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Mean energy balance in the tropical Pacific Ocean

by Jaclyn N. Brown1,2 and Alexey V. Fedorov1

ABSTRACT
The maintenance of the ocean general circulation requires energy input from the wind. Previous

studies estimate that the mean rate of wind work (or wind power) acting on the surface currents over
the global ocean amounts to 1.1 TW (1 TW � 1012 Watts), though values remain highly uncertain.
By analyzing the output from a range of ocean-only models and data assimilations, we show that the
tropical Pacific Ocean contributes around 0.2 to 0.4 TW, which is roughly half of the total tropical
contribution. Not only does this wind power represent a significant fraction of the total global energy
input into the ocean circulation, it is also critical in maintaining the east-west tilt of the ocean
thermocline along the equator. The differences in the wind power estimates are due to discrepancies
in the wind stress used to force the models and discrepancies in the surface currents the models
simulate, particularly the North Equatorial Counter Current and the South Equatorial Current.
Decadal variations in the wind power, more prominent in some models, show a distinct decrease in
the wind power in the late 1970s, consistent with the climate regime shift of that time and a flattening
of the equatorial thermocline. We find that most of the wind power generated in the tropics is
dissipated by friction in the mixed layer and in zonal currents with strong vertical and horizontal
shears. Roughly 10 to 20% of the wind power (depending on the model) is transferred down the water
column through vertical buoyancy fluxes to maintain the thermocline slope along the equator.
Ultimately, this fraction of the wind power is dissipated by a combination of vertical and horizontal
diffusion, energy advection out of the tropics, and damping by surface heat fluxes. Values of wind
power generated in the tropical Pacific by coupled general circulation models are typically larger than
those generated by ocean-only models, and range from 0.3 to 0.6 TW. Even though many models
simulate a ‘realistic’ climate in the tropical ocean, their energy budgets can still vary greatly from one
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model to the next. We argue that a correct energy balance is an essential measure of how well the
models represent the actual ocean physics.

1. Introduction

Energy input to the ocean by the wind stress, or wind power, is the main source of
mechanical energy for the oceanic general circulation (e.g. Wunsch and Ferrari, 2004;
Huang, 2004). It is estimated that globally the wind power supplies approximately 1.1 TW
(1 Terawatt � 1012 Watts) to the ocean circulation (Huang et al., 2006). The largest source
of this wind power occurs in the Southern Ocean where the strong westerly winds drive the
Antarctic Circumpolar Current. The tropical Pacific is the next largest source because of
the strong trade winds and zonal currents. The tropical oceans are also responsible for most
of the interannual variability in the global signal of the wind power (Huang et al., 2006).

The ocean energetics in the tropics describes the relationship between wind power,
buoyancy power, and the available potential energy (Goddard and Philander, 2000;
Fedorov et al., 2003; Fedorov, 2007). When the wind vector projects positively onto the
ocean surface current (i.e. the wind blows in the same direction as the current), the
mechanical energy of the ocean is increased. This process represents a transfer of wind
power from the atmosphere to the ocean. When the winds blow in the opposite direction,
the result is to remove energy from the system (negative wind power).

The physical meaning of wind power is the rate of wind work, or more specifically, the
rate of the work of the wind stress on ocean currents, and it is measured in Watts. For the
sake of brevity, previous studies sometimes referred to this variable as work done by
the winds or simply wind work (e.g. Fedorov, 2007; Wunsch, 1998). Here, we will
follow the strict physical definition and refer to it as wind power.

A significant fraction of the wind power is converted to buoyancy power. Buoyancy
power causes vertical movements in the isopycnals and affects the rate of change of
available potential energy in the system. In the tropical Pacific Ocean, as we are going to
show, the mean available potential energy is primarily a measure of the mean thermocline
slope along the equator. Therefore, in the tropical Pacific, there is a direct connection
between the wind power at the ocean surface and the mean slope of the thermocline.

Existing estimates of wind power over the global ocean have large uncertainty (Wunsch,
1998; Huang et al., 2006). Ideally, to calculate wind power accurately, well-resolved
datasets of winds and surface currents are needed. However, direct observations of surface
currents are sparse, while indirect estimates of surface velocity using sea surface heights
are inaccurate, especially in the vicinity of the equator. The overall energy balance is even
harder to estimate, since it requires accurate information on subsurface variables, such as
vertical velocity and density.

In this study, we determine the mean wind power acting on the tropical Pacific Ocean
and its effect on available potential energy, by comparing a number of different sources,
including ocean-only models and data assimilations. We explore what factors determine
the values of the mean wind power, and how the mean wind power changes over decadal
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timescales. Further, we estimate the proportion of wind power that is converted to
buoyancy power, which is then used to re-supply energy lost to dissipation and is essential
for maintaining the slope of the thermocline. We will compare these results with the results
from several coupled models from the Program for Climate Model Diagnosis and
Intercomparison (PCMDI) database including some from the Intergovernmental Panel on
Climate Change Fourth Assessment Report (IPCC AR4).

Our estimates of the mean wind power in ocean-only models and ocean data assimila-
tions range from 0.2 to 0.4 TW over the tropical Pacific, which represent a substantial
fraction of the previous estimated global value of 1.1 TW. These numbers would increase
further, if the Atlantic and Indian oceans are also taken into consideration. The discrepan-
cies in our estimates of the wind power can be accounted for by a combination of
differences in the wind stress used to force the models and the simulated structure of the
ocean surface currents.

Coupled models tend to overestimate the mean wind power with values nearing 0.6 TW,
which is related primarily to excessively strong winds produced by the models. In turn, too
strong wind power leads to larger buoyancy power, which supports a steeper thermocline
in some of the coupled models.

Finally, we find that the wind power in the tropical Pacific is subject to significant
decadal variations, especially related to the climate shift of the late 1970s (e.g. Guilderson
and Schrag, 1998; Fedorov and Philander, 2000). Thus, our results indicate that accurate
estimates of the global wind power, and hence of the net wind work on the ocean general
circulation, require a careful consideration of the tropical ocean.

2. The energy balance for the tropical ocean

The energy balance for the tropical basin can be written in terms of changes in the
kinetic (K) and available potential energy (APE or E for brevity)

�K

�t
� W � B � Dissipation

(1)
�E

�t
� B � Dissipation.

Here, W is the wind power and B is the buoyancy power (also referred to as the conversion
of kinetic to potential energy (Wunsch and Ferrari, 2004)). Dissipation refers to the loss of
power due to dissipative processes and energy loss at the boundaries of the tropical basin.

We focus on the Pacific region between 15S to 15N and 140E to the coast of the
Americas. This region is chosen to capture the important ENSO dynamics and minimize
other climatic contributions. For example, the dominant wind power signal is contained
within this box, however the noise-prone features due to western boundary currents have
been excluded. Further comprehensive discussion of why this region is chosen can be
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found in Brown and Fedorov (2008). A full analysis of these equations is given in the
Appendix.

For a steady state, the time dependent terms on the left-hand side of (1) vanish. The net
wind power, W, is positive, providing a source of energy in the kinetic energy equation.
Mean wind power (in Watts) is calculated as

W � �� ��v�dxdy ��� ��xu�dxdy (2)

where � � (�x, �y) is the wind stress, and v � (u,v) is the horizontal velocity measured in
(2) at the ocean surface. The brackets indicate a time average and the integration is done
over our region of interest (Fig. 1a). The meridional component of the wind power
(meridional wind stress multiplied by meridional currents) accounts for only 4% of the
global total (Wunsch, 1998) and can be neglected.

In addition, the mean wind power can be approximated as the product of the mean wind
stress and the mean surface velocity (Wunsch, 1998).

�� ��xu�dxdy � �� ��x��u�dxdy. (3)

We will use this approximate relationship to explore the separate roles of the wind stress
and surface current in determining the total wind power.

Once the wind power is applied to the ocean, part of it is dissipated, and part is converted
to buoyancy power, as described by Eq. (1). The mean buoyancy power is defined as

B � ��� �g�̃w�dxdydz (4)

where g is gravity, w is the vertical velocity and, �̃ is the density anomaly defined as the
difference between potential density � � �( x, y, z, t) and a hydrostatically stable density
profile � � �*( z). That is, �̃ � � � �*, with �* being a horizontal and time average. The
buoyancy power is responsible for the conversion of kinetic energy into potential energy.

The mean available potential energy (in Joules), APE or E for brevity, can be written in
terms of potential density � according to Oort et al. (1989) as

E � ��� 1

2
� �̃2

S2� dxdydz (5)

where S2 � �(1/g)(d�*/dz)� is a stability factor related to the buoyancy frequency. A
derivation of this definition of APE and its limitations can be found in Huang (1998). The
APE is a measure of the density perturbation from a flat horizontal background. In the
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tropical Pacific, the largest perturbation is due to the zonal thermocline slope. Therefore,
the APE is primarily a measure of the tilt of the thermocline along the equator.

When calculating the wind power, the surface velocity can be separated into two
components, the geostrophic and ageostrophic (primarily Ekman)

0.030 0.020.01 0.04

160° E 100° W 0°

80° N

40° N

0°

40° S

80° S

160° E 100° W 0°

80° N

40° N

0°

40° S

80° S

a) Wind Power from Full Surface Currents

b) Wind Power from Surface Geostrophic Currents

Figure 1. Mean wind power per unit area, obtained as a time average of the product u�x using the full
zonal surface velocity (top panel) and only its geostrophic component (bottom panel), from
MOM4 calculations. The black box indicates the boundaries of the tropical Pacific as used in our
study (contributions from the Gulf of Carpentaria and the Caribbean are removed from the
calculations).
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u � ug � uag. (6)

Neglecting a narrow equatorial strip, Huang et al. (2006) estimated that the global wind power
from geostrophic currents is 0.84 TW (averaged between 1993 and 2003), but increases to 1.16
TW if the full surface current is used. It has been argued previously (Wang and Huang, 2004;
Weijer and Gille, 2005) that, away from the equator, the contribution to the wind power from
ageostrophic velocity is largely dissipated in the ocean mixed layer.

In the equatorial region, however, the separation of the flow into the geostrophic and
ageostrophic components is not possible. Therefore, the wind power must be calculated
using the full surface velocity. In fact, we will show that changes in the APE of the tropical
basin critically depend on the wind power generated in the equatorial band and so the
equatorial region cannot be neglected.

3. Models, data assimilations and observations

In this study, we will use the output of four ocean-only models, two ocean data
assimilation products and six simulations by coupled general circulation models (GCM):

The ocean-only models are

1. Modular Ocean Model (MOM4), forced with NCEP/NCAR reanalysis winds.

2. Parallel Ocean Program (POP), forced with a version of NCEP/NCAR reanalysis
winds, adjusted for satellite products (Maltrud and McClean, 2005).

3. The NEMO/ORCA05 model, or simply ORCA.

Two different numerical simulations with the ORCA model are analyzed, one with the
wind forcing from the NCEP/NCAR reanalysis (ORCAa) and the other based on ERA-40
winds (ORCAb).

The two data assimilations are

1. Estimating the Circulation and Climate of the Ocean (ECCO).

2. Global Ocean Data Assimilation System (GODAS).

The coupled GCM simulations are from the archive of coupled climate results organized
by the Program for Climate Model Diagnosis and Intercomparison (PCMDI) including
some that appeared in the Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4). In each case we have taken the 20th century scenario, known as
20c3m. For detailed documentation and validation of these models, see Meehl et al. (2007)
and the PCMDI web site at http://esg.llnl.gov/portal.

More detailed information on the models and data assimilations is summarized in
Table 1. Our results will also be compared with observations where applicable, in
particular, the ERA-40 wind stress (Uppala et al., 2005) and the observational data on
tropical ocean currents processed by Johnson et al. (2002).
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4. Results

Here, we will focus on the mean values of the wind power, buoyancy power, and the
APE produced in the tropical ocean by the aforementioned ocean and coupled models, and
ocean data assimilations.

a. Wind power

The Southern Ocean is the main source of wind power for the global oceans, closely
followed by the tropical oceans, as can be seen in the example of the MOM4 model

Table 1. Details of the ocean-only models, data assimilations and coupled models analyzed in this
study, including the period of the calculations, the ocean resolution near the equator, and where
relevant, the wind stress product used to force the model.

Model/data product
Simulation
period used

Oceanic resolution
(at equator) Wind stress Reference

Ocean Models
ORCAa,
IPSL/LOCEAN

1964–2000 0.5° � 0.5° NCEP/NCAR
reanalysis

Barnier et al.
(2006)

ORCAb,
IPSL/LOCEAN

1964–2000 0.5° � 0.5° ERA40 Barnier et al.
(2006)

MOM4, GFDL 1960–2001 1° � 1/3° NCEP/NCAR
reanalysis

Griffies et al.
(2005)

POP,
LANL/NCAR

1960–2000 1.125° � 1/4° NCEP/NCAR 	
satellite
products

Collins et al.
(2006)

Data Assimilations
ECCO, MIT 1992–2004 1° � 1° NCEP/NCAR Wunsch and

Heimbach
(2007)

GODAS,
NOAA/CPC

1980–2005 1° � 1/3° NCEP/NCAR Behringer (2007)

Coupled Models
GFDL-CM2.1,
GFDL, USA

100 years,
20c3m

1° � 1° (1/3°) L40 — Delworth et al.
(2006)

UKMO-HadGem1,
Hadley Centre, UK

95 years,
20c3m

1° � 1° (1/3°) L40 — Johns et al. (2004)

CCSM3, NCAR,
USA

100 years,
20c3m

1.1° � 1.1° (0.27°) L40 — Collins et al.
(2006)

MIROC3.2(medres),
CCSR/NIES/FRCGC,
Japan

100 years,
20c3m

1.4° � 0.5° L43 — Hasumi and Emori
(2004)

IPSL-CM4, IPSL,
France

100 years,
20c3m

2° � 1° L31 — Marti et al. (2005)

CSIRO-Mk3.5,
CSIRO, Australia

100 years,
20c3m

1.9° � 0.8° L31 — Gordon et al.
(2002)
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(Fig. 1a). In this particular model, the mean wind power for the global ocean is
approximately 1.7 TW (1 TW � 1012 Watts), with the whole tropical band (15S to 15N)
making up 0.7 TW of this total. Values of the wind power calculated from geostrophic
currents (Fig. 1b) are generally smaller and show large regions of negative wind power
(that is, where the winds remove energy from the ocean general circulation). In contrast,
the wind power from ageostrophic flows (i.e. Ekman flow) is always positive (Wang and
Huang, 2004). In the equatorial region, using the full zonal velocity is necessary for
estimating ocean energetics, since the geostrophic approximation is not valid in this region.

Further, we will confine our study to the tropical Pacific (black box in Fig. 1a), since it is
the largest contributor to the tropical wind power. In MOM4 the tropical Pacific generates
0.4 TW of the wind power or roughly 60% of the total for all tropical oceans.

Our estimates of the total mean wind power generated in the tropical Pacific Ocean basin
range from 0.2 to 0.4 TW in ocean-only models and data assimilations, to almost 0.6 TW in
some coupled models (Fig. 2 and Table 2). There are two main factors that explain the
variations in the wind power values: the strength of the wind stress used or simulated in the
model, and the structure of the simulated surface currents (Fig. 3). The mean wind power is
approximately equal to the product of these two variables (see Eq. 3). Therefore, we can
consider the two terms separately for inter-model comparisons.

The overall spatial structure of the wind stress in each model is reasonably
consistent, though the magnitudes are not (Fig. 4, middle panels). Details of the wind
stress curl are also different between the models, which becomes significant for the
surface currents, and we will discuss this next. MOM and ORCAa are both forced with
NCEP/NCAR reanalysis winds. POP uses an adjusted version of NCEP/NCAR wind
stress (around 30% weaker, Maltrud and McClean, 2005). ECCO wind stress in the
tropics displays a lot more meridional variability than the others, which can be
explained in part by its shorter time span (13 years at the moment of writing, see
Fig. 4c.) Even though all the models base their wind stress on either NCEP or ERA40
wind products, subsequent modifications employed by model developers result in
noticeable differences in the wind forcing. The coupled models show even larger
differences in wind stress (Fig. 4c,d), with some models simulating much stronger
wind stress along the equator, in particular, the HadGEM model.

The meridional distribution of wind power closely aligns with the surface currents (compare
Fig. 2 with Fig. 3 and Fig. 4 top panels with bottom panels). In particular, the wind power
depends on the strength and size of the westward flowing South Equatorial Current (SEC), and
the resolution of the eastward flowing North Equatorial Counter Current (NECC). The SEC
flows in the same direction as the wind stress and so increases the wind power, while the NECC
flows against the direction of the wind stress, decreasing the wind power.

All models/data assimilations have problems in simulating these currents, as compared
to existing observations (Fig. 3, bottom). MOM and ORCAa have too broad SECs and little
evidence of a NECC, leading to high values of wind power. The POP and ORCAb models
and the data assimilations have a narrower SEC and a stronger NECC, leading to lower
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wind power. Resolving the NECC correctly is important for obtaining realistic wind power
in the tropics. In this case, POP and ORCAb perform the best.

The ORCAa and ORCAb runs make for an interesting comparison. These are largely the
same models, but forced with different wind stress products. In ORCAa, a greater total

MIROC 0.42 TW

CSIRO 0.36 TW

MOM4 

GFDL 0.44 TW

ORCAa

HadGEM 0.60 TWPOP

IPSL 0.27 TWECCO

GODAS

CCSM0.42 TW

0.35 TW

0.21 TW

0.37 TW

0.33 TW

0.44 TW

ORCAb 0.20 TW

Ocean Models and 
Data Assimilations Coupled Models

Watts m-2

Figure 2. Mean wind power per unit area in the tropical Pacific for the ocean-only models, data
assimilations, and coupled models, Watts m-2. The wind power integrated over the whole region is
given in the top right of each plot, in TW (terawatts).
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wind power (0.35 compared to 0.20 TW) is partially explained by the stronger wind stress
applied. Differences in the surface currents of the two models, particularly how well they
reproduce the NECC (Fig. 3), also contribute to the discrepancy. The particular expression
of the NECC at the surface is generated by a complex interplay of the wind stress, wind
stress curl and dynamical nonlinear effects, ultimately related to the different wind
products used to force the models.

Decadal variability introduces further complications in estimating the wind power. While the
coupled models have reasonably constant long-term means, the ocean-only products exhibit a
clear reduction in the wind power in the late 1970s (Fig. 5, top). The decrease in wind power
transfers to a decrease in available potential energy (Fig. 5, bottom), which is accompanied by a
decrease in the thermocline slope at the same time (Guilderson and Schrag, 1998). How much
of this decrease is caused by inaccuracies in the wind forcing before the 1980s and how much is
caused by an actual weakening of the winds (discussed in Vecchi et al., 2006, for example)
remains to be seen. Encouragingly, the interannual variability in wind power is remarkably
similar between the models (Fig. 5). This variability is discussed in Brown and Fedorov (2008),
who look at the energetics of ENSO.

The coupled models considered in this study also present a broad range of results. At the
low end, weak surface currents in the IPSL model lead to a small value of wind power. In
HadGEM, both the NECC and the SEC are too strong, but the latter dominates in wind
power calculations. This factor, combined with an exceptionally strong wind stress in
HadGEM, leads to the highest estimate of wind power at 0.6 TW.

Where does the greater fraction of the wind power go? Analyzing the kinetic energy
equation (see the Appendix) shows that the largest factor in energy loss is energy dissipation
caused by friction in the equatorial currents with strong vertical and horizontal shear, including

Table 2. Mean values of wind work, buoyancy work, the ratio of the two, and APE.

Model/data product Wind work (TW) Buoyancy work (TW) B/W APE (1018 J)

Ocean Models
ORCAa 0.35 0.056 16% 4.7
ORCAb 0.20 0.037 19% 3.6
MOM4 0.42 0.062 15% 4.5
POP 0.21 0.025 12% 2.1

Data Assimilations
ECCO 0.37 0.065 18% 1.8
GODAS 0.33 0.019 6% 2.5

Coupled Models
GFDL-CM2.1, 0.44 0.056 13% 3.7
UKMO-HadGem1, 0.60 0.082 14% 4.6
CCSM3, 0.44 0.065 15% 4.0
MIROC3.2(medres), 0.42 0.053 13% 3.1
IPSL-CM4, 0.27 0.048 18% 1.5
CSIRO-Mk3.5, 0.36 0.059 16% 3.7
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surface currents. In fact, roughly one half of the total wind power in the tropical ocean is related
to surface ageostrophic flows (calculated as the difference between Figs. 1a and b) and is
dissipated in the ocean mixed layer (Wang and Huang, 2004). A smaller, but still significant
portion of the wind power is converted to buoyancy power, as discussed next.

POP

MOM4

ORCAa

ECCO

GODAS

CCSM

MIROC

HadGEM

GFDL

IPSL

CSIRO

Observations

ORCAb

Velocity (m s-1)

Figure 3. Mean surface currents (m s-1) for each of the four ocean-only models, two data
assimilations, six coupled model runs and available observations (observational data from Johnson
et al., 2002).
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b. Buoyancy power and available potential energy

Buoyancy power (Eq. 1), a result of the wind power conversion, transfers the energy from
the winds into the interior of the ocean and induces vertical displacements of the isopycnals and
hence changes in the APE. Values of mean buoyancy power in the models and data
assimilations vary from 0.02 to 0.08 TW (Fig. 6). Even though the wind power acts on the

MOM  ORCAa  ORCAa  ORCAbORCAb  
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a) b)

c) d)
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Figure 4. Zonal averages of the mean zonal velocity at the surface, mean wind stress, and mean wind
power. The averaging is done from 160E to 90W to be consistent with the available observations
of zonal currents.
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whole tropical Pacific region, in most cases the buoyancy power is primarily confined
to within just a few degrees from the equator and to the eastern part of the basin. As
buoyancy power is a function of vertical velocity, it is not surprising that it is strongest
along the equator.
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Figure 5. Time series of the wind power (top) and APE (bottom) for the ocean-only models and data
assimilations showing a reduction in the wind power and the APE in the late 1970’s. The
magnitudes of the wind power and the APE vary significantly from one model to the next. Wind
power is in TW (terawatts), the APE is Joules x1018; a 31-point triangle filter was applied to the
timeseries to remove annual and higher-frequency variations.
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In general, there is a good correlation between the magnitude of the wind power and the
magnitude of the resulting buoyancy power on the ocean - a larger mean wind power
usually implies a larger mean buoyancy power (Fig. 7a). Further, in the models and data
assimilations we analyzed, roughly 10 to 20% of the wind power is converted to buoyancy
power, depending on the model (excluding the GODAS data, see Fig. 7a and Table 2). The

POP    0.039 TW

MOM4   0.062 TW

ORCAa   0.056 TW

ECCO    0.065 TW

GODAS   0.019 TW

ORCAb   0.037 TW

CCSM    0.065 TW

MIROC   0.053 TW

HadGEM   0.082 TW

GFDL   0.056 TW

IPSL    0.048 TW

CSIRO    0.059 TW

Watts m-2

Figure 6. Mean buoyancy power per unit area (�̃gw) for each of the four ocean model runs, two data
assimilations, and six coupled model runs, in Watts m-2. The buoyancy power integrated over the
whole region is given in the top right of each plot, in TW (terawatts).
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outlying value for GODAS can probably be accounted for by the fact that this data
assimilation is not constrained by energy conservation.

In the mean sense, the buoyancy power can be considered as the fraction of the wind
power required to maintain a constant APE associated with the mean slope of the
thermocline (Fig. 7b). In other words, it is the power required to overcome the natural
thermocline dissipation. In particular, this implies that the models with large values of
buoyancy power (e.g. HadGEM) have a more dissipative thermocline.

Thus, the generated buoyancy power is essential for maintaining the mean slope of
the isopycnals, particularly the thermocline slope along the equator, and balancing the
gradual dissipation of the APE. Analyzing the APE equation (see the Appendix)
suggests that the main factors in this energy dissipation are model vertical and horizontal
diffusion, the advection of the APE away from the tropics, and energy damping by surface
heat fluxes.

Typically, a larger mean buoyancy power leads to a larger mean APE in the model, even
though the correlation between the two variables is not very strong (Fig. 7b). Finally, that
the mean APE in the tropical Pacific is a measure of the thermocline slope becomes clear
from Figure 8b. Models with a stronger thermocline tilt and a larger APE usually have a
deeper equatorial thermocline (Fig. 8a).
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5. Discussion and conclusions

Our estimates of mean wind power acting on the tropical Pacific Ocean, based on
ocean-only models and data assimilations, range from 0.2 to 0.4 TW (Fig. 2).
Furthermore, these models exhibit a weak to moderate decrease in the wind power over
the last 50 years (Fig. 5) so that the values of the wind power actually depend on the
averaging interval.

Why are these estimates so different? Which estimates are more trustworthy? The values of
the mean wind power depend primarily on how well the models reproduce the mean surface
ocean currents, and on the strength and spatial structure of the winds they are forced with
(Fig. 4). There are indications that the ERA-40 wind stress product may be closer to
observations in the tropics than the NCEP wind stress (Caires et al., 2004). Nevertheless, there
is still a large uncertainty in the winds, which is reflected in the differences between the forcing
used by different research groups. Similarly there are considerable variations between the
meridional structure of the modeled ocean currents and that of the observations.

The estimates of wind power can be broadly categorized into two groups: those forced
with NCEP reanalysis winds (MOM, ORCAa, ECCO and GODAS) and those forced with
other products (ORCAb and POP) closer to the ERA-40 wind stress. The NCEP winds
produce a stronger mean wind power of 0.33 to 0.42 TW, while the others are weaker at
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around 0.2 TW. The ORCA models (a and b) are examples of the same model, forced with
different winds, generating very different wind power. Identifying which results are more
accurate will require a combination of better ocean models, high-quality observations of
ocean surface currents, and, especially, more reliable estimates of the wind stress.

The coupled models analyzed in this study also produce a broad range of results for
mean wind power - from 0.3 TW to 0.6 TW. The discrepancies are caused by even larger
differences in the simulated wind stress and surface currents as compared to the ocean-only
models and data assimilations (Fig. 4).

It is clear that correctly resolving equatorial surface currents in models should be an
important consideration in the ocean energetics. In particular, the extent and magnitude of
the South Equatorial Current and the surface expression of the North Equatorial Counter
Current are key in determining the amount of wind power generated in the tropical Pacific
Ocean. In fact, these currents are as important in calculating the total energy balance of the
ocean as other major oceanic currents, such as the Antarctic Circumpolar Current and the
Gulf Stream.

The decrease in the mean wind power in the tropical Pacific over the last 50 years has
resulted in a reduction of the ocean available potential energy, which indicates a reduction
in the thermocline tilt over the same time interval (Fig. 5). This flattening of the
thermocline occurred around the time of the climate regime-shift in the late 1970s
(Guilderson and Schrag, 1998) and is associated with a weakening of the zonal winds along
the equator (Vecchi et al., 2006). A flatter thermocline can lead to stronger El Niño events
(Fedorov and Philander, 2000, 2001).

The decrease in the wind power in the tropics is opposite to the trends in the global mean
power. Over the last 25 years, the global wind energy input to the surface currents has
increased by approximately 12% (Huang et al., 2006), but most of this increase has
occurred in the Southern Ocean.

Roughly 10 to 20% of the wind power in the tropics is converted to buoyancy power needed
to replace energy lost from the thermocline. It is interesting that the upper bound is close to the
commonly used efficiency of the conversion of the turbulent kinetic energy of oceanic flows
into gravitational potential energy via turbulent mixing (the “mixing efficiency” usually
estimated at 20%, see Osborn, 1980; Wunsch and Ferrari, 2004). The turbulent mixing raises
the center of mass of a localized system and increases its potential energy.

Energy balances in the tropical Pacific are also crucial for the El Niño Southern
Oscillation phenomenon because they affect the thermocline tilt along the equator. In
Brown and Fedorov (2008) we extend our approach to explore interannual variability in the
tropics and describe ENSO in terms of wind power, buoyancy power and APE transforma-
tions. We argue that understanding how energy is transferred from the winds to the ocean
thermocline during a La Niña - El Niño cycle is critical for understanding differences
between the model’s simulations of ENSO.

Ultimately, wind power in the tropics is only one piece of a complex total energy
budget of the ocean of which much is yet to be learnt. One of the challenging issues, for
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example, is how much mechanical energy from winds, tides and perhaps other sources
is necessary for ocean turbulent mixing to maintain the upwelling of cold water to the
ocean surface against the deep ocean stratification (Wunsch and Ferrari, 2004; Munk
and Wunsch, 1998).
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APPENDIX

Derivation of the energy equations

The kinetic energy equation

We begin with the horizontal momentum equations,

ut � u · 
u � fv � �
px

�
� ��MHux
x � ��MHuy
y � ��MVuz
z, and

(7)

vt � u · 
v � fu � �
py

�
� ��MHvx
x � ��MHvy
y � ��MVvz
z,

where u � (u,v,w) is the 3-D velocity field, p is pressure, � is density, � � (�x, �y) is wind
stress and �MV and �MH are the vertical and horizontal eddy viscosities, respectively. The
boundary conditions are

�MVuz�z�0 �
�x

�
, �MVvz�z�0 �

�y

�
,

(8)

u, v 3 0 as z 3 ��.

By multiplying the zonal momentum equation by u, and multiplying the meridional
momentum equation by v, adding the two, and integrating over the volume of the tropical
basin, one obtains
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�K

�t
� W � B � P � AM � DM (9)

where

K � ��� K̂dV � ��� �0

2
�u2 � v2
dV

W � �� v · �dS

B � ��� �̃gwdV

(10)

P � � �p � ps
u · nd�

AM � � K̂u · nd�

DM � ��� �MV�vz · vz
dV � ��� �MH��vx · vx
 � �vy · vy
�dV

with W the wind power, B the buoyancy power, and P the change in kinetic energy due to
work done against pressure gradients by the ageostrophic flow. AM is the flux of kinetic
energy through the walls of the tropical basin due to advection, and DM is the energy
dissipation due to friction induced by vertical and horizontal shear in the equatorial
currents (i.e. viscous dissipation).

Note that here v � (u,v) are the horizontal components of current velocity. The wind
power is integrated over the surface of the tropical basin; other variables are integrated over
the volume V or the walls of the basin boundary �. Other terms are ps - sea level pressure, n
unit vector out of the region. Potential density is given by �̃ � � � �*, with �* being a
horizontal average over the basin of interest (Fig. 1a), and �0 - the mean background density.

The available potential energy equation

For this study we define the available potential energy (APE) as done in Margules
(1905) and Lorenz (1955). In this definition the APE is the difference between the total
potential energy of a fluid and the potential energy of the same fluid mass in the same basin
after an isentropic adjustment to a stable, exactly hydrostatic, reference state in which the
isosteric and isobaric surfaces are level (Reid et al., 1981).

The APE or just E for brevity (measured in Joules), is calculated in terms of density,
according to Oort et al. (1989) as
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E � ��� ÊdV � ��� 1

2

�̃2

S2 dV. (11)

A stability factor S is introduced as S2 � ��*z/g�, which differs from the buoyancy
frequency by a factor of g2/�*. A derivation of this expression for the APE and its
limitations can be found in Huang (1998) and Huang (2005).

The derivation of the APE balance begins with the density equation, which is a
consequence of the advection-diffusion equations for temperature and salt, with the same
temperature and salt diffusivities, and a linear equation of state of sea water (Goddard and
Philander, 2000).

�̃t � u
�̃ � w�*z � �TH��̃xx � �̃yy
 � ��TV��*z � �̃z
�z � Q� (12)

where Q� describes the effect of thermal and freshwater fluxes in the upper few layers of
the model so that Q� � ��0Qheat 	 �0Qsalt. The linear equation of state for sea water is
written as � � �0 � �0T 	 �0S, while �TH and �TV are the horizontal and vertical eddy
diffusivities.

Potentially, one can use a nonlinear equation of state for sea water and different
diffusivities for salt and temperature (think double diffusion). In that case, the right-hand
side of Eq. (12) will acquire several additional terms which will eventually give rise to
additional sources and sinks of energy in the APE equation. However, for the very narrow
range of temperature and salinity changes in the tropical ocean above 400 m, the errors of
the linearized equation of state do not exceed more than a few percents (Goddard, 1995).
Nor would one expect big differences, if any, between eddy salt and temperature
diffusivities for the large-scale motion in the tropical ocean.

Using Eq. (12), Goddard and Philander then derive the rate of change of the available
potential energy to be:

�E

�t
� B � Q � A � D (13)

Q � ���� � �̃

S2 Q��dV

A � � �uÊ
 · nd�

D � ���� Êw��*zz

�*z
2�dV � � �TH
Ê · �ı̂, ĵ
d�

� ��� �TH

S2 ���̃x

2 � ��̃y


2�dV � ��� � �̃

S2 ��TV��̃ � �*
z
z�dV

(14)
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where B is the buoyancy power, A is the energy advection through the region boundary,
and D is the total energy dissipation due to processes associated with vertical and
horizontal diffusion (i.e. diffusive dissipation) and with shear in the stability profile. Q
describes the effect of thermal and freshwater sources at the surface on the density field
(with heat fluxes dominating). The vertical integration for Q� should be conducted over the
few upper layers of the model.

Further details of the energy balance in the tropical Pacific can be found in Goddard and
Philander (2000), and are discussed in Griffies (2004), Chapter 5.
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