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Abstract We describe a coupled tropical ocean-atmo-
sphere model that represents a new class of models that
fill the gap between anomaly coupled models and fully
coupled general circulation models. Both the atmo-
sphere and ocean are described by two and half layer
primitive equation models, which emphasize the physi-
cal processes in the oceanic mixed layer and atmo-
spheric boundary layer. Ocean and atmosphere are
coupled through both momentum and heat flux ex-
changes without explicit flux correction. The coupled
model, driven by solar radiation, reproduces a realistic
annual cycle and El Nino-Southern Oscillation
(ENSO). In the presence of annual mean shortwave
radiation forcing, the model exhibits an intrinsic mode
of ENSO. The oscillation period depends on the mean
forcing that determines the coupled mean state. A
perpetual April (October) mean forcing prolongs
(shortens) the oscillation period through weakening
(enhancing) the mean upwelling and mean vertical
temperature gradients. The annual cycle of the solar
forcing is shown to have fundamental impacts on the
behavior of ENSO cycles through establishing a cou-
pled annual cycle that interacts with the ENSO mode.
Due to the annual cycle solar forcing, the single spectral
peak of the intrinsic ENSO mode becomes a double
peak with a quasi-biennial and a low-frequency (4-5
years) component; the evolution of ENSO becomes
phase-locked to the annual cycle; and the amplitude
and frequency of ENSO become variable on an inter-
decadal time scale due to interactions of the mean state
and the two ENSO components. The western Pacific
monsoon (the annual shortwave radiation forcing in the
western Pacific) is primarily responsible for the gener-

B. Wang (X)) - Z. Fang

Department of Meteorology and IPRC

School of Ocean and Earth Science and Technology,
University of Hawaii, 2525 Correa Road, Honolulu,
Hawaii 96822, USA

E-mail: bwang@soest.hawaii.edu

ation of the two ENSO components. The annual march
of the eastern Pacific ITCZ tends to lock ENSO phases
to the annual cycle. The model’s deficiencies, limita-
tions, and future work are also discussed.

1 Introduction

The numerical model that pioneered simulation and
prediction of ENSO is an anomaly coupled ocean-at-
mosphere model of the tropical Pacific (Cane et al. 1986;
Zebiak and Cane 1987). The anomaly coupled models
(e.g., Anderson and McCreary 1985; Zebiak and Cane
1987; Kleeman 1993; Chang et al. 1994) and their sim-
plified versions (e.g., Neelin 1991; Wang and Fang 1996)
are valuable devices in understanding the essential dy-
namics of ENSO. The success of the anomaly models
relies on specification of climatological mean states and
a partial coupling (no heat flux coupling). Therefore,
these models are unable to address important questions
concerning interactions of the mean climate and ENSO
and the relationships between external forcing and
internal coupled dynamics.

Another class of coupled models involves compre-
hensive general circulation models of ocean and atmo-
sphere. The earliest realistic simulation of ENSO with
a coupled general circulation model (CGCM) was
achieved at the Geophysical Fluid Dynamics Labora-
tory (GFDL)/Princeton University (Philander et al.
1992; Lau et al. 1992) and the Max-Planck Institute
(Latif et al. 1993). Recent analyses of 11 coupled general
circulation models (CGCMs) indicates that, without
flux correction to the mean climate, many CGCMs
experience, to various degrees, difficulties in simulating
realistic annual cycles (Mechoso et al. 1995). Models
producing a realistic mean state without drift do not
necessarily produce a good annual cycle. Models pro-
ducing a realistic annual cycle might have notorious
errors in simulated mean states. In addition, models
producing reasonable ENSO variability may have poor
mean states or annual cycles. The climate drift (Neelin
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et al. 1992) remains a common problem in many fully
coupled models. In order to better simulate and forecast
ENSO, the coupling was applied to anomalies only, i.e.,
the climatological mean and annual cycle of the coupled
system were fixed when total fields are coupled (Ji et al.
1996). This anomaly coupling technique essentially
amounts to the philosophy of anomaly coupled models.
Realistic simulation of both climatology and ENSO
remains a challenge.

Although CGCMs are capable of simulating inter-
actions between the mean climate and ENSO, their
complex and rich physics make it extremely difficult to
unambiguously isolate physical mechanisms or conclu-
sively establish the cause of a phenomenon due to a
specific process. This, along with the computational
expenses, hinders to some extent, rapid improvement of
CGCMs.

Our first goal is to develop a coupled tropical ocean-
atmosphere model in the spirit of the CGCM, yet
computationally efficient. Such a model would fill the
gap between simple anomaly models and comprehensive
CGCMs. It is in this sense, that the model is termed
as intermediate coupled ocean-atmosphere model
(ICOAM). The ICOAM is distinguished from anomaly
models in that it adopts total coupling and simulates the
total fields. It is, therefore, capable of studying interac-
tions between the long-term mean state, the annual
cycle, and the ENSO cycles. The ICOAM also is
differentiated from CGCM in the sense that the model
contains only essential physics necessary for reproducing
realistic climatology and interannual variability in some
key fields. Thus, its computational efficiency allows a
large number of long-term integration and numerical
experiments to be performed. The roles of specific
physical processes can be readily identified and under-
stood. The knowledge gained from comprehension of
ICOAM may offer insights into the behavior of the
ENSO modes simulated in complicated CGCMs and
observed in the real world. The ICOAM may be a useful
tool for understanding the problems that the CGCMs
face and providing sharp focus and insightful guidance
for designing expensive CGCM experiments.

Our second goal is to verify the performance of
ICOAM against observations and to use ICOAM to
investigate a fundamental issue: the impact of the an-
nually varying shortwave radiation on ENSO dynamics
through the interaction between the coupled annual
cycle and ENSO.

2 The coupled ocean and atmosphere model

2.1 The atmosphere model

The atmospheric component of the coupled model is a tropical
atmosphere model originally developed by Wang and Li (1993) and
improved by Fu and Wang (1998). The model is a two-and-half
layer, primitive equation model on the equatorial f-plane. It was
aimed at simulating monthly mean tropical surface winds, sea level
pressure (SLP), and rainfall for specified lower boundary condi-
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tions. The model combines the dynamics of Gill (1980) and Lind-
zen and Nigam (1987) with parametrization of convective heating,
cloud-longwave radiation forcing, boundary layer moist thermo-
dynamics, and surface heat fluxes and wind stress. It features
vigorous interactions between the free troposphere flows driven
by convective and radiative heating and the boundary flows driven
by SST gradient forcing. For details of the model, the readers
are referred to Wang and Li (1993) and Fu and Wang (1998).
Only major physical parametrizations are briefly discussed in this
subsection.

In the free troposphere, the convective heating is determined by
both the large-scale forcing (moisture convergence) and the non-
linear dependence of convective instability on underlying sea sur-
face temperature (SST). The latter is based on the assumption that
the mean atmospheric conditional instability averaged over the
area of model resolution and on a monthly time scale is a nonlinear
function of SST, i.e., the heating coefficient o:

1 if SST > 25.5°C
o= BB ir255°C<SST<27.5°C and P, > 0, (1)
0 otherwise ,

where P, denotes precipitation. The differential longwave radiation
cooling is also an important driving force for summer northeast
trades and Indian Ocean southwest monsoons (Fu and Wang
1998). The effects of clouds on longwave radiation are represented
by a radiation transfer scheme analogous to that of Arakawa et al.
(1969). The scheme is based on an empirical transmission function
and considers only three types (high, middle, low) of clouds.

The surface heat flux and vertical temperature advection cal-
culated in the boundary layer are critical for realistic simulation of
the equatorial surface winds and associated divergence. The mod-
el’s boundary layer flows and thermal structure are determined by
the lower free tropospheric pressure and SST gradient forcing in the
presence of friction. The drag coefficient was assumed to be
a function of wind speed: C; = 0.5 VS]’/210’3, where V is surface
wind speed (Wu 1969). Thus, an equivalent surface layer Rayleigh
friction coefficient is proportional to V2%, This wind speed-de-
pendent drag coefficient suppresses otherwise excessively strong
surface winds and yields improved entrainment and evaporation
cooling rates when the atmosphere model is coupled with the ocean
model.

Over the land surface and uncoupled ocean domain, specific
humidity ¢, is parametrized as a function of moisture availability
and specified surface temperature 7, i.e.,

qo = ma(0.972T, — 8.92) x 1073 | 2)

where the moisture availability coefficient m, depends on types of
surface coverage classified by Matthews (1983). Over water surface
m, = 1, Eq. (2) recovers the empirical formulas used for the
tropical ocean which were derived from the regression analysis of
COADS (Comprehensive Ocean-Atmosphere Data Set) monthly
mean SST and surface specific humidity (Wang 1988; Li and Wang
1994). Over the land surface, eight categories of surface coverage
are considered. Their corresponding moisture availability was given
based on observations (e.g., Benjamin and Carlson 1986).

The horizontal grid is 4° longitude by 2° latitude. In order to
keep computational stability, the Matsuno scheme (Matsuno 1966)
was used with a time increment of 20 min. Radiation boundary
conditions (Miller and Thorpe 1981) are used at the north and south
boundaries to eliminate short wave reflection. The model’s run with
the same major parameter values as those used in Wang and
Li (1993) except that the rainfall efficiency coefficient » = 0.75 and
the free troposphere Rayleigh friction coefficient ¢ = 3 x 1076 s7%.

2.2 The ocean model

The ocean component of the coupled model consists of a mixed
layer with variable depth, a thermocline layer in which temperature
was assumed to decrease downward linearly, and a deep isothermal
inert layer (Wang et al. 1995). The model combines the upper ac-
tive ocean dynamics and Ekman dynamics described by Zebiak and
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Cane (1987) and the mixed layer physics described by Niiler and
Krauss (1977). For details of the model, readers are referred to
Wang et al. (1995). Only the mixed layer parametrization is briefly
described here.

The thermodynamic energy equation for the mixed layer in-
cludes nonlinear advection, entrainment, surface heat flux and the
penetrated shortwave flux at the base of the mixed layer. The model
has a self-contained parametrization scheme for the entrained
water temperature, which considers the influences on entrained
water temperature from both the thermocline displacement and the
variations of the mixed layer temperature and depth. The en-
trainment rate at the base of the mixed layer is estimated by a
modified Niiler-Kraus (1977) scheme. The major modification is
the penetrated buoyancy flux due to solar radiation at the mixed
layer base. The original formulation contains progressively large
errors when the mixed layer becomes shallow. The new scheme
takes a more accurate form and overcomes the problem.

The horizontal grid is 2° longitude by 1° latitude. A time in-
crement of three hours was used. The SST at the northern and
southern boundaries is relaxed to a climatological annual cycle.
The model is running with the same major parameter values as
those used in Wang et al. (1995). Realistic coastal lines are used but
without mass exchange between the Pacific and other ocean basins.

2.3 Coupling strategy and procedure

The downward heat flux at the ocean surface plays critical role in
simulation of long term-mean SST and associated mean atmo-
spheric circulation. Mathematical description of the SST-circula-
tion-cloud-radiation interaction is one of the most taxing problems
in climate modeling. Our numerical experiments indicate that in-
adequate parametrization of the cloud radiation feedback can
cause severe climate drift, in particular, when cloud amounts vary
explicitly with SST. To keep the simplicity of the intermediate
coupled model, we use observed cloud fractions, rather than model-
generated cloud fractions, to compute the downward shortwave
radiation flux at the ocean surface. The observed cloud fractions
include annual cycle.

The surface latent heat flux is another major contributor to the
total surface heat flux. The positive feedback between SST and
latent heat flux is found to be another source of model climate drift.
Special treatment was taken in computing surface latent, sensible,
and longwave radiation fluxes. Following Seager et al. (1995), an
atmospheric thermodynamic mixed layer of 600 m deep is em-
ployed to estimate air specific humidity and temperature. In this
scheme, the steady thermodynamic energy and moisture conser-
vation equations are applied in a vertically integrated manner, so
that not only SST but also surface winds determine surface air
humidity and temperature. In the coupled mode, this scheme can
effectively suppress the error growth associated with an inadequate
parametrization of latent and sensible heat fluxes and maintain a
stable mean climate. The resultant surface latent heat flux com-
pares favorably to that estimated from COADS by Oberhuber
(1988) except that the magnitude in the core region of the equa-
torial cold tongue shows significant discrepancy (figure not shown).

The model atmosphere and ocean cover the global tropics be-
tween 30°S and 30°N. In the present study, only the tropical Pacific
Ocean actively interacts with the atmosphere. The SST outside the
tropical Pacific is specified by the values of the annual cycle. The
land surface temperature is specified by 1000 hPa air temperature
(ECMWEF analysis). In the coastal regions Shuman (1957) smooth
scheme is used to provide continuity.

The atmosphere and ocean models are synchronously coupled
via both stress and heat fluxes with information being passed be-
tween them once per day. No flux correction is applied. The inte-
gration of the coupled system starts from the atmospheric and
oceanic steady solutions obtained under shortwave radiation
forcing in January. No additional initial kicks are needed. Other
initial conditions have been used. The resultant interannual oscil-
lations (without annual cycle forcing) have the same statistical
characteristics after a few years of adjustment period.
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3 Simulated climatology

The annual cycle simulated by the coupled model was
derived from model year 41 to year 140 of a control
(CTL) experiment that reproduced both the climatology
and climate fluctuations ranging from seasonal to multi-
decadal time scales.

3.1 The long term mean climate

The equatorial mean state, in particular the zonal SST
gradient and zonal winds that determine the strength of
mean upwelling and the zonal slope of thermocline, is of
central importance for a successful simulation of ENSO.
The equatorial SST gradient simulated by the present
coupled model matches observation well between the
dateline and 120°W (Fig. 1a). Major discrepancies are
associated with an eastward shift of the locations of the
maximum and minimum SSTs. The model also repro-
duces excellent equatorial zonal winds across the basin
except that near the equatorial South American coast
where westerlies are excessively strong (Fig. 1b).

In the tropical Pacific, the long-term mean surface
winds are in excellent agreement with observations
(Fig. 2a, b). The only significant discrepancy is found
near the South and Central America coast where the
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Fig. 1 a Long-term mean SST (°C) and b surface zonal winds (ms™)
at the equator. The solid lines are derived from COADS (Sadler et al.
1987) and the dashed lines are diagnosed from the coupled model
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simulated surface winds exhibit excessive westerlies due
primarily to lack of topographic blocking effects of the
Andes in the model. The excessive westerlies are re-
sponsible for the erroneous eastward mixed layer cur-
rents in the equatorial far eastern Pacific (Fig. 3a). The
simulated rainfall distribution depicts reasonably real-
istic mean positions of ITCZ and South Pacific Con-
vergence Zone (SPCZ) (Fig. 2a).

The time mean SST field (Fig. 3a) captures gross
features of the observed counterpart. Errors exceeding
one degree are mainly found in the limited areas of the

Fig. 2 a Long-term mean

Wang and Fang: Impacts of shortwave radiation forcing on ENSO

equatorial eastern Pacific, southeastern Pacific, and
SPCZ (Fig. 3b). These deficiencies are related to an
overall eastward shift of the warm water pool. The large
errors off coast of Peru are attributed to underestimated
coastal upwelling and lateral mixing. The excessive on-
shore zonal wind produces positive SST errors in the
eastern equatorial Pacific. The simulated mixed layer
currents (Fig. 3a) are stronger than observed in the
equatorial western Pacific. The western boundary cur-
rents are weak due to insufficient resolution near the
boundary and due to insufficient wind stress forcing
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driving the subtropical gyre. In consistence with the
positive SST bias east of the Philippine Sea, the mean
rainfall there also increases unrealistically compared to
observations (Fig. 2a).

3.2 The annual cycle

The annual cycle of the equatorial SST is determined by
both the air-sea interaction processes and the influences
of the insulation forcing (Wang 1994). Examination of
the annual cycle in the equatorial SST provides a critical
test for coupled models’ physics.

In the eastern Pacific an annual harmonic dominates
the simulated annual variation of the equatorial SST
(Fig. 4b). Both the amplitude and phase are reasonably
realistic comparing with observation (Fig. 4a). The
warm phase of the cycle is better captured than the cold
phase. The simulated cold phase tends to lag the ob-
served by about one month. The observed westward
propagation of warm departure is well reproduced, but
the westward propagation of cold departure is exagger-
ated.

The east-west contrast is one of the essential features
of the Pacific climate. To see how the coupled model
reproduces this feature, we compare the annual cycles of
SST (Fig. 5) and precipitation rates (Fig. 6) averaged
over the western (140°E-180°E) and the -eastern
(120°W-80°W) Pacific.

In the western Pacific, the observed SST maximum
(the thermal equator) crosses the equator in June and
December following the solar radiation forcing with a
time lag about two-three months (Fig. 5a). The coupled
model fairly realistically simulates this. In sharp
contrast, in the eastern Pacific, the maximum SST is
always located in the Northern Hemisphere (Fig. 5b).
The thermal equator is closest to the equator (about
6°N) during the warm season in March, whereas it
reaches the northernmost position (around 15°N) dur-
ing the cold season in September. The simulated cycle
resembles closely the observed with a moderate phase
delay.

The maximum rainfall indicates the location of
ITCZ. In the western Pacific (Fig. 6a), the observed
rainfall maximum is located around 7°S during boreal
winter from December to March while between 3°N and
9°N from April to November. The northernmost loca-
tion occurs in September. In terms of amplitude and
latitudinal locations, the simulated summer monsoon
rains in both hemispheres are quite realistic. An abrupt
shift of ITCZ from the Southern to the Northern
Hemisphere occurs in April and a reversed jump in
December. However, the simulated sudden shift of the
ITCZ from the Southern to Northern Hemisphere oc-
curs in May. The reason is not clear. In the eastern
Pacific (Fig. 6b), the observed ITCZ is located to the
north of the equator all year around. In March (Sep-
tember), its position is closest (most remote) to the
equator. The heaviest rainfall occurs in July. Double
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a Observation ( Sadler, 1987)
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Fig. 4a, b Climatological annual cycle of the equatorial SST devia-
tions (°C) from the long-term means (shown in Fig. 1) derived from
a the coupled model control run and b COADS (Sadler et al. 1987)

ITCZs occur briefly around March. The simulated
ITCZ captures these observed features, although the
phase of the annual march tends to be delayed by about
one month in accord with the delay in the SST annual
cycle.

In summary, the coupled model reproduces both the
ITCZ in the eastern Pacific and the monsoons in the
western Pacific reasonably realistic. Both the annual
mean and annual cycle of SST along the equator are
better than most of the CGCMs results presented in
the intercomparison studies by Mechoso et al. (1995,
Figs. 1, 2). An important reason is that in our coupled
model we used observed cloudiness to control the
downward shortwave flux which apparently plays an
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a Western Pacific (140°E — 180°E) SST
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b Eastern Pacific (120°W — 80°W) SST
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Fig. 5a, b The simulated and observed annual cycle of SST (°C) as a function of latitude averaged over a the western Pacific (120°E-180°E) and

b the eastern Pacific (120°W-80°W)

important role in preventing climate drift and thus
producing a realistic climatological mean state. The
simulated annual cycle of SST along the equator and
averaged over the western and eastern Pacific are suffi-
ciently good for examining its role in generating inter-
annual variation of the coupled model.

4 Simulated interannual variations
4.1 The model ENSO

The model’s climate variability in the CTL experiment is
highlighted in Fig. 7 in terms of key variables of the
ocean and atmosphere (SST, thermocline depth, surface
zonal winds, and rainfall) in their corresponding centers
of maximum variability. On the interannual time scale,
the periods of high SST in the Nino-3 region (5°S—5°N,
150°W-90°W) roughly coincide with the local deep
thermocline (Fig. 7a, b). This reflects the essential role of
the thermocline displacement in the equatorial eastern
Pacific SST variation. To the west of the SST anomalies,
the surface westerly and precipitation anomalies in the
equatorial central Pacific (150°E-160°W) are nearly in

phase with the Nino-3 positive SST anomalies (Fig. 7c,
d). These spatial phase relationships are well observed
and can be explained in terms of atmospheric response
to underlying SST forcing.

To focus on the ENSO time scale, a seven-month
running mean was applied to the time series of the key
variables. Figure 8 displays longitude-time diagrams of
SST and zonal wind velocity anomalies along the
equator. The SST anomalies have two centers; one
is located in the far eastern Pacific and the other near
the dateline where the mean maximum SST is located
(Fig. 8a). These double SST maxima resemble the ob-
served feature showed by Tomita and Yanai (Submitted
1998). In the eastern Pacific, SST anomalies tend to be
stationary, while in the western-central Pacific westward
propagation is evident. The SST variation is thus char-
acterized by mixed components of standing and west-
ward propagation. The surface zonal winds variation is
concentrated in the western Pacific around 160°E, which
is in phase with SST variations near the dateline and
about 20° longitudes to the west (Fig. 8b). The wind
anomalies also show westward propagation, which is
coupled with that of the SST anomalies in the western
Pacific.
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a Western Pacific (140E — 180E) Precipitation
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b Eastern Pacific (120W — 80W) Precipitation
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Fig. 6a, b The same as in Fig. 5 except for precipitation rate (mm day™'). The observed rainfall is based on the estimation of Xie and Arkin

(1997)

The coupled westward propagation from the central
Pacific (160°W) to the western Pacific (140°E) is one of
the characteristics of the coupled mode in this model.
Since the thermocline is deep in the western-central Pa-
cific, the westward propagation is not due to the air-sea
coupling through equatorial upwelling. The remaining
candidates are the coupling via surface heat fluxes
(latent heat flux) or wind-driven horizontal advection
processes. Previous coupled instability analyses sug-
gested that the westward propagating unstable SST
mode might originate from the coupled instability,
which is associated with zonal temperature advection by
currents (Hirst 1986; Neelin 1990). Our diagnostic study
shows that zonal temperature advection is indeed a
major contributor to the SST variation near and west of
the dateline. Figure 9 presents the lag correlation of the
zonal advection of temperature along the equator with
reference to the SST anomalies at 170°E, which is di-
agnosed from the model control run. The zonal advec-
tion of temperature by currents propagates westward
from the dateline to western boundary. Other processes
do not show westward propagation.

4.2 Physical mechanisms at work during
the model ENSO

The thermocline variations memorize effects of SST on
surface winds and provide a delayed feedback to the
eastern Pacific SST variations. This is the key process
responsible for the cyclic nature of ENSO. To examine
thermocline variations associated with ENSO in the
CTL experiment, we display thermocline depth anoma-
lies as a function of time along the equator and 5°N
(Fig. 10). In the oceanic equatorial waveguide, the sim-
ulated thermocline depth anomalies are quasi-stationary
in both the western and eastern basins whereas they
propagate eastward in the central basin from the date-
line to 140°W (Fig. 10a). This feature agrees well with
the result of thermocline adjustment within a zonally
bounded basin as shown previously by Cane and Moore
(1980) and Wakata and Sarachik (1991). The formation
of the quasi-standing oscillation in thermocline anoma-
lies involves effects of a family of equatorial Kelvin and
Rossby waves and their reflections at the meridional
boundaries, especially at the western ocean boundary.
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Fig. 7a—d Time series of the
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In the off-equatorial latitudes (say 5°N), westward
propagation of thermocline depth anomalies dominates
(Fig. 10b) which is a sign of the westward propagating
equatorial trapped Rossby waves. Figure 10c shows the
wind vorticity at 5°N that forces the off equatorial
Rossby waves. During each peak warm (cool) phase,
the positive wind stress curl anomalies associated with
the westerly (easterly) anomalies in the central Pacific
excite upwelling (downwelling) Rossby waves on each
side of the equator. Comparison of Fig. 10a and b
suggests that at the western boundary the upwelling
(downwelling) Rossby waves appear to be reflected,
contributing to the rise of the thermocline through
generating equatorial upwelling (downwelling) Kelvin
waves. The Kelvin waves together with the Rossby
waves result in an equatorial eastward propagation of

40

Time (years)

rising (deepening) thermocline into the eastern Pacific.
This leads to reversal of warming (cooling) to an op-
posite trend. On the other hand, Rossby waves reflected
at the eastern boundary are evident only for the strong
warm events and these waves do not travel across the
entire basin, a feature resembling observations (e.g.,
Wang et al. 1998).

The model oscillation requires two essential ele-
ments: local coupled instability and the thermocline
adjustment due to equatorial waves. We have performed
two experiments to identify the critical processes that
maintain the oscillation. In the first experiment, a strong
Rayleigh damping (damping time scale of six months) is
artificially imposed to thermocline perturbations. This
large damping suppresses coupled instabilities and put
the coupled system in a stable regime. Although
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Fig. 8 a Equatorial SST (°C)
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and b surface zonal wind (ms™") 40

anomalies simulated in the
control experiment. Shading
indicates positive SST and
westerly wind anomalies. The
data were subject to a 7-month
running mean in order to isolate
interannual variation

Time (Years)
S

equatorial waves exist, the model exhibits no sustainable
oscillation. The initial perturbations were always
damped after a few cycles. In the second experiment, we
applied a forth order Shapiro filter (Shapiro 1970) at
every time step of the ocean model integration, which
suppresses large-scale oceanic equatorial waves but has
little effect on the coupled instability (slow SST mode).
Although the other parameters are identical to the
control run, there is no oscillation due to lack of wave
activity. These experiments indicate that the coupled
instability and the thermocline adjustment due to oce-
anic waves are two necessary elements for the interan-
nual oscillation of the coupled system. The former
amplifies SST perturbations in the eastern Pacific, while
the latter provides a negative feedback to shut down the
unstable growth and to turn SST toward an opposite

Longitude

Longitude

state in the eastern Pacific. These dynamic processes
agree with the basic ideas of the delayed oscillator
theory (Schopf and Suarez 1988; Suarez and Schopf
1988; Battisti and Hirst 1989) and the standing oscilla-
tor model (Wang and Fang 1996).

5 Impacts of the long-term forcing on model ENSO

To identify the effects of the interaction between the
annual cycle and ENSO, in this section we study the
model ENSO in the absence of the annual cycle by fixing
external solar radiation forcing and cloudiness at their
annual mean values. For convenience, we refer to this
experiment as annual mean forcing (AMF) run. The
parameters used in the AMF and CTL experiments are
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Fig. 9 Time lag correlation between SST anomalies at 170°E and (a)
zonal advection of temperature by currents

identical except the external annual cycle forcing in solar
radiation and cloud amount.

The long-term mean states derived from the two ex-
periments are very similar (figure not shown). Appre-
ciable differences are found only in the equatorial
western Pacific zonal winds. The zonal winds in the CTL
run are slightly stronger than those in the AMF exper-
iment, suggesting that the annual cycle of monsoons in
the western Pacific has rectified mean zonal winds in the
equatorial western Pacific.

The response of the coupled system in the AMF run
is dominated by a fairly regular interannual oscillation
with a period of about 2.8 years (Fig. 11). The spatial
structure and evolution of SST, surface winds, and
thermocline depth anomalies resemble the correspond-
ing counterparts in the CTL experiment. This interan-
nual oscillation is an intrinsic mode of the nonlinear
coupled system. The oscillation period is determined by
the mean state solar radiation forcing for a fixed set of
parameters describing atmosphere-ocean coupling.

To see how the oscillation period varies with the
mean solar forcing, we designed two additional experi-
ments in which all model parameters are kept identical
except that the solar radiation forcing and cloudiness
were taken the values of October mean (OctMF) and
April mean (AprMF). Figure 12a compares the spectra
of the Nino-3 SST anomalies simulated in the three ex-
periments in which annual cycle forcing does not exists.
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The oscillation period reduces (increases) from 2.8 years
to 2.5 years in OctMF (3.8 years in AprMF). The spatial
structure and evolution of the anomalies, however, are
similar in all three experiments (figure not shown).

Why does the oscillation period change with short-
wave radiation forcing? This is because the shortwave
radiation forcing affects ENSO frequency through
changing the mean state upon which the ENSO evolves.
Figure 12b shows the long-term mean equatorial SST
profiles. With October (April) mean forcing, the equa-
torial SST gradients in the eastern-central Pacific were
enhanced (weakened), and so are the corresponding
equatorial trades and associated ocean upwelling. The
zonal SST gradients and the strength of the equatorial
zonal winds and upwelling are stronger under the Octo-
ber forcing; the thermocline slope and associated vertical
temperature gradients in the eastern Pacific are also en-
hanced in the OctMF experiment. The results here imply
that enhanced mean upwelling and mean vertical tem-
perature gradients shorten the oscillation period. The
question is why. Using a nonlinear dynamic system
model, Wang and Fang (1996) showed that the strength
of the mean upwelling and the vertical temperature gra-
dients in the equatorial eastern Pacific are two critical
parameters that determine the oscillation period for
giving coupling coefficients. This is because in the equa-
torial eastern Pacific, the vertical advection of tempera-
ture is the most important process for SST variation. The
vertical advection of the mean temperature by anoma-
lous upwelling provides a positive feedback to support
unstable growth of SST perturbations as visualized by
Bjerkness (1969) and demonstrated by the coupled in-
stability theory (Philander et al. 1984; Hirst 1986). The
mean upwelling plays a dual role in ENSO evolution. On
the one hand, it favors initial warming. This is because
the thermocline deepening leads surface warming, thus
during the initial warming the anomalous subsurface
temperature exceeds the SST anomalies, i.e., the anom-
alous vertical temperature gradient is negative. The mean
upwelling acting on the negative anomalous vertical
temperature favors warming. On the other hand, when
the warming reaches a sufficient strength (such that the
anomalous vertical temperature gradient becomes posi-
tive), the mean upwelling acts to suppress warming and
provides a negative feedback. Based on the foregoing
analysis, one may infer that when the mean vertical
temperature gradients and mean upwelling are stronger,
the development of a warm episode and the turnabout
from warming to cooling would both be faster, resulting
in a shorter oscillation period.

6 Impacts of the annual cycle on ENSO evolution

6.1 Effects of the annual cycle
of shortwave radiation forcing

A comparison between the behavior of the coupled
system in the control and AMF experiments reveals the
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effects on the model ENSO of the external annual cycle
forcing and the interaction between the annual and
interannual variation.

First, the annual cycle forcing significantly changes the
periodicity and regularity of the model intrinsic ENSO.
As shown by Fig. 11a, with the annual cycle forcing, the
spectrum peak is broadened and the intrinsic oscillation
with the period of 2.8 years splits into double peaks with a
quasi-biennial and a low-frequency (4-5 years) time scale.
These two oscillation periods resemble the quasi-biennial
and low-frequency components of the observed ENSO
(e.g., Rasmusson et al. 1991; Barnett et al. 1991; Rope-
lewski et al. 1992). With the annual cycle forcing, the
ENSO cycles become irregular due to low-order chaos.

Another fundamental effect of the annual cycle
forcing lies in the tendency of locking the phases of
ENSO to the annual cycle. Without the annual cycle
forcing, the peak warming and cooling of ENSO cycles
occur randomly during the course of the year (Fig. 13a).
When the annual cycle solar forcing is included, the
evolution of ENSO becomes phase-locked to the annual
cycle (Fig. 13b). The peak warming occurs preferably in
November and peak cooling in September. Both phases
prefer the cold season of the equatorial cold tongue. The
transition phases tend to concentrate in April and May
as seen from the reduced mean positive and negative
anomalies (Fig. 13b). This result agrees qualitatively

) at 5°N are presented. All data were subject to a 7-month running mean

well with observed behavior of the Nino-3 SST and
Southern Oscillation indices (Chang et al. 1996).

Another notable effect of the annual cycle forcing is
the conspicuous interdecadal modulation of the ampli-
tude and frequency of the model ENSO. This can be
better detected by wavelet analysis of the Nino-3 SST
anomaly. The procedure of wavelet analysis was docu-
mented in Wang and Wang (1996). The modules of the
Nino 3 SST anomaly as a function of time and oscillation
period are presented in Fig. 14. The amplitude of the
model ENSO varies with time. There are periods during
which amplitude is large, for instance from year 10 to 20,
year 26 to 42, and year 85 to 95; there are also periods
during which the model ENSO is powerless, e.g., from
year 45 to 88 and from year 100 to 135. The dominant
oscillation period changes with time as well. Biennial
oscillation is found from year 45 to 68 and year 95 to 105.
The bi-frequency oscillations are evident for the period
during year 1040, year 65-95, and year 115-135 with
periods peaking at about 2-3 and 5-6 years. The inter-
decadal modulation of the model ENSO frequency and
amplitude resembles the observed ENSO behavior (Gu
and Philander 1995; Wang and Wang 1996).

In summary, the annual cycle forcing makes ENSO
phase-locking to the annual cycle, creates multi-time
scales and chaotic behavior, and makes ENSO amplitude
and frequency change on an interdecadal time scale.
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Fig. 11 The spectrum of the SST anomalies simulated in the control
experiment (solid) and in the annual mean shortwave radiation forcing
experiment (dashed)
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Fig. 12 a Spectra of Nino-3 SST anomalies and b long-term mean
equatorial SST profiles simulated in the AMF (annual mean forcing)
experiment (solid), OctMF (October mean forcing) experiment
(dashed), and the AprMF (April mean forcing) experiments (dotted)

6.2 Roles of the ITCZ and western
Pacific monsoons

The annual cycle forcing may affect ENSO via changing
convective heating and wind stress and associated ther-
mocline displacement. The annual variations of ther-
mocline depth are primarily controlled by the annual
march of the eastern Pacific ITCZ and the western Pa-
cific monsoon (Wang et al. submitted 1998). A natural
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Fig. 13a, b Scattering diagram of Nino 3 SST anomalies as a function
of calendar month a in the annual mean solar forcing experiment, and
b in the control experiment. The solid lines in a and b show the mean
positive and mean negative anomalies, respectively

question to ask is how different are the influences of the
annual cycle of the two wind systems on ENSO?

Two experiments are designed to isolate the impacts
of the western Pacific monsoon and the eastern Pacific
ITCZ. In these two experiments, the model parameters
are identical with the control experiment except that in
the eastern Pacific ITCZ experiment (EPAC) the forc-
ing in the western Pacific (120°E-180°E) takes annual
mean values, while in the western Pacific monsoon
experiment (WPAC), the forcing in the eastern Pacific
(160°W—-80°W) takes annual mean values. In both
experiments, the region between the dateline and 160°W
is a buffer zone in which smoothed transition is de-
signed to provide continuity in the external forcing. The
purpose of the EPAC and WPAC experiments is to
reveal the roles of the annual cycles associated with the
eastern Pacific ITCZ and the western Pacific monsoon,
respectively.

The long-term mean fields are similar in the two ex-
periments as seen from the equatorial zonal wind profile
(figure not shown). However, the annual cycles of the
equatorial zonal wind differ. Compared to the control
experiment, the annual cycle changes drastically in the
longitudes where the annual mean forcing is used, while
the annual cycle has little change in the longitudes where
the annual cycle forcing is kept.

In response to the changes in the annual cycle
forcing, the model’s intrinsic oscillation changes char-
acters primarily in their temporal structures but not in
their spatial structure and propagation. The ENSO in
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Fig. 15 The spectrum of the Nino-3 SST anomalies simulated in the
control (solid), WPAC (dashed), and EPAC (dotted) experiments

EPAC experiment shows regular biennial oscillation
with substantially reduced amplitude, whereas the
ENSO in the WPAC experiment shows irregular oscil-
lation with an amplitude comparable to the control run
and a dominant period of 2.6 years and a secondary
periodicity occurring in the 4-5 year time scale
(Fig. 15). In general, the oscillation in WPAC experi-
ments is similar to the oscillation in the control exper-
iment, but the energy tends to concentrate more in the
2-3 year oscillation.

Comparison of the results derived from these two
experiments with those of the control experiment
indicates that the western Pacific monsoon generates
irregularities and the bi-time scales (the biennial and
low-frequency component); without the western Pacific
monsoon, the model ENSO is much weaker and regular.
The annual variation of the eastern Pacific ITCZ, on the
other hand, favors the model ENSO phase locking to
the annual cycle and favor the biennial oscillation. The
low-frequency oscillation component is strongest when
both the annual cycle forcing in the western and eastern
Pacific exists.

7 Discussion

The coupled tropical ocean-atmospheric model pre-
sented represents a new class of the coupled models,
which are distinctive from the anomaly models such as
Zebiak and Cane (1987) and the complex CGCMs. The
model is capable of realistic simulation of both the cli-
matology and interannual fluctuations of key variables
of the coupled climate system without explicit flux cor-
rection or anomaly coupling. The simulated interannual
variations resemble ENSO in the following aspects: the
coherent spatial structure between the equatorial SST,
the surface zonal winds and rainfall anomalies; the
multi-time scales of the interannual variability, in par-
ticular, the quasi-biennial and the low-frequency com-
ponents of the oscillation; the chaotic irregularity; the
interdecadal modulation of amplitude and periodicity;
and the phase-locking of ENSO to the annual cycle. The
simulated climatological mean state and annual cycle are
also realistic, in particular, the equatorial east-west
temperature gradient and associated zonal winds which
are most critical to simulation of ENSO, the predomi-
nant annual evolution of the equatorial cold tongue and
associated annual march of the ITCZ, and the latitudi-
nal climate asymmetry in the eastern Pacific.

The interdecadal modulation of the amplitude and
frequency of the model ENSO suggests that the inter-
decadal variability of ENSO cycles may be generated
internally within the tropics and without the influence of
the extratropics. This does not mean that the interaction
between the tropics and extratropics is not important
for the interdecadal variations of ENSO. However, it
does suggest an alternative possible mechanism, which
is operating in the coupled tropical ocean-atmosphere
system. This mechanism relies on the existence of the
multi-time scale components of ENSO. The quasi-bien-
nial and low-frequency components of model ENSO
interact with the climatological mean state. The non-
linear interaction rectifies the mean climate, which in
turn regulates the relative strength of the two compo-
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nents, generating the variability in amplitude and dom-
inant frequency. This mechanism deserves further in-
vestigation.

One of the major deficiencies of the present ICOAM
lies in the lack of atmospheric transients. These high
frequency fluctuations involve dynamics different from
that of ENSO and may act as stochastic forcing to
the slowly evolving coupled ocean-atmospheric system.
They can play important roles in model’s interannual
oscillation. The irregular oscillation obtained in the
present model is of low-order chaos and relies on cou-
pled instability. However, the numerical model study of
Flugel and Chang (1996) and theoretical model study of
Wang et al. (1999) indicate that, in a stable regime of the
coupled dynamic system in which the coupled dynamics
cannot sustain intrinsic oscillation, stochastic forcing
may excite low-frequency oscillation that is otherwise
damped. Because of the lack of high-frequency fluctua-
tions, the model generated ENSO-like oscillation is
much more regular compared with observed ENSO.

Another weakness of the model is related to the
specification of the cloudiness in computation of the
atmospheric radiation cooling and downward heat flux
to the ocean mixed layer. While this specification bene-
fits simulation of the coupled mean climate, it does not
allow study of the cloud-radiation-SST feedback pro-
cess. A scheme in which cloud is interactive with atmo-
spheric circulations is currently under development.

The model ENSO-like oscillation captures some
essential features of the observed ENSO, such as multi-
time scales (the quasi-biennial and low frequency
components) and the phase locking to annual cycles.
A full understanding the causes that are responsible for
these characteristics may improve our understanding the
behavior of the observed ENSO or ENSO-like oscilla-
tions simulated in complex CGCMs. This remains a
challenge. The results from our current endeavor will be
reported later.
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