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els (GCMs) are currently being developed in several
major research centersfor simulating and predicting sea-
sonal and interannual variability (e.g., Miyakoda et al.
1990; Philander et al. 1992; Latif et al. 1993; J and
Leetmaa 1994; Robertson et al. 1995a; Robertson et al.
1995b). At the moment they have experienced some
degree of difficulties (Neelin et al. 1992; Mechoso et
al. 1995). Statistics of 11 coupled GCMs reveal a com-
mon problem in simulating the climatic asymmetry of
relevance to the intertropical convergence zones (ITCZ;
Mechoso et al. 1995).

Philander et al. (1992) successfully simulated ENSO-
like interannual variability in their coupled model,
which does not contain a seasonal cycle. Other models
may simulate the seasonal cycle, but have little inter-
annual variability. In general, the amplitudes of both
seasonal and interannual variations are underestimated
in many coupled models, although some progress has
been made recently (e.g., Schneider et al. 1997; Frey et
al. 1997; Ineson and Davey 1997).

Given that the seasonal cycle and the interannual os-
cillation interact nonlinearly with each other and that
the annual-mean climate is critical in determining the
seasonal cycle (Li and Philander 1996), it is conceivable
that the annual mean state may play an important role
on both seasonal and interannual variability in the Trop-
ics. The goal of this study is to investigate the role of
the annual-mean climate on seasonal and interannual
variability by means of a coupled ocean—atmosphere
GCM. This paper is organized as follows. In section 2
a coupled ocean—atmosphere model is briefly intro-
duced. In section 3 we describe three sets of coupled
experiments. In sections 4 and 5 we discuss, respec-
tively, the role of the annual-mean climate on seasonal
and interannual variations. A summary and further dis-
cussions are given in section 6.

2. Model

A coupled ocean—-atmosphere general circulation
model has been developed at the Naval Research Lab-
oratory. This model has as its atmospheric component
the Naval Operational Global Atmospheric Prediction
System (NOGAPS; Hogan and Rosmond 1991) and as
its oceanic component the Geophysical Fluid Dynamics
Laboratory (GFDL) Modular Ocean Model (MOM; Pa-
canowski 1995).

The GFDL MOM has been widely used by many
research groups for the study of climate dynamics and
ocean—atmosphere interactions (e.g., Philander and Pa-
canowski 1981; Philander and Seigel 1985; Chao and
Philander 1993; Manabe and Stouffer 1996). It is a
three-dimensional primitive equation model, based on
the original work by Bryan (1969). We currently use
version MOM 2.0, which contains state-of-the-art phys-
ical parameterizations and numerical schemes, such as
the implicit free surface (Dukowicz and Smith 1994),
a conjugate gradient elliptic equation solver, the Rich-
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ardson number dependent vertical mixing (Pacanowski
and Philander 1981), and shortwave radiation penetra-
tion.

The ocean model hasauniform grid of 2°inlongitude
and a variable grid in latitude that has the finest reso-
lution of 0.5° between 5°S and 5°N, gradually increases
to 2° at 30°N and 30°S, and remains constant poleward.
There are 25 vertical levels, with 10 levels equally dis-
tributed in the upper 100 m. The ocean model covers a
region of 30°S-50°N and 0°—360°E. Along the northern
and southern boundaries, temperature and salinity are
restored (with a Newtonian damping timescale of 15
days) toward the seasonally varying Levitus (1982) cli-
matology. Outside of the region the SST fields are spec-
ified from observations (Levitus 1982).

The atmospheric model (NOGAPS) uses a spectral
transform method for horizontal calculations and an en-
ergy conserving finite difference method for the vertical.
In the current study NOGAPS has atriangular resolution
of T39, which corresponds to a horizontal resolution of
3°in both lat and long. The model has 12 vertical sigma
levels. The advanced physics parameterizationsinclude
the solar and longwave radiation schemes (Harshvar-
dhan et al. 1987), Slingo’s (1987) cloud model, relaxed
Arakawa and Schubert cumulus convection scheme
(Moothi and Suarez 1992), shallow cumulus (Tiedtke
1984), Louis's surface flux parameterization and vertical
mixing (Louis et al. 1982), large-scale condensation,
gravity wave drag (Palmer et al. 1986), bucket model
ground hydrology, and single soil level ground tem-
perature prediction.

The atmosphere and ocean interact in such away that
the atmosphere influences the ocean through 1) short-
wave solar radiation modified by clouds, 2) upward and
downward longwave radiation at the ocean surface, 3)
latent and sensible heat fluxes on the air—sea interface,
4) surfacewind stress, and 5) fresh water fluxes, whereas
the ocean affects the atmosphere through sea surface
temperatures (that further change the surface moisture
and heat distribution). A technique has been developed
in such a way that different-resolution atmosphere and
ocean models can be easily coupled through a simple
interface, which automatically interpolates data from
each model grid. The atmosphere and ocean can be cou-
pled at any desired time intervals. In the current study
we couple the atmosphere and ocean once per day. By
doing so, we intentionally filter out the diurnal variation
of SSTs.

3. Experiment designs

Three sets of coupled experiments have been designed
in order to investigate the role of the annual mean cli-
mate on seasonal and interannual variability. In case A,
no annual mean flux adjustment is applied. That is, the
coupled model produces its own time-mean state with-
out any flux correction. In case B, an annual-mean flux
adjustment method is applied that ‘“ corrects” the annual
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Fic. 1. Simulated annual cycles of SST (°C) at (0°N, 100°W) for
case A (the dashed line), case B (the dotted line), and case C (the
solid line). The solid circle line denotes the observed (COADS; Sadler
et al. 1987) annual cycle at the same location.

mean SST field only. In case C, both the annual mean
SST and surface wind fields are adjusted.

It is generally found that the coupled models grad-
ually drift into a new climate equilibrium state that is
far away from the observed climate. A possible way to
prevent the model equilibrium state from departing too
strongly from the observed equilibrium is to apply a
flux adjustment method (Sausen et al. 1988). This flux
adjustment can be either time dependent or independent.
In their 1000-yr climate sensitivity experiments, Man-
abe and Stouffer (1996) adopted a seasonally varying
flux adjustment method. By contrast, in this study we
use a time-independent annual mean flux adjustment
approach.

The procedures to compute the annual mean flux ad-
justment for SST are as follows: 1) We integrate the
atmospheric model (NOGAPS) for 5 yr with prescribed
observed seasonally varying SSTs. 2) We perform an
average for the last 3 yr to obtain the annua mean
atmospheric surface conditions (such asthe annual mean
surface wind stress and net surface heat flux fields). 3)
In the ocean-only run, we force the ocean model (MOM)
with the above annual mean atmospheric surface con-
ditions. In this calculation a Newtonian damping term
(with arestoring timescale of 10 days) isintroduced in
the SST equation that restores the model SST toward
the observed annual-mean field. The annual-mean flux
correction is finally diagnosed as the model reaches an
equilibrium. 4) In the subsequent coupled runs, the di-
agnosed flux correction term isadded into the SST equa-
tion, as an additional flux term. Thisflux correctionterm
isonly afunction of space, and therefore does not damp
seasonal and interannual variations. This method is dif-
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ferent from the one used by Latif et al. (1988), who
found that the climatic variability is considerably
damped when a flux adjustment is applied.

The annual-mean surface wind is adjusted using the
following approach. The error of the annual-mean sur-
face wind field is first diagnosed from the uncoupled
atmosphere-only run with the prescribed seasonally
varying SSTs. Then in the coupled runs we simply add
the difference between the observed and NOGAPS an-
nual-mean surface wind into the model wind field, be-
fore it is used to force the ocean. Because of the wind
difference, the annual-mean flux adjustment for SST
needs to be recalculated for case C. The observed sur-
face wind fields are obtained from the Comprehensive
Ocean-Atmosphere Data Set (COADS; Sadler et al.
1987).

4. The seasonal cycle simulation

One of the principal mechanismsthat control the sea-
sonal cycle of SST is the response of the ocean to the
seasonally varying solar radiation forcing. This mech-
anism can readily explain (to alarge extent) the seasonal
SST changes in most of world oceans, except in the
Tropics where the air—sea interactions come into play.

Li and Philander (1996) show that the annual har-
monic of solar radiation associated with the ellipticity
of the earth’s orbit is relatively unimportant for the an-
nual cycle at the equator. The important forcing is the
anitsymmetric solar radiation that is associated with the
tilt of the earth’s axis. Although it is zero at the equator,
this antisymmetric solar radiation can force an annual
SST variation at the equator through various air—sea
feedback processes, provided the annual mean state of
the coupled system contains an antisymmetric compo-
nent.

The asymmetric annual-mean climate can permit an
annual cycle at the equator, even in amodel that couples
the atmosphere to a one-dimensional mixed layer ocean
(that means that there is no ocean dynamics involved).
In such amodel the northward winds at the equator will
be stronger toward the end of the northern summer and
relaxed toward the end of the northern winter (because
the annual mean wind is southerly). Evaporation asso-
ciated with these winds can cause the SST at the equator
to be low in August and September, and high in March
and April, and therefore forces an annual cycle at the
equator. This air—sea feedback process can be simply
represented by the first term on the right-hand side of
a simplified SST equation,
oV + V- V) - w

ot 0z

aT | _ 9T’
— (v,a_y + v ay) — BC&r,

(4.1)

where T, V, w, v, and Cq denote, respectively, SST,
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Fic. 3. Zona structure of the ocean thermocline represented by
20°C isothermal along the equator in case A (the dotted line), case
B (the dashed line), and case C (the thin solid line). The thick solid
line represents the Levitus (1982) climatology.

the meridional wind at the surface, vertical velocity at
the base of the ocean mixed layer, meridional surface
ocean current, and low-level stratus cloud amount, and
a and B are coefficients related to the surface evapo-
ration and short-wave radiation. A variable with a bar
denotes the annual-mean state and a prime denotes the
departure from the mean. For the case of the evapora-
tion—wind feedback only, if the annual mean state were
perfectly symmetric about the equator (i.e., V = 0), a
semiannual rather annual variation in SST would occur.

The dynamic coupling between the ocean and at-
mosphere is another possible mechanism to change SST.
The Chang—Philander (1994) coupled instability theory
states that in response to a northward (southward) cross-
equatorial wind, an equatorial antisymmetric cell is es-
tablished that has anomalous upwelling to the south
(north) of the equator and downwelling to the north
(south). Since the strength of this coupled instability

140W 120w 100W  BOW

Longitude
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Fic. 4. Observed (close circles) and NOGAPS simulated (open
circles, the uncoupled run) surface zonal wind component along the
equator.
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FiG. 5. Longitude—depth cross section of the simul ated annual-mean
ocean temperature (°C) and zonal ocean currents (cm st) at the
equator for case C.

depends strongly on the upper-ocean mean vertical tem-
perature gradient, 9T/dz [the second term at the right-
hand side of Eq. (4.1)], it is efficient only in the eastern
equatorial Pacific where the thermoclineis shallow. The
antisymmetric SST mode proposed by Chang and Phi-
lander (1994) has a zero amplitude right on the equator.
To cause SST changes at the equator, an antisymmetry—
symmetry conversion isrequired. Thisis done by anom-
alous meridional temperature advection [the third term
on the right hand side of Eq. (4.1)] (Li and Philander
1996). If the annual-mean state were perfectly sym-
metrical (that is, v = dT/oy = 0), there would be no
the antisymmetry—symmetry conversion.



MARCH 1999

_ Observed SST (Equator)
2 ; T

Time (month)

S5

. b \ ..
) ETVAN /

]lﬁ 180 180W 140W  120W 100 30w  BOW AW 20W 0

Longitude

LI AND HOGAN 785

Simulated SST (Equator

)

‘IE 180 180W 140W 120w 100w BOW  6OW

Longitude

Fic. 6. Longitude-time section of the observed and simulated (case C) seasonal SST variations at the equator.
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Fic. 7. Horizontal distribution of the simulated SST (°C) in Mar
and Aug for case C.

Over the eastern tropical Pacific the clouds that have
the largest effect are the low-level stratus off the coast
of Peru and California. These clouds are particularly
important because they involve a positive feedback: the
more clouds there are, the colder the SST, the larger the
atmospheric inversion, and the more clouds. This pos-
itive feedback can be readily seen from Eqg. (4.1) (the
last term on the right-hand side) since Cg, =« —T'.

Equation (4.1) is a simple representation of the three
types of air—sea feedback mechanisms: 1) the evapo-
ration—-wind feedback, 2) the meridional wind-SST
feedback, and 3) the low-level stratus cloud-SST feed-
back. With the understanding of these processes, it is
not difficult to explain why the simulated annual cycle
in case A is unreadlistic (Fig. 1).

The unreadlistic annual cycle in case A is attributed
to the unrealistic simulation of the annual-mean steate.
Figure 2 illustrates the horizontal maps of the simulated
annual-mean SST and SST variationsin the two extreme
months of the seasonal cycle, March and August, for
al three cases. A rather symmetric annual mean SST is
found in the eastern equatoria Pacific (east of 120°W)
in case A. Corresponding to this SST distribution, the
northward cross-equatorial wind is much weaker be-
cause meridional SST gradients are weaker (Lindzen
and Nigam 1987). This leads to less effective evapo-
ration-wind feedback and the antisymmetry—symmetry
conversion. The easterly trades are weaker too, because
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the depth of 120 m (Fig. 5). The amplitude of the un-
dercurrents is 50-60 cm s. A similar pattern is sim-
ulated in the equatorial Atlantic. The thermoclinein the
Indian Ocean, however, is uniformly deep along the
equator. Correspondingly, there are no ocean undercur-
rents there.

Oneimportant feature of the annual cycle at the equa-
tor isthe westward propagation in both SST and surface
zonal wind fields (Horel 1982). This feature is well
captured by our coupled model. Figure 6 shows both
the observed and coupled model simulated SSTs at the
equator. In general, the amplitude and phase of the an-
nual SST variation in both the Pacific and Atlantic are
well simulated, although in the eastern Pacific the cold
phase of the SST is off by approximately 1 month.

For the seasonal cycle of the equatoria cold tongue,
March and August are two extreme months. Figure 7
exhibits the horizontal distribution of the simulated SST
fields in March and August for case C. There is indeed
a strong contrast between the March and August SST
fields. While the maximum SST in the eastern Pacific
always stays north of the equator, it crosses the equator
twice a year in the western Pacific, following the sun's
movement. Correspondingly, the surface winds in the
eastern equatorial Pacific are always toward the north,
which converge onto the ITCZ, whereas in the western
Pacific and Indian Ocean they change direction once a
year, aways blowing from the winter to the summer
hemisphere (figure omitted).

5. The interannual variation simulation

It is well known from stability analysis (e.g., Hirst
1986; Neelin 1991; Wang and Feng 1996; Li 1997b)
that the intensity and frequency of interannual coupled
air-sea modes strongly depend on basic-state atmo-
spheric and oceanic conditions such as the upper-ocean
mean vertical temperature gradients (or stratification),
mean upwelling, and the mean depth of the ocean ther-
mocline. The coupled model experiments by Zebiak and
Cane (1987) and Latif et al. (1993) demonstrate that
interannual oscillations are very sensitive to the zonal
mean thermocline depth and that even amodest increase
in the background wind stress may entirely suppressthe
interannual variability in their models.

Our long-term simulations indicate that the interan-
nual oscillations in the model are sensitive to the model
basic states. Figure 8 shows that the amplitude of the
interannual SST (averaged between 180°-120°W) and
zonal wind (averaged between 120°E-180°) anomalies
in case A are much weaker than that in case C. (The
reason to choose the different averaging regions for the
SST and wind is based on the observational fact that
maximum interannual wind anomalies are located in the
western and central equatorial Pacific whereas maxi-
mum SST anomalies are in the eastern equatorial Pa-
cific.) The dependence of the model interannual oscil-
lations on the basic states does not imply that ocean
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Fic. 10. Horizontal structure of the interannual SST (°C) and surface wind (m s~*) anomalies
during a typical warm (at month 8 of year 10) and cold (at month 8 of year 12) event for case C.

dynamics that involve the equatorial waveguide and
thermocline changes are not important. Rather it reflects
the role of basic state conditions on the strength of air—
sea coupling.

Figure 9 illustrates the time-ongitude section of in-
terannual SST anomalies at the equator for case C. The
maximum interannual SST anomalies exceed 2°C.
While the large interannual variability is found in the
equatorial Pacific, much weaker interannual variability
is simulated in the equatorial Atlantic (figure omitted).
This agrees with observations.

The interannual variations in the model result from
the strong coupling between the atmosphere and ocean.
Figure 10 exhibits the horizontal structure of the anom-
alous SST and surface wind fields during atypical warm
(month 8 of year 10) and cold (month 8 of year 12)
event. In response to anomalous heat source induced by
the anomalous warm SST across the equatorial Pacific,
aweakened Walker circulation is established. Maximum
surface westerly anomalies appear to the west of the
warm SST anomaly. The winds converge onto the warm
SST anomaly region. During a cold event a negative
anomalous heat source causes the divergence of surface
wind anomalies. Easterly wind anomalies appear to the
west of a cold SST anomaly. Such horizontal patterns
agree with the observed El Nifio and LaNifaconditions.

So far three ENSO phase transition mechanisms have
been proposed. The first one is the delayed oscillator
mode (Schopf and Suarez 1988; Battisti and Hirst 1989)

that emphasizes the propagation of equatorial ocean
(Rosshy and Kelvin) waves and the reflection of those
waves in the western boundary. The second one is the
slow SST mode (Neelin 1991) that emphasi zes the zonal
propagation of SST along the equator. The third one is
the stationary SST mode (Li 1997b), termed the *‘ ocean
recharge—discharge mode’” by Jin (1997), that empha-
sizes the disequilibrium between the zonal mean ther-
mocline depth and surface wind anomalies.

Diagnoses of the coupled model results indicate that
the interannual oscillations in the model capture essen-
tially al three modes. Figure 11 shows the evidence of
the delayed oscillator mode. It illustrates the time—lon-
gitude profile of the upper-ocean-heat content (defined
as the vertical integration of ocean temperatures from
surface to 320 m) anomalies at the equator and along
8°N and 8°S. Along the equator thereisclearly eastward
propagation in the heat content field. The speed of the
eastward propagation is approximately 0.6 m s-*. Off
the equator it propagates westward, at a speed of 0.2 m
s~1. The propagation speeds are much smaller compared
to those of free equatorial oceanic Kelvin and Rosshy
waves, and thus represent the slow coupled modes dis-
cussed by Hirst (1986) and Schopf and Suarez (1988).
The reflection of the waves in the western boundary
may be deduced from Fig. 11 in which one can see the
connection between the slow westward-propagating
Rossby-type waves off the equator and the slow east-
ward Kelvin-type waves at the equator at years 12, 16,
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19, 21, 22, and 27. In addition to the delayed oscillator
mode, there is the evidence of the zonally propagating
slow SST mode. Figure 12 shows SST and zonal wind
anomalies along the equator for atypical cold event at
year 12. Both the SST and surface zonal wind anomalies
propagate westward. The phase speed of the propagation
is approximately 15° long month-*. The stationary SST
mode is characterized by the zonal mean thermocline
depth anomaly leading the SST (or wind) anomaly at
the equator (see Fig. 3 of Li 1997b). Figure 13 shows
that the zonal mean thermocline depth anomaly in the
model indeed leads the SST anomaly in some periods
(e.g., a years 10-11 and years 26-27). These results
suggest that the coupled model captures essentially all
three types of ENSO modes.

6. Summary and discussion

A critical feature for all coupled ocean—atmosphere
GCMs is the ability to simulate both seasonal and in-
terannual variations. We investigate the role of the an-
nual-mean climate on seasonal and interannual vari-
ability by means of a coupled ocean—atmosphere GCM.
The atmospheric component of this coupled GCM isthe
Naval Operational Global Atmospheric Prediction Sys-
tem and the oceanic component isthe Geophysical Fluid
Dynamics Laboratory Modular Ocean Model. Three sets



790

JOURNAL OF CLIMATE

VOLUME 12

/onal Mean Heat Content and SSTA

~

14 15 16 17 18 19 20 21 22 23 24 25 26 27

Time (year)

Fic. 13. Time series of the zonal-mean heat content anomaly (units: 150 °C m, the solid line)
and the SST anomaly (units: 3°C, averaged between 180° and 100°W); the dashed line) at the

equator for case C.

of experiments have been carried out. In case A, no
annual-mean flux adjustment is applied so that the cou-
pled model generates its own time-mean state. In case
B, a constant annual-mean flux adjustment for SST is
applied. In case C, both the annual-mean SST and sur-
face wind fields are adjusted. Our long-term (40 yr)
simulations of the coupled GCM demonstrate that in the
presence of the annual-mean SST and surface wind ad-
justment, the coupled model is able to simulate realistic
seasonal and interannual variations in the tropical Pa-
cific. Particularly, it simulates the westward propagation
of the seasonal SST variations along the equator. The
structure of the simulated interannual oscillations re-
sembles in many aspects that of the El Nifio and South-
ern Oscillation. It is concluded that a prerequisite for a
coupled GCM to simulate/predict realistic seasonal and
interannual variations is to simulate a realistic annual-
mean state.

The conclusion derived from the coupled experiments
is consistent with previous theoretical and observational
studies. It has been long noticed from an observational
point of view that the phase of the EI Nifio and Southern
Oscillation is closely related to the seasonal cycle (e.g.,
Rasmusson and Carpenter 1982). The sensitivity ex-
periments by Zebiak and Cane (1987) indicated that
irregular interannual oscillations can emerge when a
seasonally varying, rather than an annual-mean, basic
state is specified. Li and Philander (1996) demonstrated
that the principal cause of an annual cycle at the equator
is the asymmetric annual-mean climate.

The drift of the time-mean equilibrium state away
from the observed climate is clearly a sign that some-
thing is amiss in the atmospheric and oceanic models.
The diagnosis of the annual-mean heat flux adjustment
fields (Fig. 14) points to certain key physical processes
in the models. For instance, in both fixed SST and cou-
pled experiments, deep convective clouds over the west-
ern tropical Pacific are generally overpredicted. Those
clouds reflect too much solar radiation to the space and
cause cooler SSTs there. The low-level stratus clouds
along the coast of the South America are underesti-
mated, leading to excess of solar irradiance and con-

sequently too warm SSTs. The ocean upwelling is in
general too weak in the far eastern equatorial Pacific
and along the coast of the South America but too strong
along the central equatorial Pacific. A large cold bias
in SST is found off the coast of the Central America
The reason for such a bias is currently under investi-
gation.

The fact that the coupled equilibrium state severely
deviates from real climate does not necessarily imply
that the model dynamics are too unrealistic to be used
for climate variability and sensitivity experiments. The
success in simulating both seasonal and interannual var-
iations in the current coupled GCM poses an interesting
question: can we apply the annual-mean flux adjustment
strategy to conduct long-term (seasonal and interannual)
climate forecasts? There are, in general, two approaches
to solve the annual-mean errors in a coupled model.
One is to apply an annual-mean adjustment approach,
as proposed by this study. Another is to improve the
model physics such as the better representation of cu-
mulus clouds over the western equatorial Pacific and
shallow low stratus clouds off the coasts of Peru. The
former is expedient, whereas the later is slow but es-
sential. We believe that both strategies are important.
By applying the annual-mean adjustment strategy, we
can avoid the time-mean problems and go forward to
consider other important issues such as nonlinear in-
teractions between seasonal and interannual timescales
and the predictability of coupled GCMs.
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FiG. 14. Horizontal map of the annual-mean heat flux adjustment
term for SST (units: (10-7°C s71) in case C.
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