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ABSTRACT

The atmospheric energy transport variability associated with decadal sea surface temperature variability
in the tropical Pacific is studied using an atmospheric primitive equation model coupled to a slab mixed
layer. The decadal variability is prescribed as an anomalous surface heat flux that represents the reduced
ocean heat transport in the tropical Pacific when it is anomalously warm. The atmospheric energy transport
increases and compensates for the reduced ocean heat transport. Increased transport by the mean meridi-
onal overturning (i.e., the strengthening of the Hadley cells) causes increased poleward energy transport.
The subtropical jets increase in strength and shift equatorward, and in the midlatitudes the transients are
affected. NCEP–NCAR reanalysis data show that the warming of the tropical Pacific in the 1980s compared
to the early 1970s seems to have caused very similar changes in atmospheric energy transport indicating that
these atmospheric transport variations were driven from the tropical Pacific. To study the implication of
these changes for the coupled climate system an ocean model is driven with winds obtained from the
atmosphere model. The poleward ocean heat transport increased when simulated wind anomalies associ-
ated with decadal tropical Pacific variability were used, showing a negative feedback between decadal
variations in the mean meridional circulation in the atmosphere and in the Pacific Ocean. The Hadley cells
and subtropical cells act to stabilize each other on the decadal time scale.

1. Introduction

Both the atmosphere and ocean transport energy
poleward in the global climate system. The reanalysis
data of the National Centers for Environmental Predic-
tion–National Center for Atmospheric Research
(NCEP–NCAR; Kalnay et al. 1996) shows that the con-
tribution of the ocean and atmosphere to the total en-
ergy transport is of same order of magnitude in the
Tropics (Trenberth and Caron 2001). In the tropical
atmosphere, meridional overturning cells and monsoon
circulations are the most important agents of transport-
ing energy poleward. Diabatic heating occurs in the

rising branch of the Hadley cell, while adiabatic warm-
ing in the sinking branch is balanced by radiative cool-
ing. This forces a poleward transport of dry static en-
ergy while the equatorward transport of moisture in the
trade wind regions cause latent energy to be trans-
ported equatorward. However, the total transport of
energy is poleward. The zonal asymmetries associated
with the monsoons and subtropical highs also contrib-
ute to transport of energy. In the midlatitudes, the tran-
sient eddy transports in the storm track regions are the
main contributors to the poleward energy transport.
The contribution of these different terms in the heat
budget has been subject of study since sonde data has
been available. Peixoto and Oort (1992) summarize the
contributions of the different processes using in situ
data and top-of-the-atmosphere radiation. Zhang and
Rossow (1997) give estimates based on surface heat
fluxes and top-of-the-atmosphere radiation. New esti-
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mates are given by Trenberth and Stepaniak (2003)
based on reanalysis data.

In the ocean, the wind-driven subtropical cells play
an important role in the poleward energy transport in
the Tropics. The Ekman-driven divergence at the equa-
tor drives upwelling and poleward transport of surface
water. In the subtropics, Ekman pumping and subduc-
tion drives the water downward. In the interior, the
water flows nearly adiabatically back to the equator
(McCreary and Lu 1994). Model studies of tropical Pa-
cific heat transport demonstrate that the horizontal
gyres contribute to the heat transport as well. Warm
water is transported at the western boundaries toward
the equator, while relatively cold water flows poleward
in the central and eastern parts of the basin. So the
gyres transport heat toward the Tropics, but the ampli-
tude is less than the heat transport by the subtropical
cells (Hazeleger et al. 2004).

Apart from seasonal variations, it is less well known
how energy transport varies in the climate system. It is
difficult to obtain interannual or even decadal varia-
tions in energy transport from the reanalysis data.
Changes in observation systems cause the time series to
be inhomogeneous. Also, the satellite data that are
used to estimate the radiation balance at the top of the
atmosphere have a relatively short record. The obser-
vational records for the oceanic heat transports are very
short. Oceanographers rely on hydrographic sections
obtained from dedicated cruises or data from a sparse
number of moorings to obtain estimates of oceanic heat
transport (e.g., Talley 2003). Also, inverse modeling has
helped to get estimates of heat transport using these
observations (Ganachaud and Wunsch 2000).

Wielicki et al. (2002) and Chen et al. (2002) recently
suggested, on the basis of satellite and atmospheric ob-
servations, that the total poleward energy transport by
atmosphere and ocean in the Tropics varies on decadal
time scales. It is well known that atmosphere and ocean
energy transports vary during the ENSO cycle with in-
creased poleward transport in both atmosphere and
ocean during El Niño (Zebiak 1989; Sun 2000). This
occurs as part of a transient phenomena involving heat
exchange between atmosphere and ocean over years.
On decadal time scales the upper ocean is expected to
be more closely in equilibrium with the atmosphere
forcing but it is not clear how the energy transports vary
on these longer time scales. McPhaden and Zhang
(2002) have claimed that there was less poleward mass
export in the tropical Pacific Ocean by the meridional
overturning during the 1990s. They suggest that this
goes hand in hand with reduced poleward ocean heat
transport consistent with warmer tropical sea surface
temperatures (SSTs).

If the ocean heat transport varies as suggested by
McPhaden and Zhang we need to know how the atmo-
sphere energy transport varies. Held (2001) has argued
that the partitioning between the tropical atmosphere
and ocean energy transport remains fixed because both
are associated primarily with meridional overturning,
which is tied to the surface wind stress. If so then, if the
ocean poleward heat transport reduces, the atmo-
spheric energy transport should reduce too. That could
only occur if the net top-of-the-atmosphere radiation
balance changes. On the other hand, Bjerknes (1964)
and Marshall et al. (2001) have argued that the net
top-of-the-atmosphere radiation balance is tightly con-
strained such that the atmosphere and ocean energy
transports should change so as to compensate for each
other.

Compensating energy transports are indeed found in
model experiments in which the ocean heat transport is
forced to vary (Winton 2003; Clement and Seager
1999). However, Clement and Seager (1999) used ei-
ther an idealized box model, ignoring the gyre circula-
tion, or a general circulation model without dynamical
coupling where all the ocean heat transport was re-
moved. Winton (2003) used a general circulation model
in which he changed the strength of ocean currents
without dynamical coupling. So the question of how the
atmosphere and ocean energy transports vary on longer
time scales, when equilibrium is close to being estab-
lished under full dynamical and thermodynamical cou-
pling, remains open. A firmer understanding of this
would allow an improved understanding of the atmo-
sphere–ocean coupling that underlies decadal variabil-
ity in the Tropics. In a previous study Hazeleger et al.
(2004) used an ocean general circulation model to study
how the ocean heat transport responds to persistent El
Niño–like and La Niña–like wind stress forcing. For
example, for persistent El Niño–like forcing, they found
that the poleward ocean heat transport by the meridi-
onal overturning circulation decreased but was nearly
compensated for by a decrease in the equatorward heat
transport by the gyre circulation. Since, consistent with
McPhaden and Zhang (2002), the total poleward heat
transport decreased this was a positive feedback that
would warm equatorial SSTs. Thus, the ocean heat
transport feedback on SST has different signs for inter-
annual and decadal wind stress forcing. This is possible
because much of the interannual ocean heat transport
variations are adiabatic changes in tropical thermocline
depth.

If on decadal time scales warm equatorial SSTs are
associated with reduced ocean heat export away from
the equator, what stabilizes the coupled system? Does
the atmospheric energy transport increase or does the
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atmospheric response to decadal warming involve sur-
face stresses that increase the ocean heat transport? In
this study we will address these questions. First, we will
examine the atmospheric energy transport response in
a coupled atmosphere–ocean model to imposed
changes in ocean heat transport. Second, we will take
the surface winds from this experiment and examine
the ocean heat transport response to them. These ex-
periments attempt to examine the coupled system in a
step-by-step way. Hopefully such partial-coupling ex-
periments will be useful in understanding experiments
with fully coupled models. It will be shown that the
response of each fluid to energy transport variations in
the other is compensatory, which will restrict the
amount by which the top-of-the-atmosphere radiation
can change. This is presumably a fundamental way in
which the climate system is regulated.

2. Experimental setup

a. The models

The model that is used here is nicknamed SpeedO. It
is a flexible coupled climate model that consists of a
primitive equation atmosphere model which is config-
ured with seven vertical layers and with spectral trun-
cation at wavenumber 30 (Speedy) and a hierarchy of
ocean models. The atmosphere model has simplified
physics parameterization schemes, which ensures a
large computational efficiency. A five-layer version of
the Speedy atmosphere model is described by Molteni
(2003). The current seven-layer version is an improve-
ment and is described and validated in Hazeleger et al.
(2003). A change has been made in the cloud scheme as
described in the appendix. The atmosphere model is
coupled to a slab mixed layer model forced by surface
heat fluxes and a simple ice model. The temperature
equation of the slab model is

�T

�t
�

1
�cp�h

�Q � OHT�. �1�

Here T is the temperature; h is the mixed layer depth,
which has been taken constant at 80 m; � is the density
of seawater; cp� is the heat capacity of water; Q is the
sum of the latent, sensible, and radiative surface fluxes;
and OHT is an implied divergence of ocean heat trans-
port. The latter term is specified such that the SST stays
near its climatological value. The OHT is diagnosed
from a run with the atmosphere model with prescribed
climatological SST as the lower boundary condition.
When SST and its tendency are specified, Eq. (1) can be
used to diagnose OHT using the simulated Q. This heat
flux is called a “q flux.” It accounts for both the true

OHT and the errors in the modeled surface heat fluxes.
Finally, a simple energy conserving land bucket model
is used.

Implications for the coupled climate system are stud-
ied by forcing an ocean model with winds derived from
the atmosphere model. We use the same primitive
equation ocean model as used by Hazeleger et al.
(2004). The model has a resolution of 2.5° by 2.5° in the
midlatitudes and the resolution increases in the meridi-
onal direction to 0.5° at the equator. The domain covers
the Pacific and Indian Ocean basins and ocean thermo-
dynamic properties are restored to observations at me-
ridional boundaries. The ocean model is coupled to an
atmospheric mixed layer model such that the surface
heat fluxes are internally computed (Seager et al. 1995).
The wind stresses and wind speed are prescribed as well
as fractional cloudiness and solar radiation. Details on
the model can be found in Hazeleger et al. (2004, and
references therein).

b. The experiments

To study the response of the atmosphere to decadal-
like El Niño–Southern Oscillation (ENSO) variability
we perform a control run and a run with perturbed
ocean heat transport convergence with the thermody-
namically coupled model. The experimental setup is
very similar to that of Sutton and Mathieu (2002). First,
the surface heat fluxes are diagnosed from a 100-yr run
with the atmosphere model with prescribed climato-
logical SST. In steady state these surface heat fluxes
balance the implied ocean heat transport divergence
[see Eq. (1)] and the climatological q flux is diagnosed
from the prescribed tendencies and the simulated sur-
face heat fluxes. These q fluxes are added to the tem-
perature tendency equation in the slab mixed layer
model to represent the ocean heat transport. This pro-
cedure ensures that the SST in the thermodynamically
coupled model stays close to the climatological SST.
The thermodynamically coupled model was run for 100
yr to obtain statistical significant responses (the control
experiment).

To represent decadal variations in the tropical Pacific
Ocean we ran the atmosphere model with the pre-
scribed climatological SST plus an added SST pertur-
bation typical for decadal ENSO. The SST peturbation
that has been used is shown in Fig. 1a. The perturbation
is obtained from a regression of SST anomalies on a
filtered (10-yr running mean) time series of SST
anomalies in the Niño-3 region using reanalysis data
from 1949 to 2002. The amplitude of the pattern has
been enhanced by a factor of 2 to get a clearer response
in the atmosphere. After running the atmosphere
model for 100 yr with this SST perturbation added to
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4. Discussion

a. Comparison to observations

We showed that the atmospheric energy transport
tends to compensate for variations in oceanic heat
transport in a thermodynamically coupled model. Al-
though the atmosphere has its own regulation of com-
pensating energy transports (e.g., near cancellation of
latent and dry static energy transport in the Tropics),
the atmospheric energy transport went up when the
oceanic heat transport went down, especially in the
Tropics. Changes in the mean meridional circulation
were responsible for the compensation in the Tropics.

Many changes in the circulation that are presented
here have resemblances to changes associated with the
interannual ENSO phenomenan. That is, during the
warm phase of ENSO the Hadley cells strengthen and
the rising branch moves equatorward. Also, the
changes in the upper-tropospheric winds are similar to
the hemispheric symmetric response to El Niño found
in observations (see Seager et al. 2003). Seager et al.
also found changes in the transient eddies in the mid-
latitudes associated with ENSO, arguing that the equa-
torward shift of eddy-induced vertical motion causes
cooling in the midlatitudes. This cooling is not found,
but the warming is at a minimum here. Finally, the
teleconnection patterns are very similar to observed
teleconnection patterns associated with the El Niño
phenomenan. However, by applying steady perturba-
tions and studying the time mean response over many
decades we show that these responses can persist.

Although the simultaneous presence of changes in
the observation network, anthropogenic change, and
natural variability make the decadal changes in the re-
analysis data hard to interpret, we show the differences
in atmospheric heat transport between two decades:
1978–87 and 1967–76. The later decade was relatively
warm in the tropical Pacific and the early decade rela-
tively cold representing opposite phases of decadal
ENSO or the Pacific decadal oscillation (Mantua et al.
1997; Zhang et al. 1997). The observed SST difference
between the two periods is reminiscent of the pattern
used in the model experiments discussed before. Again,
we use the divergent meridional velocity for determin-
ing the mean meridional transports. The transient eddy
contribution of internal energy transport (��z�) is not
part of the reanalysis dataset, but the contribution will
be small as transient eddies are quasigeostrophic to
good approximation (Peixoto and Oort 1992). Note
that we use the fields from the reanalysis data without
additional corrections. Such corrections are applied by
Trenberth and Caron (2001), but are beyond the scope
of this paper.

The atmospheric energy transport changes are shown
in Fig. 7 and can be readily compared to the simulated
anomalies in energy transports in Fig. 5. The northward
transport of dry static energy by the mean meridional
circulation in the Tropics is much stronger when the
tropical Pacific is anomalously warm. Just as in the
model, the transport of latent energy mediates the pole-
ward energy transport in the Tropics. These changes
are driven by changes in the strength of the Hadley
circulation as shown in Fig. 7c. The Hadley circulation
became stronger in the late 1970s and early 1980s and
its rising branch moved equatorward. Also, the changes
in the energy transport by the transient eddies bears
some similarity to those simulated, especially in the
Southern Hemisphere. The decrease in dry static en-
ergy transport around 50°N that was found in the model
is not found in the reanalysis data. The changes in the
transient eddy fluxes are related to changes in the storm
tracks. In response to the tropical heating the storm
tracks move equatorward in the Pacific in the model
(Fig. 8). Similar changes are reported by Chang and Fu
(2002). They suggest that observed storm track varia-
tions on the interdecadal time scale are related to dec-
adal SST changes in the tropical Pacific. The hemi-
spherically symmetric increase in the strength of the
subtropical jets and the shift in their position is not well
observed in these decadal differences, although it
shows up clearly on interannual time scales (not shown).

The rough similarity of these changes to those in the
experiments with reduced ocean heat transport sug-
gests that the observed decadal changes in atmospheric
circulation were in part driven by warming of the tropi-
cal Pacific. However, definite conclusions cannot be
drawn from the reanalysis data because of the quality of
the data, especially because the changes in the obser-
vational network might have influenced these results. It
is noteworthy to mention that the results obtained from
the reanalysis data are sensitive to the period that is
chosen. When longer time periods are considered,
changes in the Southern Hemisphere become domi-
nant; these are signatures of trends in the Southern
Annular Mode. When the 1990s are compared to the
1970s there is a strong increase in the winds around
Antarctica in conjunction with large changes in the en-
ergy transport driven by transient eddies. These
changes are probably driven by changes in radiative
forcing due to the increase of greenhouse gasses (Kush-
ner et al. 2001).

b. Implication for the coupled climate system

To understand the implications for the coupled cli-
mate we need to address how this change in atmo-
spheric circulation will subsequently impact the ocean
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back. This circular argument indicates that coupled
feedbacks are operating. However, we need to be care-
ful, as the model deficiences cause the simulated winds
to be different from the observed winds. Also, Ha-
zeleger et al. (2004) used an El Niño–like wind pattern
that has small amplitude in the subtropics, while the
observed decadal wind variations and simulated winds
have a larger amplitude in the subtropics. However, the
increased off-equatorial winds are found both in the
model and in the observations and can lead to increased
strength of the subtropical cells (Klinger et al. 2002).

The results are in line with the findings of Nonaka et
al. (2002) who found that off-equatorial winds cause a
lagged response at the equator, although they could not
investigate the subsequent atmospheric response and
identify whether a positive or negative feedback would
be operating. Aspects of this study are in accordance
with the study of Held (2001). The increased meridi-
onal mean circulation in the atmosphere increases the
shallow overturning cells in the ocean. However, in this
study it is the reduced oceanic heat transport, and pre-
sumably the shallow overturning and associated warm-
ing of the Tropics, which generates the increased atmo-
spheric heat transport. This results in a possibility of
coupled oscillatory behavior in a similar fashion to what
was suggested in a conceptual model by Gu and Phi-
lander (1997). However, they envisaged that advection
of subsurface temperature anomalies are generating
changes in heat transport. Here, changes in overturning
transport seem more important. The minor role of ad-
vection of subsurface temperature anomalies and the
more important role of variations in volume transport is
consistent with studies of, for instance, Schneider et al.
(1999), Hazeleger et al. (2001c), and Kleeman et al.
(1999).

5. Conclusions

We coupled a thermodynamic slab mixed layer to a
primitive equation atmosphere model and showed that
the atmospheric energy transport increased when the
prescribed oceanic heat transport in the slab mixed
layer reduced. The implied reduced ocean heat trans-
port is consistent with estimates from observations of
that which occurs with decadal variations of ENSO.
The effect of the decreased heat transport by the ocean
causes the SSTs to warm up, the Hadley cells to spin up
and the subtropical jets to shift equatorward. The rise
of atmospheric energy transport in response to reduced
oceanic heat transport is accomodated by an increase of
the energy transport by the mean meridional circula-
tion in the Tropics in the model. The transient eddy
fluxes in the midlatitudes change accordingly as they
depend on the background circulation (see Seager et al.

2003). These changes are comparable to decadal
changes in circulation and energy transport found in the
NCEP–NCAR reanalysis data associated with decadal
shifts in the SST in the tropical Pacific. When the cir-
culation and energy transports from 1977 to 1987 are
compared to those in the period from 1967 to 1976,
comparable changes in the mean meridional circulation
and transient eddy fluxes are found. So, it is likely that
these observed changes were driven by the warming of
tropical Pacific SST. For longer periods a different pic-
ture emerges from the reanalysis data, probably caused
by changes in radiative forcing added to the natural
variability.

The consequences for the coupled climate system
were determined by studying changes in the Ekman
transport and the response of an ocean model to the
anomalous winds simulated in the atmosphere model.
When the Hadley cells spin up in response to the warm-
ing in the tropical Pacific, the trades away from the
equator strengthen, but the zonal wind stresses in the
warm pool weaken. Consequently, the strength of the
overturning cells in the ocean decreases close to the
equator, but increases in the subtropics. The response
of the ocean heat transport in the ocean model shows
that the off-equatorial increase has a bigger impact and
the poleward ocean heat transport increases. This indi-
cates a negative feedback between tropical Pacific
ocean–atmosphere variations at low frequencies. The
Hadley cells and subtropical cells act to stabilize each
other on the decadal time scale.

These mechanisms need to be tested in dynamically
coupled ocean–atmosphere models. Subtle details such
as the exact location of the heating ultimately deter-
mine the dynamical response of the atmosphere and
ocean. A shift of the heating toward the central Pacific
would result in different wind stress and SST response,
and hence a different ocean heat transport response.
The different ocean response to the wind anomalies
derived from an atmospheric model, which was driven
by SST itself, shows that coupled processes are impor-
tant.
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APPENDIX

A Cloud Scheme

A five-layer version of the atmosphere model used
here has been described by Molteni (2003). The current
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model has two extra layers and a different cloud
scheme compared to that model. In the current scheme
the fractional horizontal area of a grid box covered with
clouds is

c � �R�F � R0

1 � R0
�2

� ��P. �A1�

Here R is the relative humidity, R0 is a threshold hu-
midity, and F is a parameter that is 1.0 over land and
sea ice, while it is a function of the vertical velocity at
700 hPa such that F is smaller at descending motions,
and F is a function of the temperature difference be-
tween the surface and at 850 hPa. Here P is the pre-
cipitation and � a constant factor. Finally, the threshold
relative humidity at which clouds form has a vertical
profile:

R0 � Rtop � �Rs � Rtop��1 � e1��p�ps��4
	. �A2�

Here, Rs is a specified surface value of 0.3, Rtop is 0.99,
and p and ps are the pressure and surface pressure,
respectively.
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