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ABSTRACT

A coupled atmosphere-ocean GCM (genera circulation model) has been developed for climate predictions
on seasona to interannual timescales. The atmosphere model is a global spectral GCM T30L 18 and the ocean
model is global on a 1° grid. Initial conditions for the atmosphere were obtained from National Meteorological
Center (now known as the National Centers for Environmental Prediction) analyses, while those for the ocean
came from three ocean data assimilation (DA) systems. One system is a four-dimensional DA scheme that uses
conventional SST observations and vertical temperature profiles inserted into the ocean model and is forced
from winds from an operational analysis. The other two initialization schemes are based on the coupled model,
both nudging the surface temperature toward observed SSTs and one nudging surface winds from an operational
analysis. All three systems were run from 1979 to 1988, saving the state of the ocean every month, thus initial
conditions may be obtained for any month during this period. The ocean heat content from the three systems
was examined, and it was found that a strong lag correlation between Nino-3 SST anomalies and equatorial
thermocline displacements exists. This suggests that, based on subsurface temperature field only, eastern tropical
Pacific SST changes are possibly predictable at lead times of a year or more. It is this ““memory’’ that is the
physical basis for ENSO predictions.

Using the coupled GCM, 13-month forecasts were made for seven January and seven July cases, focusing
on ENSO (El Nifio—Southern Oscillation) prediction. The forecasts, whose ocean initial conditions contained
subsurface thermal data, were successful in predicting the two El Nifio and two La Nifia events during the
decade, whereas the forecasts that utilized ocean initial conditions from the coupled model that were nudged
toward surface wind fields and SST only, failed to predict the events. Despite the coupled model’s poor simulation
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of the annual cycle in the tropical Pacific, the ENSO forecasts from the full DA were remarkably good.

1. Introduction

A major contributor to climate variability, on awide
range of timescales, is air—seainteraction. The El Nifio—
Southern Oscillation (ENSO) phenomenon, as acoupled
oscillation of the tropical Pacific Ocean and the tropical
atmosphere, represents a very important air—sea inter-
action on the seasonal to interannual timescale. The pre-
diction of ENSO along with its global climate anomalies
is a major research effort in short-range climate fore-
casting. Simulation of ENSO using ocean modelsforced
with observed winds and heat flux (e.g., Busalacchi et
al. 1983; Philander and Seigel 1985; Rosati and Mi-
yakoda 1988; Harrison 1989) and using atmospheric
models forced with observed sea surface temperature
(SST) (Lau 1985; Latif 1987; Stern and Miyakoda 1995)
have been successful in capturing the prominent features
of ENSO. These successes are the groundwork for the
coupled atmosphere—ocean GCMs, wherein further in-
sight into ENSO dynamics may be obtained. Neelin et
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al. (1992) review the status of avariety of coupled mod-
els. Statistical and dynamical models have demonstrated
that skillful predictionsfor eastern equatorial Pacfic SST
anomalies are possible, for up to a year (Cane et al.
1986; Barnett et al. 1993; Latif et a. 1993).

The large-scale climatic variability associated with
ENSO is tied to the slow oscillatory phenomena of the
coupled atmosphere—ocean system in the Tropics. The
“memory’’ (inertia) of this system resides in the upper
ocean (< 250 m), which has a much longer timescale
than the atmosphere. The importance of the role the
internal ocean dynamics playsin the tropical Pacific has
been discussed by Wyrtki (1985) and culminates in the
delayed oscillator concept of Schopf and Suarez (1988)
(see Graham and White 1988; Battisti 1988). The cou-
pled system evolves from an initial state determined
primarily by the thermal state of the upper ocean. The
importance of how this initial state is represented, and
how it impacts on coupled model ENSO forecasts, is
the focus of this paper. A large effort in developing
ocean data assimilation schemes to produce analyses
that accurately represent the subsurface thermal struc-
ture has been made. This study contrasts the effects of
analyses that use wind forcing only and analyses that
combine wind forcing and subsurface data.
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This paper explores the forecast ability of a coupled
GCM with varying ocean initial conditions. Section 2
describes the forcasting system, which includes the at-
mosphere and ocean models, and ocean data assimila-
tion schemes. The upper-ocean heat content as the
source of ‘““memory”’ for the forecasts is examined in
section 3. In section 4 the forecast skill is assessed and
section 5 demonstrates the model’s ability to capture the
evolution of a warm and cold ENSO event. The con-
clusions are stated in section 6.

2. Forecasting system

In general, a forecasting system consists of a fore-
casting model and a method to initialize the model. For
the coupled system, initial conditions for both the at-
mospere model and the ocean model are needed.

a. Atmosphere model

The atmosphere model used in this study is a global
spectral GCM (Gordon and Stern 1982). The horizontal
resolution is T30, which is the spectral triangular trun-
cation at zonal wavenumber 30, corresponding to a
Gaussian grid of approximatly 4.0° longitude by 4.0°
latitude and the vertical resolution is L18 or 18 levels.
The major physical parameterizations include a bucket
hydrology over land; orographic gravity wave drag;
large-scale condensation and moist convective adjust-
ment (both using a condensation criteria of 100%); shal-
low convection, cloud prediction [interactive with ra-
diation, Gordon (1992)]; radiative transfer (12-h aver-
aged), which varies seasonally; stability dependent
vertical eddy fluxes of heat, momentum, and moisture
throughout the surface layer, planetary boundary layer,
and free atmosphere (‘'E”’ physicsasdescribedin Sirutis
and Miyakoda 1990); and k4 horizontal diffusion. The
orography has been treated by a Gibbs oscillation re-
duction method (Navarra et al. 1994). This model with
simpler physics and varying resol utions has been shown
to be viablefor extended range prediction at the monthly
timescale (Stern and Miyakoda 1989), although system-
atic biases still contribute significantly to theerror fields.
As a precursor study to the fully coupled system, Stern
and Miyakoda (1995) used a global SST dataset as
boundary forcing for the atmospheric model, as de-
scribed above, and generated an ensemble of GCM in-
tegrations to examine reproducibility as related to the
feasibility of seasonal forecasts.

b. Ocean model

The configuration of the ocean model is the same as
described in Rosati and Miyakoda (1988). The model
equations are solved on a nearly global grid with re-
alistic bottom topography (Bryan 1969; Cox 1984) us-
ing the modular ocean model (MOM) version as de-
scribed in Pacanowski et al. (1991). The horizontal res-
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olution is 1.0° longitude by 1.0° latitude except within
the equatorial band of 10°N-10°S where the meridional
resolution is 1/3°. This increased resolution within the
equatorial zone is designed to resolve the strong SST
gradient and oceanic internal waves, which may play a
crucial role for the El Nifio processes (see Busalacchi
and O’Brien 1980; Busalacchi et al. 1983; Philander
and Seigel 1985). The vertical resolutionis15 unequally
spaced levels with most of the levels skewed toward the
upper ocean above 500 m (Derber and Rosati 1989).
The major physical parameterizations include penetra-
tion of solar insolation to the ocean subsurface, vertical
mixing formulated after the turbulence closure scheme
level 2.5 of Mellor-Yamada (1974; nearly the same
scheme used by the atmospheric model), and horizontal
mixing adapted from the Smagorinsky nonlinear vis-
cosity (Smagorinsky 1963). This version of the model
was forced with observed winds and heat flux and was
found capable of producing readlistic interannual vari-
ability of the ocean (Rosati and Miyakoda 1988).

¢. The coupling

The atmosphere and ocean models are coupled as
follows. The atmosphere is run for 12 h with a 20-min
time step. The 12-h averages of wind stress, heat flux,
and precipitation minus evaporation are saved to force
the ocean model. Then the ocean model isrun for 12 h
with 1- and 2-h time steps for momentum and temper-
ature/salinity, respectively, and returns the 12-h aver-
aged SST to be used in the subsequent 12-h integration
of the atmospheric model.

Even though the atmosphere and ocean models dem-
onstrate good performance individually, when coupled
and run ‘“‘free,”” without observed boundary forcing,
there is no guarantee that the models will not drift to
some new climate state where they can establish an
equilibrium. The systematic bias was fairly large in the
preliminary studies of the coupled model (Sirutis and
Miyakoda 1989; Miyakodaet al. 1989, 1990). The mod-
el tended to have a cold bias that was particularly ev-
ident over the western tropical Pacific where the SST
warm pool was colder by 2°-4°C. The trades were ex-
cessively strong in the eastern Pacific. For the most part
these same systematic biases exist in the present version;
however, a heuristic correction was made. After ex-
amination of the heatflux components it was found that
the evaporative term was too large and so the evapo-
ration coefficient C. was reduced uniformly by 10%
over the ocean surface.

d. Initial conditions

Experience in weather forecasting suggests that when
the influence of initial conditions fades away as a pre-
diction proceeds, predictability decreases (e.g., Arpe et
al. 1985). If thisistrue for the coupled system as well,
the presence of adequate information in the initial con-
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ditionsisof paramount importance for the seasonal fore-
casts. For this seasonal timescale, the assumption isthat
the long-term memory of the coupl ed atmosphere—ocean
system is provided by the ocean, thus particular care
must be taken in initializing the ocean model.

In this study, theinitial conditionsfor the atmospheric
component are obtained using National Meteorological
Center (NMC, now known as the National Centers for
Environmental Prediction) analysis. The main focus of
this paper will be to ascertain the impact of ocean initial
conditions on the forecasts, and so we will try three
different data assimilation (DA) schemes to initialize
the ocean. Knowing that neither the model nor the ob-
servations are perfect, the goal of DA is to estimate
optimally the past and present states with an imperfect
model and noisy observations. The description of the
DA systems used in this study follows.

1) FULL DATA ASSIMILATION

As the first step toward the coupled model prediction
system, an ocean DA scheme was developed by Derber
and Rosati (1989). Observed data were continuously
inserted into the ocean model by applying a correction
to the forecast temperature field at every model time
step. The spatial objective analysis technique is based
on the statistical interpolation (optimal interpolation)
analysis scheme of Gandin (1963). The method is based
on a variational principle, in which the ocean model
solutions are used as the first guess for temperature and
the final analysis is determined by the inserted ocean-
ographic data in such a way that a functional be statis-
tically minimal. The functional is represented by, first,
the difference between the observations and the cor-
rected temperature field, and, second, the difference be-
tween the corrected temperature field and thefirst guess,
in which the observational error is taken into consid-
eration. The functional is minimized using a conjugate
gradient algorithm.

The upper boundary conditions of the ocean GCM
are specified by surface wind stress, atmospheric heat
flux, and moisture flux, which were computed using the
twice daily NMC operational analysis, and also incom-
ing shortwave and net longwave radiation, given by
seasonally varying climatologies.

This system has been implemented using along time
series of ocean data analysis. The period of the assim-
ilation is 10 years from January 1979 to December 1988
(Rosati et al. 1994—hereafter referred to as RGM94).
During this decade, various national and international
projects of data acquisition and processing were carried
out. For ocean surface temperature data, COADS (Com-
prehensive Ocean—-Atmosphere Data Set, based on ships
of opportunity) was taken. The subsurface temperature
data (from XBTs temperature profiles) was an amal-
gamation of datasets from NODC (the National Oceanic
Data Center), U.S. Navy’'s MOODS (Master Oceanic
Observation Data Set), and TOGA (Tropica Ocean
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Global Atmosphere project). The ocean model is inte-
grated forward in time while these data are continuously
assimilated by the model, serving to produce an analysis
and initial conditions anywhere along the 10-yr period.
Thisis essentially the same system used by the coupled
model project at NMC (Ji et al. 1994).

It should be noted that the oceanic data inserted into
the model has been limited to temperature data. Al-
though this is done for practical reasons, that is, there
is no extensive array of velocity measurements, studies
by Philander et al. (1987), Anderson and Moore (1989),
and Hao and Ghil (1994) have shown the relative use-
fulness of thermal data over velocity data. This differ-
ence in importance follows since the most important
consequence of the equatorial ocean’s adjustment to
wind stress is the balance between east—west pressure
gradient and zonal wind. Therefore, the assimilation of
temperature observations would define the pressure gra-
dient and this information would be transferred to the
model dynamics. In other parts of the ocean where the
flow is primarily geostrophic, the insertion of only mass
data would also be justified.

2) SURFACE DATA ASSIMILATIONS

In addition to the full DA, there are simpler DA meth-
ods, that is, Newtonian nudging of surface boundary
conditions. If this method proves to be comparable to
the full DA in terms of the analysis quality and fore-
casting skill, the nudging technique may be a viable
option for the generation of initial conditions.

The nudging technique is applied to the coupled air—
sea model in two ways. The first is to nudge the ocean
model’s surface temperature toward observations. The
second is to nudge SST and the surface wind stress
toward observations. Both methods are run for the pe-
riod 1979-88 and attempt to address the adjustment
issue for initializing the coupled model. Theideaisthat
surface winds generated by the atmosphere model, in-
fluenced from the observed SST field, would initialize
subsurface fields that would be in balance with the at-
mospheric model forcing, and therefore the models
would not be shocked when coupled. Specifically, the
east—west pressure gradient along the equatorial ocean
would be in balance and defined by the atmospheric
model’s zonal winds and hence would not need to come
into rapid adjustment to a new wind field. Essentially
this method initializes the ocean model from the ob-
served SST field. The second scheme uses the observed
wind field forcing and SST field to initialize the sub-
surface.

The SST nudging: taking the coupled model, the ther-
modynamic equation for the upper-most layer of ocean
model is modified by adding Newtonian nudging term;
that is,

aT

— o= —MT-T
at )‘( obs)v

2.1)
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where T is the ocean temperature at level 1, T, is the
observed SST, and A is the Newtonian damping coef-
ficient, (3 day)~*. Here, T, is the monthly mean SST
analysis of Reynolds (1982, 1988).

The SST—wind nudging: taking the same coupled air—
sea model, two equations are modified. One isthe equa-
tion of oceanic temperature, that is, the same as Eq.
(2.1). The other is the equation of momentum in the
lowest layer of the atmospheric GCM; that is,

d
N =

P) M (V - Vobs)’
t

(2.2)
where V is the wind vector, the term —u(V — Vo) is
the Newtonian nudging coefficient, w is the damping
coefficient, (1 h)~%, and V. isthe observed wind vector.
The observed winds are the same as used in the full
DA, taken from NMC analysis, and the nudging terms
are applied over the ocean surface, excluding land. This
approach of using past wind fields to precondition the
ocean model is carried on by several ENSO prediction
groups (Inoue and O’ Brien 1984; Cane et al. 1986; L atif
and Flugel 1991). Chen et al. (1997) showed that initial
conditions obtained from the coupled model nudged to-
ward FSU wind stress improved their forcasts. They
attributed the success of the scheme to its consideration
of coupling, and the reduction of ‘“‘initialization shock’
in the transition from hindcast to forecast mode. Their
value of the nudging coefficient was a function of lat-
itude as opposed to the one used in the S-DA1, which
is a constant.

In summary, a hierarchy of DA schemes to produce
initial conditions from ocean analysis were run and are
described as follows:

1) Ocean model—full DA; uses observed SST; ob-
served surface winds; and subsurfasce thermal data.

2) Coupled model—SST—-wind nudging; uses observed
SST; observed surface winds.

3) Coupled model—SST nudging; uses observed SST.

The forecasts run from these three initial conditions are
referred to as the F-DA, S-DA1, and S-DA2, respec-
tively.

3. Upper-ocean heat content

An important component of the coupled ocean—at-
mosphere system on the interannual timescale is upper-
ocean heat content. Many studies have shown (e.g., Ze-
biak and Cane 1987; Harrison 1989; Battisti 1988; Gra-
ham and White 1988; Chao and Philander 1993; Neelin
et al. 1992) that fluctuations in upper-ocean heat content
are both systematic and significant in the evolution of
ENSO. To quantize this character, the heat content is
calculated by

0

heat content = f pC,T dz, (3.1

—248 m
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where 248-m depth is taken to include the thermocline
level around the equatorial Pacific, and it corresponds
to the 11th level from the surface in the ocean model,
p=102gcm=3andc, = 4187 Jg* K

Figure 1 shows Hovmoller diagrams of heat content
along the equator for temperature nudging at the right,
temperature-wind nudging in the middle, and full DA
on the left. The two nudging cases, the middle and the
right panelsin Fig. 1, do not show good agreement with
each other. The temperature nudging case shows a pro-
nounced annual cycle in the eastern part of the basin.
Although this is a feature of the SST, observed annual
variationsin thermocline depth are weak, and, therefore,
the annual cycle in heat content for this case is unreal-
istic. In the western part of the basin, the temperature
nudging case contains much more heat than the other
two cases. What this reveals is the sensitivity of the
subsurface thermal field to the wind field. In the tem-
perature nudging case the winds that drove the ocean
model were generated from the atmospheric model. Ex-
amination of the model winds showed stronger than
observed westerlies in the western equatorial Pacific
during DJFE. This resulted in convergence at the equator
and caused downwelling, which influxed alarge amount
of heat into the ocean. Thiswas possible since the model
surface temperature was being forced to observed SSTs
and therefore there was a positive heat flux into the
ocean. In the coupled system, this wind bias increases
evaporation and reduces the heat flux into the ocean
resulting in SSTs that are too cold. When the NMC
analysiswind field is used, the systematic westerly bias
is removed and a more reasonable heat content is sim-
ulated, as shown in the temperature-wind nudging and
DA cases. It was also found that the atmospheric model
had a bias toward trade winds that were too strong.
Without the SST nudging, this would have resulted in
increased upwelling and SSTs that would be too cold
in the central and eastern Pacific. However, with the flux
adjustment enormous amounts of heat had to be fluxed
into the ocean model to maintain the observed annua
cycle of SST due to the systematic error in the model
wind field. Thisresulted in the pronounced annual cycle
in the heat content. Looking at the heat content over
the central Pacific, a much tighter gradient may be ob-
served in the DA as opposed to the other two cases.
This shows that the ocean model produces too diffuse
a thermocline, and that this bias may be aleviated by
the addition of subsurface data in the DA. It would
appear that for the present system subsurface thermal
data are necessary and that using only the wind fields,
either from the model or analysis, is not adequate to
derive the ocean subsurface thermal structure.

Figure 2 shows time-ongitude diagrams of the heat
content anomalies along the equator, in the Pacific, from
1981 to 1988. As in the previous figure, the left panel
isthe DA; the middle is the temperature-wind nudging;
and theright isthe temperature nudging. Where thetotal
heat content showed distinct differences between the
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Fic. 1. Time-longitude diagrams of ocean heat content along the equator from the three DA systems. The contour interval is 10° J m~2.
The thick line is the 352 X 10° J m~2 contour. The regions greater than 352 X 10° J m~2 are stippled.

three assimilations, the anomalies, about their individual
means, show that the interannual fluctuations of the ther-
mocline are similar. The most pronounced featurein Fig.
2 is the two distinct episodes of El Nifios and of La
Nifias and show that these positive and negative anom-
alies of heat content propagate eastward. Comparison
with SST anomalies (not shown here) shows the two El
Nifio signatures are evident; however, the 198687 event
is more distinct in the SST anomalies than in the heat
content anomalies. Further, for the whole period, the
eastward propagation is dominant in the heat content,
as opposed to some element of westward propagation
in the SST. This coherence between SST anomalies and
heat content anomalies appears to be essential to ENSO
predictability. It would seem of paramount importance
that the assimilation scheme, used to produce initial
conditions for ENSO forecasting, must contain an ac-
curate representation of the phase and amplitude of these
propagating heat content anomalies.

The upper ocean is the main component active on the
interannual timescale in the coupled ocean—atmosphere

system. ENSO prediction models such as described in
Inoue and O'Brien (1984), Cane et al. (1986), and L atif
and Flugel (1991) use observed wind fields up to the
initial forecast time to precondition the ocean as the
only data that enters their predictions. The success of
these models leads one to believe that the ocean acts as
a filter on the wind stress to extract the interannual
variability, which makes the coupled model less sen-
sitive to the unpredictable components of the atmo-
sphere. Latif and Graham (1992) showed that using the
upper-ocean temperatures from an ocean GCM forced
by observed winds asthe predictorsin astatistical model
gives significantly better skill at lead times of 6 to 12
months compared to either persistence or the statistical
model based on wind stress data only. Chao and Phi-
lander (1993) describe their results as a generalization
of the ““delayed oscillator’” (Schopf and Suarez 1988)
mechanism in which a superposition of many wave
modes plays an important role in determining the de-
layed response of the ocean. The net effect of these
waves is to modulate the equatorial heat content and
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Fic. 2. Time-longitude diagrams of heat content anomalies along the equator from the three DA systems. The contour
interval is 10 X 10° J m~2 Regions greater than 10 X 10° Jm~2 and less than —10 X 10° Jm~2 are stippled differently.
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Fic. 3. Lag correlations of Nino-3 SST and ocean heat content
anomalies for four different regions. Positive (negatve) lags indicate
that SST lags (leads) heat content anomalies.

currents, effects that may then be amplified by the at-
mospheric feedback. It istherelatively long ‘* memory”’
of thetropical Pacific Ocean (that thereisat any moment
adelayed oceanic responseto earlier winds) that permits
a continual oscillation and provides the physical basis
for ENSO prediction. Sincethe*“memory’’ isassociated
with thermocline displacements, then it would follow
that the expression of this redistribution of heat should
manifest itself through SST. Using the DA to demon-
strate this relationship, a correlation analysis of heat
content anomalies with SST anomalies in the Nino-3
region (5°N-5°S, 150°-90°W) was made (Fig. 3). Sim-
ilar to Latif and Graham (1992), heat content anomalies
over key regions were selected for the analysis: 1) the
eastern equatorial Pacific (0°, 160°-80°W); 2) the west-
ern equatorial Pacific (0°, 140°E-160°W); 3) the north-
ern west Pacific (5°N, 140°E-160°W); and 4) the south-
ern west Pecific (5°S, 140°E-160°W).

Figure 3 shows a maximum correlation between
Nino-3 SST changes and eastern equatorial thermocline
displacements at 2-month lag, indicating the sensitivity
to subsurface thermal changes. The maximum, at the
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FiG. 4. Nino-3 SST anomalies (top panel) and ESI (bottom panel). The thick lines are from
analyses. The crosses are the coupled model forecast results started in January for the F-DA

cases.

western equatorial Pacific is at 12-month lag, and the
off-equatorial region is at 16-month lag. This shift in
the correlation maximum to larger lags shows the prop-
agation of heat content anomalies from off the equator
into the equatorial waveguide and then propagating east-
ward, characteristic of the **delayed oscillator’” mode,
the physics of which are substantially different than
those expected from K elvin wave dynamics (see Barnett
et al. 1991). This suggests that, based on subsurface
data only, eastern equatorial Pacific SST changes are
possibly predictable at lead times of a year or more. It
then follows that using an ocean model, capable of prop-
agating these heat content anomalies, with a realistic
initial state coupled with an atmospheric model, fore-
casts of eastern equatorial Pacific SST anomalies are
possible. However, if this‘*memory’ that the ocean has
to earlier windsis misrepresented, possibly dueto model
and/or forcing errors, then the initial state of the ocean
model, used in a coupled forecast mode, could be in
error. There would be propagation of thermocline dis-
placements, but since the initial heat content would be
different from observations, they would be incorrect.
The basis of thisstudy isto exploretheimpact of various
ocean initial conditions on the forecast.

A convenient way to represent zonal mean heat con-
tent anomaly along the equator is to define an ENSO
index such that

DW — DE
ES 110 - 1°

where D is the depth of the 20°C isotherm, and D,, and

D. are the depths at 160°E and 90°W, respectively. Here,
110 m corresponds to the climatological mean value of
Dy — Dg, that is, 160 — 50 = 110. When ESI isnegative
(positive), the index indicates a shoaling (deepening) of
the thermocline in the west and a deepening (shoaling)
in the east corresponding to a warm (cold) event. The
ESl isessentially the zonal mean of Fig. 2; the advantage
of this index is that it allows the computation of zonal
mean heat content anomalies without having to compute
a climatology.

4. Forecast results

Theforecasts consist of seven 13-month cases starting
from January or July every year for the period 1982—
88. The time of the initial conditions is 0000 UTC of
the first day of January or July. Each January forecast
is run from three versions of ocean initial conditions—
F-DA, S-DA1, and S-DA2—as described above, but the
July forecasts were run only from the F-DA version.
This time period included two warm events and two
cold events.

The results of the seven January forecasts, initialized
from F-DA and S-DA2, are displayed in Figs. 4 and 5.
For each month of the forecasts, the monthly mean SST
anomaly was computed over the Nino-3 region and is
shown in the upper panels. The anomaly was calcul ated
by creating a forecast climatology from the ensemble
of cases and subtracting it from the individual forecast.
The lower panels are the zonal mean heat content anom-
aly index or ENSO index, that is, ESI. The continuous
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S-DA1 & S-DA2

SST Anomalies
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Fic. 5. The same as Fig. 4 but for the SSDA1 and S-DA2 cases.

thick line curves are observed SST anomalies, after
Reynolds (1988), and the ESI from the full DA (Fig.
2). The thin line curves with crosses are the SST and
ESI anomalies from the seven forecast cases, each run
for 13 months. The termina points of the 13 months
are indicated by black dots with crosses. Figure 6 is
similar but for July cases. Although the forecasts started
from the DA, the first month does not agree exactly
because it is a monthly mean of the forecast.

The SST forecasts, shown in the upper panel of Fig.
4, agree quite well in capturing the temperature increas-
es in 1982/83 and 1986/87 and also the temperature
decreases in 1983/84 and 1987/88. During 1984/85,
when the anomalies had little change, the forecastsagain
did well. The lower panel is the ESI and it should be
noted how well it correlates with the Nino-3 SST anom-
aly, as discussed in Fig. 3. Since we believe the key to
the SST forecast lies in the proper redistribution of the

F-DA
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Fic. 6. The same as Fig. 4 but for July.
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ocean heat content, we compare the forecast zonal mean
heat content anomaly with the DA. The forecasted ESI
seems to capture the anomalous behavior of the heat
content associated with the rise and fall of the ther-
mocline and hence the good SST prediction. Figure 6
contains the results for the cases starting in July. The
SST and ES| forecasts seem to begin well but do not
have the same skill as the January cases, particularly
for the last 5 months (spring onward). Forecasts where
the ocean is initialized by the S DA1 and S-DA2 (Fig.
5) show little skill, with the 1982/83 cases going cold
and the remaining cases going warm. A summary plot
of the results from all the cases is Fig.7, showing cor-
relation coefficients from the ensembl e of forecasts. The
F-DA cases do the best with F-DA(JAN) having ap-
proximately 0.8 (except for March) and rms error of
0.56°C (not shown) for the whole 13-month period,
wheras the F-DA (JUL) exhibits decreasing skill begin-
ning in April and a mean rms error of 0.75°C. The
S-DA1 (rms 1.1°C) is marginally better than S-DA2
(rms 0.84°C) for the first seven months. Beyond 3
months, all but S-DA2 of the forecast cases do better
than persistence. The rapid decrease in correlation over
thefirst 3 monthsis consistent with the fast error growth
as noted by Blumenthal (1991) and discussed by Latif
et al. (1992). These results show that the use of sub-
surface thermal data in preconditioning the ocean
(F-DA) lead to better equatorial SST anomaly forecasts
as opposed to preconditioning the ocean only fromwind

and SST data (S-DA1 and S-DA?2). The coupled model
experiments described by Zebiak and Cane (1987) also
demonstrated the important role of mean equatorial heat
content by showing that interannual oscillations did not
occur if the thermocline was too shallow. It should be
pointed out, however, that other investigators using FSU
winds only, in total or anomalies, to initialize the ocean
have had greater success than our S-DA1 case (Chen et
al. 1996; Latif et al. 1993).

Two additional F-DA forecasts were made, for the
contrasting 1987 warm case and the 1988 cold case,
wherein the atmospheric initial conditions were altered
by replacing each year with the other. The results
showed little change in the predicted SST anomalies,
further emphasizing the dominant role of the ocean
“memory.” These results are hardly conclusive; on the
other hand had these experiments not demonstrated this,
our expectations for seasonal to interannual predictions
would be greatly reduced. Also theimpact of somelow-
frequency signal, for example, QBO, needs to be ad-
dressed more completely.

SST anomaly correlations over the world oceans (Fig.
8) are computed where the observed SST anomalies are
again from Reynolds's (1988) analysis. Correlations are
obtained from months 4-9 of the combined January and
July F-DA forecast cases. The highest correlation region
is located in the eastern and central equatorial Pacific
(>0.75). The other regions of high correlation are found
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over the tropical Atlantic (>0.5) and over the Indian
Ocean (>0.5).

It should be pointed out that coupled model’s annual
cycle along the equator shows considerable climate drift
(Fig. 9). Comparing Reynolds's SST climatology to the
forecast model’s climatology, obtained from the mean
of the ensemble of F-DA cases, the warm pool in the
west cools by 2°-4°C and the amplitude and phase of
the seasonal cycle is poor. Nevertheless, despite this
deficiency in simulating the tropical Pacific annual cy-
cle, the F-DA anomaly forecasts demonstrated remark-
able skill. As has been discussed by Neelin et al. (1992)
and Latif et al. (1993), the presence or absence of in-
terannual variability does not appear to depend impor-
tantly on climate drift; also coupled GCMsthat simulate
arealistic mean climatology do not necessarily simulate
interannual variability properly. For other regions of the
World Ocean the seasonal cycle is well simulated.

5. Evolution of two ENSO predictions

To evaluate the impact of oceanic initial conditions
on the predictions, two cases, from the 1982—-88 ensem-

REYNOLDS
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T » T 71 <o
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Fic. 9. Time-longitude diagrams, along the equator, of SST clima-
tologies from Reynolds analysis and the mean of the F-DA cases.

ble, are selected and studied. Each one starts from 1
January initial conditions and the forecast period is 13
months. The cases were chosen to demonstrate the mo-
del’s predictive capability for a warm and a cold event.

a. The warm event (1982-83 El Nifio)

The details of the evolution of the monthly mean
subsurface thermal structure within the model predic-
tions is provided in longitude—depth sections at the
equator (Figs. 10 and 11). Here the DA analysisistaken
as the best representation we have to the real ocean and
forecasts are compared to it as reference. Examining the
DA (top of Fig. 10), in January 1982, we see the char-
acteristic deep warm pool in the west and cold upwelled
water in the east. As we follow the slope of the ther-
mocline in time, we see a distinct shoaling in the west
and a deepening in the east, and by January 1983 atotal
redistribution of heat from west to east. We would hope
that the forecasts exhibit similar features. Looking at
the FDA forecast case we see that the initial conditions
show a very tight thermocline; however, as the forecast
progresses, the thermocline becomes too diffuse as com-
pared to the DA. This systematic error manifests itself
in all of the ocean runs not constrained by observations.
Both S-DA initial conditions show this bias. The tem-
perature anomalies (Fig. 11) of the DA show a clear
eastward propagation of heat content, and by January
1983 the west is negative and the east positiveindicating
the change in slope of the thermocline. The warming
in the east is unprecedented. This evolution is success-
fully simulated by the F-DA, athough the anomalies
lack the amplitude of the DA. However, the S-DA1 and
S-DA2 cases do not show the same changes in ther-
mocline displacements and do not forecast El Nifio. In
fact the S-DA2 case even has warming in the west and
cold in the east. It should be mentioned that the means
from the ensemble of forecasts of each case were sub-
tracted to produce the forecast anomalies.

Figure 12 shows the SST anomalies over the entire
Pacific. The observations clearly show the warm waters
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January 1982 Case

Data Assimilation
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Fic. 13. Time-longitude diagrams of the zonal component of wind stress for 1982. The left-most panel is after NMC analysis. The re-
maining three panels are from the 1982 forecasts. Easterlies are stippled and the contour interval is 2 N m=2

in the central and eastern parts of the basin. The F-DA
case predicted the warm SST anomaly, athough it is
too narrowly confined to the equator. The S-DA cases
do not predict this warm event. The wind stress (Fig.
13) from the NMC analysis has westerlies that migrate
from west to east; this feature is best represented in the
F-DA forecast. The S-DA2 case even has strong east-
erlies, coinciding with the cold SSTs.

b. The cold event (198889 La Nifia)

In the 1988 case (Fig. 14), the DA analysis shows
east-west slope of the thermocline steepens in time,
deepening in the west and shoaling in the east (up-
welling colder than normal water in the east). The F-DA
forecast simulates this evolution very well, while the
S-DA forecasts fail totally and even swing into warm
events. This feature is more evident in the anomaly
fieldsin Fig. 15 where heat content anomaly in the east
is cold and warm in the west, just the opposite of the
82 case, for the DA. Once again the F-DA case predicts
this redistribution of heat although weak compared to
the DA.

The observed SSTs in Fig. 16 show a dramatic de-
velopment of the equatorial cold tongue asearly asApril
in the east and then extending west across the basin.
The F-DA forecast is successful in simulating the cold
tongue; here again it is too narrowly confined to the
equator. The S-DA forecasts fail and even contain er-
roneous warm water. The wind stress (Fig. 17) from the
analysis has strong easterlies that persist throughout

1988. The F-DA best represents this feature, although
there are also erroneous westerlies. The S-DA cases
westerlies migrate eastward as in the El Nifio case.

6. Conclusions

A coupled atmosphere—ocean GCM has been con-
structed. The atmosphere component isa T30L 18 global
spectral GCM. The ocean component is a global ocean
GCM with 1° horizontal resolution, except in the equa-
torial band where the meridional resolution is 1/3°. The
initial conditions for the atmosphere were obtained from
operational analyses. Theinitial conditionsfor the ocean
came from three different DA systems. One system is
based on a four-dimensional variational scheme assim-
ilating surface and subsurface thermal dataand isforced
by winds produced from NMC analyses. The other two
systems insert only SST data and are forced by NMC
winds and atmospheric model winds. The model winds
were derived by running the atmospheric model with
observed SST as the boundary forcing, thusinitializing
the ocean using only SST data. All three DA systems
were run out over the period 1981-88, storing the ocean
state for each month. The space-time evolution of the
upper ocean heat content was quite different between
the three DA schemes. However, the anomaly patterns
were similar showing the natural mode of oscillation of
the tropical Pacific air—sea system. This so-called de-
layed oscillator mode is characterized by eastward prop-
agation along the equatorial waveguide and westward
propagation off the equator. The implication hereisthat
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Fic. 17. The same as Fig. 13 but for 1988.

the wave dynamics of the ocean model and the wind
forcing may produce reasonable propagation of anom-
alous thermocline displacements, but the total heat dis-
tribution could be quite different without being con-
strained by subsurface observations.

The coupled model was used to make 13-month fore-
casts for seven January and seven July cases. Analysis
of the results of these forecasts led to the following
conclusions.

1) Focusing the discussion on forecasting Nino-3 SST
anomalies, it was found that the F-DA forecasts, whose
ocean initial conditions were based on a DA scheme
that contained subsurface thermal data, demonstrated
the most skill. Preconditioning the initial ocean state
only from surface data, S-DA cases, did not produce
results as good as the F-DA cases. The issue of sea-
sonality was addressed by forecasting from winter and
summer. The January cases showed remarkably good
skill for the whole 13-month period. The July casesaso
showed good skill, until a marked decline after eight
months, beginning in the spring.

These results show the importance of correctly rep-
resenting the initial state of the ocean for ENSO pre-
diction. Perhaps the failure of the S-DA cases is that
the ocean model, without subsurface datainserted, tends
toward a thermocline that is too diffuse. This tendency
could alter the response of the SST to thermocline
changes since the subsurface information would be dis-
connected from the surface.

2) Despite the climate drift exhibited by the coupled
model in simulating the tropical Pacific annual cycle,

the F-DA SST anomaly forecasts showed considerable
skill. The presence or absence of interannual variability
does not appear to depend importantly on the model’s
climate drift. It is expected that, in order to improve the
model’s forecast skill for atmospheric quantities in the
extratropics, the annual cycle must be improved.

The capricious nature of the coupled GCM system
makes it difficult to make improvements in the model
physics that are robust in their reduction of systematic
error and not just different. Subsequent improvements
of the atmospheric model have led to reducing the cou-
pled model’s climate drift but this work is ongoing re-
search. With the advent of new ocean datasets (i.e., sat-
ellite altimetry, TOGA-TAO array of moorings), the
ocean initial conditions from DA analysis may be sub-
stantially improved. As each of the components of the
air—sea coupled system improves, so do the prospects
of improving seasonal forecasts.
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