and near the core of the fronts in
ACC.

The difference in the distribution of AGPE be-
tween these two cases reflects the essential difference
in the fundamental assumptions made in these two
definitions. In the case of GL AGPE, the strength of
AGPE at a given location 1s assumed to be propor-
tional to the difference in the local density and the
global horizontal-mean density. Since the surface
density in the ocean interior at middle latitudes is
close to the global horizontal mean, GL AGPE is

small in such areas. On the other hand, the density
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Fig. 1. Horzontal disiribution of the vertically integrated MS1 AGPE ( KJ/m® )_'in the world oceans.

0’ 60° 120° L180°W 120° 60° 0°

Fig. 2. . Horizontal distribution of the vertically. integrated GL AGPE. { MI/m® } in the world oceans.

. in the western equatorial Pacific is much smaller These areas with a high value of GL AGPE are the
than the global mean, and the density at high lati- artifacts of applying AGPE applied to the global
tudes is much larger thfan_'t.he gl(:jbal horizontal mean, scale, and they are not related to realistic physical
As aresult, GL AGPE shows high value in both high processes in the world oceans ( Huang, 1998,
. latitudes and Western Equatorial Pacific ( Fig. 2 ). 2005 ). On the other hand, areas of high MS AGPE
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are closely linked to the baroclinic instability associ-
ated with strong density fronts in the world oceans,
and they are the most interesting sites for the study of
meso-scale dynamics. .

The close link between the méjor density fronts
and MS AGPE in the world oceans can be seen clear-
ly on horizontal maps of MS AGPE. distribution at
constant depths; as an example ., a map for the MS1
- AGPE density at the 200'm depth is shown in Fig 3.
The high-value areas include the core of ACC with

density higher than 1.8 J/ m®, the Kuroshio and. its

‘extension with density higher than 1. 6 J/m’, the
'_Guif Stream and the North Atlantic Current with den-
' sity higher than 1.6 J/m’, the North Equatorial Cur-

rent with density higher than 0.8 J/m’, and the ma-

jor currents associated with the subtropical gyres in

the South Pacific and South Indian Oceans. These

outstanding features do not appear in the correspond-

ng hoﬁzpntal map of GL AGPE ( figure not includ- _
ed ).

E180°W 1200 60 0°

200
60°

80°

Fig. 3. ' Horizontal distribution of MS1 AGPE ( J/m® ) at the depth of 200 m.

3.3 Meridional distribution of AGPE

To clearly show the structure associated with

density fronts in a single map and avoid the land

mass , the following composite meridional distribution:

of MS1 AGPE is presented here: it combines a sec-
tion from 75°S to 10°N at 30°W and a section from
10° to 60°N along 45°W ( see Figs 4 and 5, dash
lines in Fig. 1 depict positions: of these sections ).
_The cores of ACC appear as a local maximurn at the
latitude of 50°5 and at the depth of 300 ~1 500 m,

. with a value higher than 3 J/m’. The Gulf Stream

appears as a maximum at the latitude of 40°N and in
the upper 500 m.

On a close examination, all major currents and

~ frontal structures in the upper ocean through this sec-

‘tion can be clearly identified from a map for the up-

per ocean ( see Fig. 5 ). At least four outstanding
frontal structures can be clearly identified in the up-

per 100 m. The equatorial current system can be un-

. :mistakably linked to the frontal structure in the upper
500 m.
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For comparison, the meridional distribution of

GL AGPE along the same meridional section looks .

quite different. In contrast to't'he distribution of MS1
AGPE, the high-value contours appearing in the GL
AGPE section map ( Fig. 6 ) are mostly confined to
high latitudes, such as south of 60°S in the Southern
Hemisphere and north of 50°N; these high-value ar-
eas are not related to strong fronts in thé oceans and
any other potential physical processes in the oceans.
As such, these features are artifacts of the GL AGPE
definition, and they should be treated with caution
( Huang, 1998, 2003 ). '

Depth/m

10°S0°N10°  30° 50°

700 07 3¢

Fig. 4. A composite  see the lext ) meridional section of MS1
AGPE density ( J/m’ ) distribution in the Atlantic.

7 ]

100
£
g 500
=]
1 000 L LD .
70° 50° 30° 10°SO°N10° 30° 50°
Fig. 5. The corresponding MS1 AGPE density ( J/m’®)

distribution in the upper ocean.

A composite meridional distribution of MSI -
AGPE in the Pacific Ocean is shown in Figs 7 and

8. These maps are composite of three segments: a

segment along 150°E from 10° to 60°N, a segment =

along 170°W from 10°S to 10°N, and another seg-
. ment along 155°W from 10° to 75°S. All the major

zonal currents in the Pacific appear as remarkable

Depth/m

© 4000

100
500
1 000
1500 ¥
2000

3000

5000

5 500 )

30° 10°50°N'10° 30° 50°

0 s
Fg. 6. The corresponding meridional section of GL. AGPE
density ( %10 k]/m* ) distribution in the Atlantic.

features in these two maps. Similar to the situation

in the Atlantic Ocean, contours with maximal values

.-appea.r in the latitudinal band of 40° ~60°S, with. -

the maximal value exceeding 5 J/m® and extending
from the surface to the depth of 700 m. In the North-
ern Hemisphere, high value of MS1 AGPE appears
as three cores in the upper ocean: a surface trapped
maximum at 5° N, corresponding to the westward
North Equatorial Countercurrent; a subsurface maxi-
mum at 20°N,; corresponding io the North Equatorial
Current; and a third outstanding maximum at 38°N,
corresponding to the strong east-moving Kuroshio.
The core of Kuroshio extends all the way to the depth
of 1 000 m at this section { see Fig. 8).

<100
© 500

1560
2000

3006

Pepth/m

4000

5000
5500

[\

70° 500 30°  10°SOPN1O° 30° 500

- Fig. 7. A composite meridional secﬁoﬁ( ée{-; text ) of MS1

AGPE density { J/m’ ) distribution in the Pacific.

The corresponding meridional distribution of GL

" AGPE is shown in Iig. 9. Similar to the correspond-

ing meridional map in the Atlantic, high-value GL
AGPE contours are confined to high latitudes and

equatorial band, with no specific link with the strong
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100 ) -- )

500

Depth/m

30°. C10SONIO° 30° 500

100042
70° 50°
Fig. 8. The corresponding MS1 AGPE density

o ( I/m’ ) distribution in the upper ocean.

100
500
1000
1500
2000

)
(;0:99 .. T 2.

3000

"Depth/m

4000

5000
5500

10°8¢°N16°  30° 50°

00 500 30
Fig. 9. The corresponding meridional section of GL AGPE
density ( x 10 k}/m’ ) distribution in the Pacific.

currents in the oceans.

The distribution of MS1 AGPE along 60°E in
the Indian Ocean is shown in Fig. 10. Similar to the
previous two sections in the Atlantic and the Pacific,
here again the high-value contours of MS1 AGPE are
located around 50°S, apparenﬂ:y the same location of
" the core of ACC, with a maximal value of 5. J/m*in

the core of ACC.:_ The corresponding distribution of
GL AGPE along this. section is shown in Fig. 11.

" Although there are local maxima in the Southern

Hemisphere, their location is either north of the core

of ACC or south of the core, i. e. , at the high latitu-
dinal edge of ACC. - '

3.4 Zonally integrated distribution of MS AGPE.

and GL AGPE_

Finally, we present the zonally integrated distri-
bution of AGPE ( Fig. 12 ). Note that in order to

show the noticeable distinction among them, they

Depth/m

. 5500

100
500

. 1000
1500
2000
3600
4000

5000

76° 50° 30° 10°80°N10™ 307 50

-Fig..- 10. A meridional seetion along 60°E of the MS1
AGPE density { J/m® } distribution in the

Indian Ocean.

©o 100
5000
-1000
1500
2000

3000

Depth/m

4000

5000
53500

10°80°N10° ©  30° 50°

70° 507 30°

Fig. 11. The corresponding meridional section along
60°E of the GL. AGPE density ( x10 kJ/m’ )

distribution in the Indian QOcean.

were drawn on the same panel with different units;

thus, the scale of GL AGPE is 10 times larger than

- M32 AGPE, and MS2 AGPE is 10 times larger than

MSi1 AGPE.
20 T T T — . Y r
PO H . e GL {unit: x10E])
I == W52 (unit: x 1KJ)
15 iR e MS1 (unil: x 0,1 EJ)
i N
S T B .
Lo TR O SORU O O DUPUY NORO. N
oprk s o
' LAl
05 boordd A\
- f 1A
IS
0.0 725 M, R = AN

80° 60° 40° 20° Z0°N-20° 40° 60° 80°

Fig. 12.. There AGPE integral values distribution
along each 1° latitude band; note different unils

used for each case.

The major difference between these three cases

is summarized in this fignre. Here again, the high
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value of GL AGPE appears at low latitudes { 0° ~20°

N ), with a total value of more than 10 EJ, and at g

latitudes higher than 60°S, with a total value of more
than 15 EJ. The existence of these high-value areas

is due to the large departure of location density to the
global mean. In coin'tr_asf', the high-value area of MS
AGPE exists between 40° and 60°S, with a total val-
ue approximate to 0.5 EJ for MS2 and above 0.05

EJ for MS1. In the case of MS AGPE, the core of
"ACC stands as the most important site of ‘high value

area in the world oceans, and this is consistent with

the physical processes associated with the strong
multiple fronts associated with ACC, where GPE is
continuously being released through baroclinic insta-
bility. In addition, MS1 AGPE is large north of the

equator for the same reason.

4 Conclusions

- Since application of the traditional_:definition of
AGPE to the world oceans is questionable, we re-ex-
amined the definition of AGPE. Based on the dy-
" namical framework of meso-scale dynar_nics. and ba-

-~ roclinic in.s'tabil'ity, we argued that the same formula

is applicable to the meso-scale problem, not the

global-scale problem. In contrast to the previous :

- studies by: Oort et al. ( 1994 ), where the same for-
-mula was used to calculate the AGPE, i.e., using
.t_he basin-mean density as the reference.density, we
demonstrated that using the same formula to meso-

scale problems, i. e. , using the density averages o-

. ver a meso-scale grid as the reference density, can

. produce a very informative map of AGPE distribution

in the world oceans, which is closely linked to the

strong density fronts and currents in the oceans. .On

the other hand, our calculation demonstrated that the

application of CL AGPE can lead to maps of AGPE - |

which is unphysical.
Note that MS AGPE distribution is closely relat-

" ed to the baroclinic instability in the oceans. In fact,

the MS AGPE definition is directly linked to the rate
of GPE transformation from the mean state to eddies,
which is commonly parameterized in terms of the

Gent-McWilliam scheme ( Gent et al. , 1995 } and

- other variations of the scheme. The major uncertain-
”_ty involved in such a scheme is the so-called é_ddy

- diffusivity. Assuming certain formulae for the eddy

diffusivity , which may not necessarily be constant in
time or space, the MS AGPE discussed here is im-
mediately linked to the conversion from the mean

state GPE to the eddies. For the transform of energy

from the mean state to the eddies in the world

oceans, the reader may refer to Huang and Wang
(2003 ); however, the exact nature of this connec-

tion is a matter of hot debate, and it is thus beyond

‘the scope of this study.

In addition to the recent work by Huang ( 1998, .
2005 ), thus, we postulate that there are two dis-
tincily different definitions of AGPE, and they can
be used as diagnostic tools in the study of oceanic
circulati_on_. First, there is a MS AGPE discussed in
this study, which can be used to diagnose the AGPE
associated with the strong density fronts and currents
in the system. MS AGPE is available for the meso-

scale activity, such as the baroclinic instability;

. thus, it is useful for the study of meso-scale activity

in the circulation system.

Secoﬁd ,.'t.here is the exact definition of AGPE,
as discussed by H'uang { 1998',_ 2005 ). The exact
definition of AGPE can be used as a powerful tool in
diagnosing the energetics: of the basin-scale circula-

tion, 1. e., the mean current of basin-scale. For ex-

" ample, the energetics of the basin-scale circulation

over the decadal time scale or the centennial time

scale can be examined, using the exact definition of

AGPE.

Note that these two definitions may provide in-
formation about the oceanic circulation on different
horizontal scales and temporal scales, which are

compensating each other; thus, they may be used at
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the same time to diagnose the structure and time evo-
lution of the system. The application of both defini-
tions to the same circulation problem will provide ex-
isting - information about thé system, and a test study

is currently under way.
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Appendix A |
Available gravitational potential energy for 1° x 1° and 2° x2° grid cells S

-1 Fofmula for the 1° x1° grid cell

Assuming the grid cell in question is within the four grids (1,7), (i +1,7), (i,j+1), and (i +1,j+
1). It is more convenient to use the center of the grid cell as the origin of the new local Cartesian coordinates
( %,y ). Assuming the density distribution within this grid cell is a bi-linear function of the local coordinates,

- we have the following expression of density distribution within this grid cell:

P =P+ PY +PaY +ps

_(pH-lj .+pz+lj+l) _(pu"'Pa,w-l )’

p, = E(p‘.‘ﬁl +'pi+l,j+1 ): —<,0” +Pa+1;)
A = (Pi,j T Piv1jn ) _'(Pi_'f+'1 F Pivt 2
p = wl-(pij T Pijar * Piar +Ps+lj+z ):
Thus , simple mtegratlon Ieduces Eq.(2)to the following finite dlfference form:

];_['2 Q% (Px +py t+ 12PA)( ) 'IAAZ;:,

i
where km is the lowest 1eve] of the water column in the gnd cell; p? is the honzontal -mean vertical gradient of

potential density within this grid cell; and A is the area of the grid cell. -
2 Formula for the 2° x2° grid cell

As Fig. Al shows, there are nine points and four sub-cells in a 2° x2° grid cell. The densities of these
POINLS AT€ P;_1 ;1 5Pi 15 Pio1 et 2Pio1 2P 2 Pijut 2Pt ot »Pis1 i Pivt ot » respectively, and areas of the sub-
cells are A, A, A; A,. Assume density in each sub-cell is a bi-linear function in the local Cartesian coordi-
. nates ( %, y) w1th the origin at the center of each grid sub-cell. For example, the density within the ﬁrst sub-
: .cell is in forms: ' .

P = pa® Pyt paiFY t Py
: 1 _ 1
= E(-pi-l.jﬂ T P ) - ?(pi—],j TP ),
- X ) - )
) Piciy TP/~ 2 Pija TP/
Par = (.Di.j TP ) - (Ps,ju P, ),

- 1
m,= I(Pi'—l‘j P TPia TP )
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Similarly, the density distribution in .ot_her_sﬁb—cells can be derived accordingly, with the following notations :
- - - . oo . o= 1
Pz22Py2088,202:Px300539P4,3:P32P,42Py.4 108,404+ The average density of this 2° x2°grid cell is p = 4 X
Cp; +152 + 03 :4‘;64 ).
‘The: corresponding AGPE integrated over the area of the first sub-cell is
. a 172 172 x + + + D, — )2
I =-£faf" o (Pea® +ppa¥ *pan® *p1 —p )y
4, 2 -2 Tl pe

where the re_f_érence state p is defined by. horizontal avera_g'i.ng of the density field in the four sub-cells, and p?

is the Ve_rt_icé_l gradient of the potential density averaged over the four sub-cells. Integrating over each sub-cell

and summing up, the total AGPE in each 2° x2° grid cell is
hm 4
© __ & 1/ 2 1, - =82y ze gyt _
[T, == 5 & Bl b+ (o - 7Ja0 402,

where km is the lowest level of the water column m this grid cell, and A, is the area of each s_ub_-c.c_ell. _

B ¥
G-1, i=1) CG-L =1, j+1)
> X
G.17-1) .7 R UM P
G+, j-1) 4L ) (i+1, j+1)

'Fig. Al. Sketch of a nine-pdint 2 %x2° grid cell in a resolution.




