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ABSTRACT

An experimental coupled ocean-atmosphere model forecast system has been implemented at the
National Meteorological Center (NMC) for routine multi-season climate forecasts. The ocean
initial conditions for the forecasts are provided by an ocean data assimilation system which uses
a basin model of the Pacific Ocean integrated with a four-dimensional variational data assimila-
tion system. Pacific basin ocean reanalyses for the period 1982-1992 provided both the initial
conditions and the verification fields for the coupled model forecasts. The coupled model consists
of a modified T40 version of NMC’s operational medium range forecast model coupled to a
Pacific basin ocean general circulation model. Hindcast experiments starting on the first of every
month from October 1983 to 1993 have been made to establish the skill of this system in fore-
casting sea surface temperature variability in the tropical Pacific with lead times of up to several
seasons. The system consistently out performs persistence forecasts even at short forecast lead
times, and is able to forecast most of the sea surface temperature variability that occurred in the

tropical Pacific during 1984 to 1993.

1. Introduction

The largest natural climatic variability observed
on the interannual time scale is the El Nifio/
Southern Oscillation (ENSO). This is the result of
ocean-atmosphere interactions on the planetary
scale. Remarkable strides have been made during
the last decade in documenting its causes and
impacts, and in developing coupled ocean-atmo-
sphere models to simulate and study it. Repre-
sentative of the modeling studies are those by
McCreary and Anderson (1984), Cane and Zebiak
(1985), Schopf and Suarez (1988), and Philander
et al. (1989). The low frequency, large spatial scale,
the strong coupling between the ocean and atmo-
sphere in the Tropics, and the relevance of linear
dynamics in the equatorial ocean, all suggest that
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ENSO predictions might be possible. Indeed a
number of studies have demonstrated that predic-
tion of the temperature anomalies in the eastern
equatorial Pacific associated with the ENSO with
statistical or dynamical models is feasible. Skillful
forecasts are possible up to a year or so in advance
(Cane etal, 1986; Barnett etal, 1988, 1993,
Barnston and Ropelewski, 1992; Latif et al., 1993).

The development of a coupled ocean-atmo-
sphere system for multi-season climate forecasting
has been a research focus at NMC since early
1991 (Ji et al., 1994a). The objective has been to
implement an operational multi-season forecast
capability for that part of the climatic variability
associated with ENSO. The memory of the climate
system resides primarily in the ocean. The impor-
tance of this in the Pacific for ENSO has been
shown by Wyrtki (1975; 1985) and Zebiak and
Cane (1987). Hence the central need is to initialize
the ocean component of the climate forecast
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system. The work at NMC has established the two
main components of a coupled climate forecast
system. The first one is an ocean analysis system
which producing the oceanic initial conditions and
verification fields for the forecasts. The second one
is a coupled forecast model which consists of the
ocean and atmosphere general circulation models
(GCM) and an interface controller which governs
the exchanges of heat, momentum and moisture
fluxes at the air—sea interface.

Since the tropical oceans are predominantly
wind forced, a common way of initializing the
coupled forecast systems currently in use is to force
the ocean component up to the time the forecast
starts with the observed history of wind forcing
(Cane et al., 1986). For coupled models that use a
statistical atmosphere (Barnett et al., 1993), the
anomalous wind forcing is derived from the past
history of the sea surface temperature anomaly.
However, there can be considerable error in these
fields. Also the ocean models themselves are far
from perfect. Much of the effort at NMC in the
development of the ocean analysis system has
focussed on producing ocean analyses that com-
bine in situ data into an wind driven ocean general
circulation model using data assimilation to mini-
mize such errors. An earlier discussion of the ocean
analysis effort was given in Leetmaa and Ji (1989).
An up-to-date discussion of the current analysis
system and the structure of the climatic variability
that has taken place in the Pacific from mid-1982
to the present can be found in Ji et al. (1994b). Two
Pacific basin ocean re-analyses for 1982 to 1992
have been produced using the ocean analysts
system. These ocean analyses, in addition to
documenting the climatic variability of the ocean,
serve as ocean initial conditions for the coupled
forecasts.

Our forecast system consists of a T40 version
of NMC’s operational medium range spectral
forecast model (MRF) coupled to an active Pacific
basin ocean general circulation model. The MRF
model was developed for short to medium range
weather forecast at NMC; hence adjustments to
the model’s physical parameterizations (tuning)
were required in order to improve its tropical
convection and to reduce model biases in the
tropics during the longer integrations required for
seasonal time scale forecasts. Many atmospheric
GCMs have problems simulating robust tropical
circulations; hence details of the tuning process are
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discussed in Section 2. In Section 3, we describe in
detail of the coupled model, its coupling proce-
dures and the oceanic and atmospheric initial
conditions used for forecast experiments. Prelimi-
nary results from forecast experiments using our
coupled model will be presented in Sections 4
and 5. Section 6 summarizes our conclusions.

2. The atmospheric model

The atmospheric part of the coupled forecast
system is derived from NMC’s operational
Medium Range Forecast model (Kanamitsu et al.,
1991). A TA40 spectral resolution version of this is
used in order to facilitate longer integrations that
are required for climate studies. Relative merits
of T40 against higher horizontal resolution in the
simulation of atmospheric circulations and the
surface fluxes have been discussed by many
authors (Tibaldi et al,, 1990; Boyle, 1993). This
resolution captures much of the physical and
dynamical behavior of models with higher resolu-
tion. The model climate for the NMC model at
T40 resolution also has been investigated by
several studies (Kanamitsu et al., 1990; Van den
Dool and Saha, 1993; Ebisuzaki and Van den
Dool, 1993a). An example of the mean of the
September, October and November (SON) sur-
face wind stress and precipitation in the Pacific
for the T40 model are shown in Fig. 1. The mean
surface stress and precipitation are obtained from
the Atmospheric Model Intercomparison Project
(AMIP) experiment using the NMC’s T40 model
(Ebisuzaki and Van den Dool, 1993b) in which
the physical parameter settings are similar to the
NMC’s operational MRF model. In the equa-
torial Pacific and east of the date line, stresses
from the AMIP T40 model (1a) are much weaker
than climatological estimates (Hellerman and
Rosenstein, 1983; Harrison, 1989). The model
values at near 140°W average around 0.04 N/m?,
whereas the climatological estimates are near
0.08 N/m? (not shown). Considerable experience
with the ocean model in data assimilation studies
indicates that in order to maintain the east-west
pressure gradient in the equatorial ocean, a surface
stress which has magnitude at about 90% of the
climatological stress produced by Hellerman and
Rosenstein (1983) is necessary. If the ocean were
forced with stresses of the magnitude shown in
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Fig. 1. T40 MRF model climatology for September to November (SON) average from the AMIP experiment.
(a) Surface stress in N/m?, contour interval is 0.04; (b) total precipitation in 0.001 m/month, contour interval is 100,

regions greater than 0.2 m/month are shaded.

Fig. 1a, the oceanic pressure gradient and the
magnitude of the equatorial upwelling in the
eastern Pacific, which maintains the cold tongue,
would be significantly weaker than what is nor-
mally observed. Hence the simulated mean ocean
state would resemble an El Nifio.

The weaker than observed easterly stresses in
the AMIP version of the MRF, and in many other
atmospheric models (Reynolds et al., 1989), are to
a great extent linked to the spatially diffuse nature
of the model generated precipitation field (1b). The
heating field resulting from such a precipitation

distribution, due to its weak horizontal gradients,
does not provide enongh equatorward accelera-
tion to the Trade wind flow. The implications of
subtle changes in the tropical surface pressure
field on the surface wind distribution have been
discussed by Lindzen and Nigam (1987). Alter-
natively, a weak tropical precipitation field results
in a weak top of the boundary layer upward verti-
cal velocity field, the consequences of which on the
surface stresses are reported in Neelin (1988). It
can be argued that a more tightly organized tropi-
cal precipitation field, via small changes in the

Tellus 46A (1994), 4



AN EXPERIMENTAL COUPLED FORECAST SYSTEM

surface pressure distribution, can lead to enhanced
low latitude surface winds and more appropriate
forcing fields for ocean models in this region.

Convection, boundary layer processes, and radi-
ative processes are interrelated in a complicated
manner in producing the near-equatorial circula-
tions and rainfall patterns. Extensive numerical
experiments were carried out to develop a modified
T40 version of the MRF for climate forecasting
which would produce more realistic simulations in
the tropics. The primary focus of these was to
improve the surface stresses. This involved close
examination of the impact on the T40 MRF model
climate to changes in various physical parameter-
izations. However, the form of the physical param-
eterizations was maintained in order to have a
model which closely resembled the operational
MRF.

2.1. The convective parameterization scheme

The deep convection parameterization in the
MREF is based on the Kuo type scheme (Kana-
mitsu, 1989). (In July 1993 this was replaced in
the operational MRF model by a version of the
Arakawa Schubert scheme.) A particular feature of
its implementation in the MRF is the screening
of all the model grid points for the possibility of
convection. This procedure is performed based
upon some predefined set of conditions (NMC
Staff, 1988). Of most importance is the necessary
(but not sufficient) requirement that for deep
convection to be present at a grid point, the large-
scale moisture convergence should exceed a
prescribed threshold. The moisture convergence is
the sum resulting from surface evaporation and
the dynamical convergence. Average evaporation
in the Tropics is close to 0.003 m/day (about
100 W/m?). Hence unless there is strong large-
scale moisture divergence, for low values of the
moisture convergence threshold, for example
0.002 m/day, the tropical atmosphere will always
be close to producing convection. Further, this
condition while governing the location of the con-
vection, also controls the ratio of the convective
versus the large-scale precipitation. In general a
larger value of the required moisture convergence
threshold will make the deep convection less likely
to occur. For a nearly fixed amount of global
rainfall, which generally is the case, this leads to
enhancement of the large scale precipitation. The
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reverse occurs if the moisture convergence require-
ment is reduced.

For small values of the required moisture con-
vergence threshold, considering also the effects of
local evaporation, the air parcels in the Trades are
likely to go through the process of convection
before reaching low latitudes. This is the likely
cause of the spatially diffuse model precipitation
climatology shown in Fig. 1b. A larger value for
the required moisture convergence threshold will
force the parcels to reach lower latitudes before
convection can take place. Reduced convective
precipitation, locally, does not necessarily have
to be compensated by increased large-scale precip-
itation since convection does not require the
ambient atmosphere to be saturated while large
scale precipitation does. Thus a higher value of the
moisture convergence threshold might lead to
better more tightly organized tropical convection
patterns. Concentrated heat source would lead to
a more vigorous low level circulation, e.g., stronger
surface stresses.

A similar procedure involving the cloud work
function for the Arakawa-Schubert scheme has
been reported by Sud et al. (1991). The value of the
moisture convergence threshold cannot be raised
indefinitely since this will lead to complete shut off
of the deep convection and alter the vertical heat-
ing structure of the tropical low latitudes. The
importance of the vertical heating structure in the
simulation of tropical mean climate, intra-seasonal
variability, and tropical mid-latitude teleconnec-
tions has been noted by many investigators (Meehl
and Albrecht, 1991; Lau and Peng, 1987; Hartman
et al., 1984).

Initial experiments with higher values of the
moisture convergence threshold did result in
improved spatial definition in the tropical convec-
tion and stronger surface stresses. But they also
showed a tendency of producing grid point storms.
This should be expected since a higher value for
moisture convergence criterion will tend to prefer
the grid points with already well developed vertical
motion associated with existing convection. Since
the Kuo scheme, due to the exclusion of the down
drafts, lacks a direct mechanism to modify the
properties of the underlying boundary layer, the
self-limiting behavior of convection (at certain
geographic locations, such as islands, not asso-
ciated with moving tropical disturbances) is not
very active. To confine the oceanic convective rain-
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fall to lower latitudes and at the same time not
create grid point storms, within the limitations of
the numerical model, a better screening criteria
for convection was needed. For this reason, the
moisture convergence criterion from the convec-
tive parameterization scheme was removed.
Instead, a condition based upon the difference
between the surface equivalent potential tem-
perature (6.) and the 6, at 300 hPa was added.
This condition is a measure of bulk tropospheric
conditional instability. The relationship between
the positive low values of the gross moist static
stability and the positioning of the deep convec-
tion in the tropics has been discussed by Neelin
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and Held (1987). Further, in the tropical latitudes,
low-level inversions play a critical réle in regulat-
ing the convective activity (Kloesel and Albrecht,
1989). Due to coarse vertical resolutions in the
atmospheric boundary layers and errors in the
parameterization schemes, these low level inver-
sions are not well simulated. Lack of reasonable
simulation of the inversion results in the absence of
an important selection mechanism to guide the
spatial location of the deep convection. In view of
the aforementioned model deficiency, the new con-
dition, i.e., the 6, test, acts as the proxy and tries to
compensate for the lack of reasonable simulation
of the tropical low level inversions. This condition
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Fig. 2. Same as in Fig. 1, but from the modified T40 MRF (CMP) model.
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has the added advantage that it does not depend
on the model’s horizontal resolution.

For the version of the atmospheric model used
in these coupled experiments, the moisture con-
vergence criteria was relaxed and replaced with
the check that the surface 6. exceeds the 0. at
300 hPa by 5 K. This particular numerical value
was chosen from the T40 MRF model climatology
and taking into account that the convection
should be more likely to occur over the warmer
oceans of the tropical low latitudes. The surface
wind stress and the precipitation for SON with the
modified T40 MRF (CMP) are shown in Fig. 2.
East of the date line, near equatorial surface wind
stresses (2a) show marked strengthening and are
closer to the observed climatological estimates.
This to a large extent is a direct response of the
changes in the model’s precipitation climatology
(2b) which for the modified version show a better
near equatorial organization. (This simulation
also includes the other parameter changes that are
discussed in the following sections.)

2.2. Vertical diffusion in the free atmosphere

In the MRF the asymptotic mixing length for
temperature (77), specific humidity (g), and
momentum is set to 250 m (NMC Staff, 1988).
One of the obvious shortcomings of the model
simulations was the enhanced air-sea temperature
differences in the tropics. These averaged around
1.5°C whereas climatological atlases suggest
values of 0.5 to 1.0°C. Most aspects of air—sea
exchanges are sensitive functions of this tem-
perature difference because of the stability
dependence of the exchange coefficients. Attempts
were made to increase the near surface air tem-
peratures. In principle this could be achieved by
reducing the vertical diffusion of temperature. This
would result in the air temperatures staying closer
to the underlying sea surface temperatures (SST).
However, simultaneous reduction of the asymp-
totic mixing lengths for moisture and temperature
lead to a further reduction of the air temperature.
This resulted from vertical changes in structure of
the low-level moisture leading to an increase in the
low-level long-wave cooling, which offsets any
change resulting from a reduced diffusion of tem-
perature. After extensive experimentation, values
of 10 m and 30 m were chosen for the asymptotic
mixing lengths of T and g, respectively. Observa-
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tional evidence for such small values for the mixing
lengths, at least in a stable atmosphere, have been
reported by Kim and Mahrt (1992). Fundamental
differences between the vertical diffusion of
moisture and other scalar variables have been
noted by Holtslag and Moeng (1991) and Troen
and Mahrt (1986). This might encourage the use of
different eddy diffusivities for 7" and q.

The asymptotic mixing length for momentum
was increased to 500 m. This modification was
incorporated to enhance the strength of the surface
winds. A larger value of the vertical mixing with a
constant horizontal pressure gradient force in the
vertical, will provide smaller deceleration at the
bottom of the boundary layer and would result in
an increase of the surface winds.

The changes required in the mixing lengths
indicates the complex interactions between the
different parameterization schemes used in the
GCM. Changes in one parameterization can have
unexpected impacts and might require compen-
satory changes in the other schemes. This state-
ment is of most validity in the context of models
which under the constraint of several imperfect
parameterization schemes are called upon to
simulate widely varying atmospheric conditions.

2.3. Cloudiness parameterization

Interactive clouds were only recently introduced
into the MRF, and the cloud simulations can be
improved upon. In the standard T40 MRF model,
the total cloudiness was greatly underestimated.
This resulted in too much shortwave energy reach-
ing the ocean surface. To overcome this problem,
the low-level stratiform cloud amount parameter-
ization was changed to follow Slingo and Slingo
(1991). Compared to the MRF, in regions of
upward motion, the modified procedure has a
weaker vertical velocity filter and allows larger
amounts of cloudiness to be present. The maxi-
mum impact of this modification is in the mid-
latitude frontal regions. In the subsidence regions
the dependence of the low level clouds on the
inversion strength was taken to be

—25d6/dp —2.25,

where 6 represents potential temperature and p
represents pressure.

The constants appearing in the above expression
are different from the ones used in Slingo and
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Slingo (1991) and are chosen based on the
inversion strength climatology produced by
the modified T40 MRF. No stratiform clouds in
the subsidence region exist if at the top of the
boundary layer

df/dp> —0.09 K hPa~".

In the MREF, since the low level convective clouds
override the cloudiness information provided by
the low level stratus clouds, in the tropical region,
unrealistically low cloudiness amounts tend to be
associated with moderate precipitation rates. To
enhance these cloud amounts, the amount of low
level clouds, CL, resulting from the convection was
altered to

CL=125(a+bInP)

where a and b are empirical constants and P is the
precipitation rate. The constant 1.25 is different
than the one used in the operational MRF. The
modified cloudiness parameterizations, compared
to the original scheme, produces a larger amount
of clouds and considerably reduces the excessive
surface downward short-wave flux.

It should be pointed out that most of the surface
flux errors do not have much impact upon the
medium range forecast since they are run with
non-interactive oceans. For example, excessive
surface shortwave flux at the ocean surface,
without any energy balance requirement does
not lead to sea surface temperature (SST) bias.
Further, since to first approximation, clouds act as
reflecting bodies, any errors in their amounts does
not have substantial impact on the atmospheric
heating rates (to which medium range forecast
would be most sensitive). On the other hand these
changes, if introduced into the MRF, may not be
beneficial for the medium range forecast. A clear
example is the change in the convective parameter-
ization scheme, which if introduced into the model,
while adjusting to a different rainfall climatology,
demonstrates a large spin up in rainfall. A feature
not desirable for the medium range forecast.

3. The coupled model

The atmospheric component of the coupled
model has been described in the Section 2. The
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ocean component of the coupled forecast model
consists of an ocean GCM originally developed by
Bryan (1969) and Cox (1984) at GFDL, and sub-
sequently modified by Philander et al. (1987). Its
domain consists of the Pacific basin extending
from 45°S to 55°N and from 120°E to 70°W.
The zonal resolution is 1.5°, and the meridional
resolution is 1/3° within 10° of the equator. Out-
side the equatorial zone the meridional resolution
decreases gradually to 1° by 20°N and 20°S. The
model has 28 vertical levels. The vertical mixing is
provided by a Richardson number formulation
(Pacanowski and Philander, 1981).

3.1. Coupling procedures

Despite the effort that went into modification of
the atmospheric model, deficiencies in the flux
fields remained, which had an impact on the ocean
SST forecasts during coupled model integrations.
Assuming an average depth of ocean mixed layer
of 40 to 50 m, a 15 W/m? net heat flux error could
result in a SST error of 0.2°C in a 1-month integra-
tion in the absence of negative feedbacks between
ocean and atmosphere. This could result in a SST
error of 2°C during a 10-month integration. In
reality, in some areas, net heat flux errors could
significantly exceed 15 W/m? and feedback among
SST, heat flux and convection could make matters
much worse. Thus at present, the exchanges of
fluxes at the air-sea interface are done in a com-
bination of full and anomaly coupling. Anomaly
coupling is needed for the net shortwave flux and
the stress at the ocean surface. For the shortwave
radiation this was necessary because, despite
improvements, the interactive cloud scheme in the
atmospheric model was still unable to accurately
simulate the mean annual variation at the ocean
surface. As for the stress in the near equatorial
zone, the atmospheric model’s easterlies were too
weak during the late winter and spring. Hence, if
full coupling were used, this would lead to El Nifio
like conditions every year at that time.

The short-wave flux and stress anomalies were
computed by subtracting the atmospheric model’s
climatology from the instantaneous fields for these
quantities. The atmospheric model’s mean annual
cycles were generated when the atmospheric model
was integrated for 11 years, forced with observed
SSTs, for the period of 1982 to 1992. The full stress
and shortwave flux fields that were used to force
the ocean during the coupled simulations were
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obtained by adding these anomalies to prescribed
climatologies. The prescribed stress climatology is
that of Hellerman and Rosenstein (1983) reduced
by 10%. The prescribed short-wave climatology
was computed using the bulk formula from Reed
(1977) and estimates of the mean annual cycle of
cloudiness from the International Satellite Cloud
Climatology Project (ISCCP).

In essence, full coupling was used for sensible,
latent and long wave fluxes. However, adjustments
were made to reduce the systematic bias in the SST
forecasts (described in a later section). We believe
that the air-sea temperature differences that this
atmospheric model produces are about 0.5°C too
large. Hence corrections were made to the latent
and sensible fluxes. The former was reduced by
10%, and an addition of 10 W/m? was made to the
sensible heat flux. An additional flux correction,
based on the convective rainfall rate within 10° of
the equator, was imposed to account for cooling of
the ocean surface by the rain. This produces an
additional cooling on the order of 10 W/m?. Even
with the anomaly coupling, the simulation of the
variations in the short wave flux are not well done.
This correction partly corrects for this problem.
Clearly there is a lot of physics that takes place in
- the convective areas which is not simulated well by
these models.

The exchanges of fluxes and SST information
between the ocean and atmosphere take place
every 5 days in these experiments. Initially the
coupling was performed daily. However, early
results suggested that the higher frequency stress
forcing generated energetic high frequency motions
in the ocean which produce numerical problems.
It was not clear that the Richardson number based
vertical mixing scheme was the most appropriate
one to use with this frequency of forcing. Hence the
longer coupling interval was chosen. In retrospect
it is not clear whether these conclusions are
correct. The sensitivity of the forecasts to the
coupling frequency and the vertical mixing
schemes are areas we need to examine in the future.

3.2. Initial conditions

The first of the ocean reanalyses which produced
the initial conditions for our forecasts, used the
Hellerman and Rosenstein (1983) climatology
combined with the stress anomalies produced
by the atmospheric model forced with observed
SSTs for the same period. The second one used
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the Harrison (1989) climatology, and additional
quality control was applied to the observed data.
Subsurface thermal data from the current meter
moorings in the equatorial Pacific from 1982
through 1992, which were not available for the first
reanalysis, were also included. The procedure of
anomaly coupling reduces the potential for climate
crash to occur at the start of the forecast. This
results when there is a mismatch between the
stress produced from the atmospheric model in the
coupled system and the oceanic pressure gradients
in the ocean initial conditions. Since many atmo-
spheric models produce easterlies that are too
weak in the near equatorial zone, this would lead
to a partial collapse of the oceanic east-west
pressure gradient during the first few months of the
coupled model integration and an El Nifio would
result in almost every forecast. This clearly
presents a problem for forecasts of a few seasons in
length.

The initial conditions for our experimental
forecasts were taken from these reanalyses. The
time evolution of the anomaly in the depth of the
20°C isotherm along the equator from the second
reanalysis is shown in Fig. 3. The regular progres-
sion of interannual variability is clearly evident.
The three major warm episodes, ie., during
1982-83, 1986-87, and 1991-92, feature positive
depth anomalies, while the two cold episodes,
1984-85 and 1988-89, are characterized by nega-
tive anomalies. The anomaly signals appear to
irregularly propagate eastward with an average
phase speed of about 0.5 m/s, which is much less
than that associated with individual Kelvin wave
packets (about 3 m/s). This reflects the impact of
coupled interactions between the ocean and atmo-
sphere. Instantaneous oceanic conditions from the
reanalyses were saved at monthly intervals to serve
as initial conditions for the forecast experiments.
However, time averaged oceanic fields which may
contains fewer high frequency oceanic transients,
might serve better as ocean initial conditions for
the coupled model. This will be investigated in the
future.

Multiple simulations using atmospheric model
alone forced with observed SSTs for 1982 to 1993
were made, and monthly atmospheric model
restart files were saved from these simulations.
These monthly atmospheric model restart files are
used as the atmospheric initial conditions for the
coupled model forecasts.
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Fig. 3. Anomalous depth of the 20°C isotherm along the equator in the Pacific. The mean annual cycle for this period
has been removed. Contour interval is 10 m.
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4. The coupled forecast experiments

The initial objectives of the coupled forecast
experiments were limited. The intent was to see
how well the system could forecast northern winter
SST anomalies in the tropical Pacific with various
lead times. With this purpose in mind, forecast
experiments were performed initially starting on
the first day of March, May, June, July, August,
October, and December from October 1983
through 1992. Subsequently, additional forecasts
starting from all other months for the same period
were completed. Each experiment was carried out
for up to 12-month forecasts of monthly SST
anomalies.

To verify these forecasts, monthly blended
analyses for sea surface temperature produced
at NMC for TOGA (Reynolds, 1988; Reynolds
and Marsico, 1993) was used. A skill score was
computed using point correlations between the
observed time series of SST anomalies and the
predicted anomalies at all geographic locations in
the tropical Pacific domain. Observed SST clima-
tology is used to compute for both observed and
forecast SST anomalies. This was computed for
monthly and seasonal anomalies. The primary
season of interest was winter, e.g., December,
January and February (DJF). The resulting
anomaly correlation coefficients (ACC) at each
grid point indicate the skill score of the forecast
at each location. A score of 1.0 indicates that the

407

anomalies were perfectly predicted. Before the skill
scores were computed, a monthly systematic
model bias was subtracted from the predicted SST
fields. The monthly systematic bias is defined as
average monthly SST difference between forecasts
and observations for all forecasts starting from the
same month of all years, and having the same
forecast lead time. Thus, it is the difference between
the coupled model climatology and the observed
climatology. Further more, the systematic bias is
a variable of forecast starting month. This takes
into account of growth of the errors with forecast
length. However, combination of bias fields of
different starting month is possible, this will be
illustrated below.

An example of the spatial distribution of the
mean bias for November computed from all the
runs starting in the previous summer (May
through August) is shown in Fig. 4. The equatorial
region from 10°N to 10°S tends to be warm except
for a small region south of the equator in the far
eastern Pacific which is a region dominated by
upwelling. Flanking the equatorial region in the
eastern Pacific are regions where the positive error
exceeds 1.0°C. Poleward of 10° the average error is
negative with an amplitude of as high as 1.0°C.
A narrow band north of the equator in the eastern
Pacific has positive error exceeding 1.5°C. This is
also consistent with the maximum mean bias error
in the Nifio-3 region found during late fall to early
winter (see below). This large model error may be

Mean Bias for November (IC=MJJA)

Fig. 4. Average systematic SST error for November for forecasts initiated on Ist May, June, July, and August.
Contour interval is 0.5°C, warm bias above 1.0°C and cold bias below 1°C are shaded.
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an indication that the strength of the equatorial
upwelling in the fall is weaker in the model.
Another possible reason may be partially due to
the lack of resolution of the Blended SST analysis.
In the fall season, the equatorial upwelling is at its
maximum strength and results in a zone of strong
horizontal temperature gradient just north of the
equator. The Blended SST analysis has resolution
of two degrees with substantial smoothing and is
unable to resolve sharp frontal zones (Reynolds,
1988; Reynolds and Marsico, 1992). This may
result in large difference between the model and
the SST analysis. The mid-summer and the mid-
winter bias also show a similar pattern, however,
the narrow band of maximum positive bias region
north of the equator in the eastern Pacific is
much less noticeable in late winter patterns. This is
probably because the equatorial upwelling has
significantly subsided in the winter to spring
period, reducing the thermal gradient north of the
equatorial cold tongue.

M. JIET AL.

Shown in Fig. 5 is the temporal evolution of the
model biases for the Nifio-3 region (150°W-90°W
and 5°S-5°N). Model bias computed for all fore-
casts having the same starting month is depicted
as an individual curve, the beginning point of the
curve in the figure indicates the starting month
of these forecasts. Model bias for all starting
month from January to December are shown in
the figure. Initial biases are generally less than
0.5°C. They all become more positive with time.
For the forecasts from spring and summer into
winter, the amplitude consistently peaks in late fall
and then starts to decrease. For forecasts from late
fall and winter into summer, the model exhibits
cold systematic biases initially, the errors then turn
to warm biases and increase rapidly to plateau
around 0.5°C by summer.

Peak warm bias of over 1°C observed in the fall
season, almost regardless of the forecast starting
month, suggests that our model is probably unable
to simulate the observed strength of the equatorial

MODEL BIAS
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Fig. 5. The average systematic SST error in the Nifio-3 region (150°W-90°W, 5°N-5°8S) for forecasts of different
starting month. Each curve represents the growth of the systematic errors for all forecasts starting from a given month.
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upwelling in the fall season. This probably is an
indication that for the fall season, the surface stress
is still too weak in our model. It is also possible
that the Richardson number based vertical mixing
scheme used in the ocean model (Pacanowski and
Philander, 1981) is not efficient to mix the surface
momentum flux down to below.

An example of the comparison between the
observed and forecast anomaly is shown in Fig. 6
for the warm event which took place during winter
(DJF) 1991-1992. This was an average of three
monthly forecasts for December, January and

SST ANOMALY

409

February 1991-1992 initialized on the 1st day of
June, July, and August of 1991, respectively.
Therefore, this is a 6-month lead forecast. Although
the amplitude of the predicted anomaly appears
excessive, the spatial structure of the warming that
occurred during this time was reasonably well
predicted. The anomaly correlation coefficient
between observed and predicted anomalies is 0.83.
Similarly, a 6-month lead forecast for the cold
event of winter 1988-1989 is shown in Fig. 7. In
this case the amplitude was better predicted. The
anomaly correlation coefficient in this case is 0.73.

(DEC91-FEB92)

OBSERVED

AC=0.83

Fig. 6. Observed sea surface temperature anomaly field for the December—February 1991/92 period (6a), and
predicted SST anomaly from the coupled model for the same period (6b). The predicted SST anomaly is a 6-month

lead forecast (See text). Contour interval is 0.5°C.
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Observed anomaly for the forecast period was not
used in computing the model bias correction in
both of above examples as if they were in an actual
forecast situation. Examination of all the forecasts
for DJF for the years 1984 to 1993 show that the
coupled forecasts reasonably simulate the SST
variability that occurred during this time with lead
time of about 2 to 3 seasons.

Overall point correlation skill scores for the
winter season (DJF) forecasts from our coupled
model with lead time of six month are shown in
Fig. 8. Fig. 8a shows the score for the coupled
model forecasts and Fig. 8b shows the score for

SST ANOMALY

M. JIET AL.

persistence forecasts. The latter is computed
by persisting the observed monthly mean SST
anomalies that occurred 6 months earlier into
the following December, January or February for
the years 1984 to 1993 and then computing the
point correlations as indicted before. The dark
shaded area shows regions where the correlations
are above 0.9, ie., over 81% of the variance is
accounted for. This figure also shows that over the
region where there is skill, the forecasts from the
coupled model have significantly out performed
the persistence at this lead time. The regions with
highest skill are located in the central Pacific and

(DEC88-FEB89)
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Fig. 7. Same as in Fig. 6, but for the December—February 1988/89 period.
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are within 10° of the equator. In the southeastern
Pacific persistence skill is comparable to those
from the forecasts.

Shown in Fig. 9 are the forecast skill scores for
lead times of 6 months (9a), 3 months (9b) and
zero months (9c), regardless of the month the
forecast was made for. The persistence skill scores
for the corresponding lead times are shown in Fig.
10a-10c, respectively. A zero lead forecast for the
model is the first month forecast; whereas for the
persistence, it is the one month lag auto correla-
tion coefficient. The skill levels for the 6-month
lead time forecasts are reduced for both persistence

411

and the forecasts in general, suggesting that other
seasons may be more difficult to forecast for. Most
of the skill for the model remains in the region
within 10° of the equator and is more concentrated
in the region just to the east of the date line. The
low skill in equatorial eastern Pacific for per-
sistence shows the difficulty in forecasting the
near-equatorial region of strongest upwelling. In
general, as the lead time decreases, the forecast
skills for both the coupled model and the per-
sistence increase. At 3 months lead time, the
coupled model forecasts (9b) still out performs the
persistence forecasts (10b) rather significantly,

SKILL SCORE FOR DJF (LEAD=6 MON)

FORECAST

20N

1054

205

(A)

20N
Q
1on%
£Q 3-¥ s
b 'Q‘ 5 3‘
105 {2 -~

(B)

140E 160E

Fig. 8. The point correlation skill score for the winter season (DJF) forecasts with lead time of 6 months for the period
1984-1993 (8a). The persistence skill score which is computed by persisting the observed monthly mean SST anomaly
of May, June and July through December, January and February respectively are shown in 8b. Light shading is for
regions where the skill score is greater than 0.6; medium shading is for area where the skill score is greater than 0.8;
and dark shading is for area where the skill score is greater than 0.9.
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FORECAST SKILL SCORE (ALL)

LEAD=6 MON
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Fig. 9. The point correlation skill score for all forecasts with lead time of 6-month (a), 3-month (b) and zerq month
(¢), regardless of starting month, for the period of October 1984 to 1993. Shadings are the same as in Fig. 8.

whereas at zero lead time, the coupled model
forecast skill (9c) is comparable to the persistence
skill (10c).

5. Forecast results for the Niiio-3 region

Much of the previous work, which has been
strongly influenced by the routine forecasts using

simple coupled model by Cane and Zebiak (Cane
etal., 1986, Barnett et al., 1988) for the Nifio-3
area in the central/eastern Pacific. Shown in
Fig. 11a are anomaly correlation coefficients
(ACC) for the Nifio-3 region as function of the
forecast lag for all the forecasts from October 1983
to 1993. The ACCs are computed using ensemble
average of forecasts starting from three con-
secutive months. This is to reduce the variability of
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Fig. 10. Same as in Fig. 9, but for persistence forecasts. Shadings are the same as in Fig. 8.

forecasts from individual predictions. The solid
curve in the figure represents ACCs computed
using the coupled model forecasts, and the dotted
curve in the figure represents the ACCs computed
using persistence forecast which is to persist the
observed SST anomaly at the initial time of a
forecast and use it as forecast SST anomaly
through out the forecast period. A one month lag
in the figure for the coupled model represents the

Tellus 46A (1994), 4

first month forecast; while for the persistence it
represents the lag 1 auto correlation coefficient.
Fig. 1la indicates that forecasts from our
coupled model consistently out performs the per-
sistence forecasts even within the first a few month
of forecasts. In contrast, coupled models that do
not initialize from analyzed ocean initial condi-
tions do not out perform the persistence forecast
during early period of forecasts (Latif et al., 1993;
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Fig. 11. Forecast skill (ACC) for the Nifio-3 region SST
anomalies for (a) all forecasts regardless of forecast start-
ing month; (b) forecasts starting from different seasons.
(See text). The growth of the forecast errors (r.m.s. error)
for all forecasts is shown in 1lc.

Neelin et al., 1994). This demonstrates the impact
of the ocean data assimilation system to the
forecast of climate variabilities.

Shown in Fig. 11b are the ACCs computed
from forecasts starting in spring season (March
to May, solid curve); summer season (June to
August, dashed curve); fall season (September to
November, dot-dashed curve); and winter season
(December to February, dotted curve). To better
represent the possible seasonality of coupled
model forecasts, there is no averaging of forecasts
from different starting month. The obvious feature
in the figure is that skills (ACCs) for forecasts
starting in winter months reduces rapidly after
spring season. This rapid decrease in the ACC
when forecast through northern hemisphere spring
season is similar to what experienced by many
other coupled models known as the “spring predic-
tion barrier” (Latif et al., 1994). However, forecast
skill may partially recover after the spring season.
The exactly cause of this phenomenon has been a
subject of many studies (Zebiak and Cane, 1987,
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Battisti, 1988; Blumentahl, 1991; Latif et al., 1994).
A possible explanation of what happened in our
coupled model is that during the spring season,
SST is relatively warm over the central and eastern
Pacific, the basin scale east-west SST gradient and
the north-south SST gradient over the eastern
Pacific are reduced. This could result in a much
higher variability in the forcing fields (stress and
heat fluxes) produced from the atmosphere model.
Since the mixed layer in the eastern Pacific is
shallow in general, and the upwelling is weak in
the spring, a relatively small amount of heat flux
error could also result in large SST errors. On the
other hand, forecasts initiated from spring season
for our model did not show obvious effect of the
spring prediction barrier as some other coupled
models did. This is probably because our forecasts
are initiated from analyzed ocean initial condi-
tions, therefore model errors are small during the
first a few month of forecast despite possible large
forcing errors in the spring season.

To better estimate the over all quality of the
forecasts and the error growth characteristics as
function of forecast length, we sort differences
between the monthly forecasts and observations
according to the forecast lead time regardless start-
ing months of the forecasts. The root mean square
(r.m.s.) difference for each forecast lag from 1 to 10
months are computed and depicted in Fig. 1lc.
This figure indicates that after an steady error
growth during the 1st 5 months of integration,
the forecast errors of our model for the Nifio-3
region stays around 0.7°C for forecasts of up to
10 months.

Examples of our coupled model forecasts for the
Nifio-3 region mean SST anomalies for forecast
lag of three month, six month and nine month
from 1984 to 1993 are shown in Fig. 12. In each of
these examples the observed SST anomaly is
shown in dashed curve, the forecast SST anomaly
from the coupled model is shown in solid curve.
Anomaly correlation coéfficients and r.m.s. dif-
ference between forecasts and observations are
indicated in the figure. Forecast results for every
month shown in this figure are ensemble average of
forecasts starting from three consecutive months.
For example, 6-month lag forecast for December
1992 is obtained by averaging forecast results for
this month from forecasts starting on the first of
May, June and July of 1992, respectively. By and
large, the low-frequency inter-annual variations of
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the SST during this period is captured well by the
coupled model forecasts even at 9-month forecast
lag. Noticeable SST variations during the period
are: gradual warming from 1984 to 1987 and from
1988 to 1992; Major coolings in 1988 and to a less
extend, in 1992; and a warming in 1993. All these

415

features are reasonably reproduced by the coupled
model. The El Nifio events of 1986-87, 1991-92
and spring 1993 , and the cold event of 198889 are
all predicted well by our coupled model at least
to some extend. There are also several obvious
failures of the model. The longer lag forecasts (six
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Fig. 12. Forecast and observed Nifio-3 region SST anomalies for 1984-1993 for (a) 3-month lead forecasts;
(b) 6-month lead forecasts; and (c) 9-month lead forecasts. Observed SST anomalies are shown in dashed curves and
forecast SST anomalies are shown in solid curves. The anomaly correlation coefficients and the r.m.s. difference

between the forecasts and the observations are indicated.
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and nine month lag) significantly under estimated
the warm SST anomaly during 1987; they also
predicted a spurious cooling for fall of 1992; the
6-month lag forecast also predicted the spring 1993
warming one season too early.

6. Summary

Because of the much larger heat capacity of the
ocean and because of the dominance of quasi-
linear dynamics in the tropical oceans, the primary
memory of the climate system on seasonal to
interannual time scales lies in the ocean. Hence,
knowing the ocean initial conditions is a key
element of a coupled forecast system. Procedures
for initializing the ocean are already well estab-
lished at NMC. Routine weekly analyses based on
an ocean general circulation model integrated with
a four dimensional data assimilation system, which
assimilates near real time surface and subsurface
thermal data into the ocean, have been produced
for a number of years for the Pacific and Atlantic
basins for the upper ocean. Two reanalyses of the
Pacific ocean for 1982 to 1992 have been com-
pleted in order to provide ocean initial conditions
for coupled model hindcast experiments.

Results from the initial coupled forecast experi-
ments, using the ocean initial conditions from the
Pacific reanalyses and a T40 climate version of
NMC’s operational global spectral model, are
presented in this paper. Results from the experi-
mental coupled model forecasts show that the
system is capable of forecasting near-equatorial
SST anomalies for both the northern winter and
summer seasons with lead times of 2 to 3 seasons.
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The r.m.s. errors in the Nifio-3 index area are
around 0.7°C for ensembles of 3 forecasts. For
comparison, the Cane and Zebiak model shows
errors in the order of 0.6-1.0°C for ensembles of
6 forecasts.

Most of the skill in the current forecast system
lies in the central Pacific, to the west of the core
of the Nifio-3 region, between 10°N and 10°S
which is similar to that found by Barnett et al.
(1993). Having skill in this region is necessary in
order to get the tropical convection to move to this
region. This is a prerequisite in order to have a
coupled system which will be able to simulate the
tropical to mid-latitude teleconnections. Studies in
progress and the work of others (Barnett et al.,
1991) have shown that the primary mechanisms at
work here to generate the anomalous temperatures
are a reduction in the meridional currents and sub-
sequently the upwelling. These result from a reduc-
tion in the easterlies. Hence at least to zero order
our coupled system is simulating that part of the
observed coupled interactions. The reduction of
skill further to the east could have several causes.
In these experiments the subsurface thermal struc-
ture did not show the amplitude of the response
as is observed. Hence one can suspect that the
remotely forced aspects are not as well done in this
model as they need to be.

Subsequent improvements have lead to an
atmospheric model which simulates the tropical to
mid-latitude teleconnections associated with SST
variability with significantly improved robustness.
Work is currently underway to implement an end
to end climate forecast system and establish its
capability in forecasting tropical and mid-latitude
climatic variability.
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