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ABSTRACT

Long-range global climate forecasts have been made by use of a model for predicting a tropical
Pacific sea surface temperature (SST) in tandem with an atmospheric general circulation model.
The SST is predicted first at long lead times into the future. These ocean forecasts are then used
to force the atmospheric model and so produce climate forecasts at lead times of the SST
forecasts. Prediction of the wintertime 500 mb height, surface air temperature and precipitation
for seven large climatic events of the 1970 to 1990s by this two-tiered technique agree well in
general with observations over many regions of the globe. The levels of agreement are high

enough in some regions to have practical utility.

1. Introduction

The capability to forecast some atmospheric
climate changes at time scales of a season or more
in advance has been demonstrated by a variety of
statistical forecasting techniques (e.g., Barnett,
1981a, b; Barnett and Preisendorfer, 1978, 1987;
Harnack et al., 1986; Broccoli and Harnack,
1981). The source of this predictive skill has
been traced to low frequency changes in the sea
surface temperature of the oceans, particularly the
tropical Pacific Ocean. Sophisticated numerical
models, atmospheric general circulation models or
AGCMs, reproduce moderately well contempora-
neous atmospheric climate variability provided
they are forced with observed SST, i.e., they have
skill at “nowcasting” (c¢f. Shukla and Wallace,
1983; Latif etal., 1990; Barnett etal, 1991;
Graham et al., 1994). But their skill at long range
climate forecasting is virtually nil if used in a
stand alone mode. This is so because the AGCMs
by themselves lack knowledge of the ocean
memory that the statistical studies have identified
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as the source of predictive skill. In an attempt to
remedy this deficiency, the AGCMs: have been
coupled to ocean models producing coupled
GCMs (CGCMs) in an attempt to provide the
ocean memory and evolution required for success-
ful long-range forecasts. These CGCMs have, to
date, showed limited forecast skill due to a variety
of complex problems that attend their construc-
tion and initialization. (See Neelin et al. (1992) for
excellent summaries of coupled model perfor-
mance and Miyakoda et al. (1988, 1989, 1993) for
examples of coupled model forecasts). However,
recent forecasts with a CGCM by the Max Planck
Institute (Hamburg) are encouraging and suggest
some of the major problems are close to solution
so that fully coupled GCMs may one day be
legitimate competitors for extended climate predic-
tion (Latif etal, 1993). Whether the CGCMs
will be more skillful than the method described in
this paper remains to be seen. But one thing is
clear: The CGCMs will require far more computer
time than the 2-tiered forecast technique to be
described below.

The above situation for atmospheric forecasting
is in marked contrast to the current state of our
ability to forecast tropical Pacific Ocean tem-
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perature changes associated with ENSO, the
major source of ocean memory responsible for the
predictive ability of the statistical models noted
above. Skillful forecasts of tropical SST out to
lead times of 12-18 months have been clearly
demonstrated by 3 widely different techniques
(Barnett, 1981b; Graham et al., 1987; Barnett
et al., 1988; Cane and Zebiak, 1985; Zebiak and
Cane, 1987; Barnett et al., 1993). Unfortunately,
these ocean forecast tools by themselves are of
little use for predicting atmospheric changes out-
side of a narrow Pacific equatorial strip. Yet it is
well-known from empirical studies that there is a
close, simultaneous relation between changes in
tropical SST and various atmospheric variables
over many regions of the world (e.g., Ropelewski
and Halpert, 1986 and 1989; Horel and Wallace,
1981; and many others). We have taken advantage
of this observed fact to improve our long-range
atmospheric prediction capability.

In this paper, we combine our ability to make
long range SST forecasts with the “nowcasting”
abilities of a sophisticated AGCM, in order to
make atmospheric forecasts with an AGCM at
here-to-fore unattainable lead times. Specifically,
we use an ENSO forecast model to predict tropical
Pacific SST anomalies at lead times between 6-14
months in advance. These forecast SST fields are
then used to force an AGCM in order to predict
both the local and remote atmospheric climate
variations that will accompany the predicted
evolution of the tropical ocean’s surface tempera-
ture field. The results from this 2-tiered forecast
scheme are highly encouraging.

The subsequent sections of this paper discuss
briefly the models and data used in the study and
the strategy of the forecasts experiments. Examples
of the long range atmospheric forecasts based on
the SST forecasts are shown next and the skill of an
ensemble of forecasts is presented. We conclude
with a discussion of some of the more interesting
findings and a summary of the work and its short
comings.

2. Models and data

2.1. Models

The results of this paper were obtained by using
a sequence of models. These are described briefly
below.
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Tropical Pacific coupled model. Long-range
forecasts of the tropical Pacific SST were obtained
by the hybrid coupled model (HCM) described by
Barnett etal. (1993). This section summarizes
briefly the results of that paper. The ocean compo-
nent of this coupled model is the fully nonlinear
ocean GCM described by Latif (1987). The
OGCM is bounded by latitudes 30° and zonally by
Asia and South America. It has 13 levels in the
vertical with 10 of them in the upper 300 m. The
seasonal cycle in the model is driven by a New-
tonian heat flux and observed wind stress
(Goldenberg and O’Brien, 1981). A Richardson
number dependent vertical mixing scheme is
employed (Pacanowski and Philander, 1981). The
performance of this model has been ascertained in
a number of studies, perhaps the most thorough
being that of Miller et al. (1993).

The atmospheric component of the HCM is
statistical in nature. It was devised as a regression
model that relates observed, anomalous wind
stress and observed, anomalous SST. In operation,
the OGCM provides the SST anomaly to this
atmospheric model and it, in turn, provides the
wind stress anomaly that forces the ocean. The
interface between the 2 models includes an MOS
corrector scheme that compensates for errors in
the OGCM-produced SST fields. Tests of the
HCM in both the hindcast and forecast mode
show it produces significant skill in projecting SST
out to lead times of 12-18 months.

The model is most skillful for prediction of
northern wintertime SST in the central equatorial
Pacific (see Figs. 8-11, Barnett etal., 1993). It
has modest to poor performance in the far eastern
and western Pacific and for latitudes polarward
of approximately 8°. Like most current ENSO
forecast models, it performs poorly on forecasts for
the late Spring—early Summer period (see Barnett
et al., 1993 for additional details).

Atmospheric model. The atmospheric model
used in this study is ECHAMS3 from the Max
Planck Institute for Meteorology, Hamburg
(¢f. Roeckner etal, 1992). This state-of-the-art
AGCM has 19 levels in the vertical and was run at
T42 resolution (about 2.8 x2.8° grid) in the
experiments described below. Cloud moisture is a
prognostic variable in the model and this affects
cloud formation at all levels. The model also
employs a comprehensive mass flux for cumulus
convection scheme, as well as accounting for the

Tellus 46A (1994), 4
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Fig. 1. Distribution of precipitation stations.

effects of clouds on turbulent mixing in the bound-
ary layer. In the current set of experiments, the
seasonal cycle of solar radiation and sea ice are
prescribed. Numerous tests of the model suggest
it reproduces observed climate variability with
enough fidelity to be quite useful in the forecast
experiments to be described below (Roeckner
et al., 1992; Sherwood et al., 1993; Gaffen et al,,
1991; and others).

2.2. Observations

The forecasts made in this study were verified
against three different global sets of observations:
500 mb height, near-surface air temperature, and
precipitation. Each data set and any special treat-
ment it received are described below.

500 mb height (h) dataThe analyzed data
product from both the National Meteorological
Center (NMC) and European Center for Medium
Range Weather Forecasting (ECMWF) were
available from 1979-present. Over most of the
span, the 2 products were indistinguishable from
each other, so we used them interchangeably.
Anomalies were computed using the 1979-92 base
period and then regridded to the ECHAM3 T42
grid. The model forecasts are compared against the
resulting data set.

Surface air temperature (T). The air tempera-
ture data were provided courtesy of C. Ropelewski

Tellus 46A (1994), 4

180

(Climate Analysis Center). The data were pro-
vided on a 2x2° grid and came originally from
station observations. The data span the period
1970-1992. Details of the data set construction can
be found in Halpert and Ropelewski (1992) and
Ropelewski et al. (1992).

Precipitation (p). The precipitation data were
again provided by C. Ropelewski (see above
reference) and came to us as raw station data for
2437 WMO stations for the period 1971-1992
(Fig. 1). Using stations that had less than 5 % mis-
sing data, we computed the standardized, anomaly
precipitation time series for each station. These
irregularly spaced data were projected onto a
2 x2° grid by simply averaging all the series that
fell within individual 2 x 2 boxes. The data for
individual continents were then filtered by an EOF
analysis to exclude variability at spatial scales less
than about two ECHAM3 grid intervals, 5.6° of
latitude or roughly 500 kms. The filtered data sets
were used as the verification product.

3. Experimental methods

3.1. Forecast procedure

The basic idea was to forecast the Pacific SST at
long lead times with the HCM and then use the
predicted SST to force the AGCM. In this scheme,
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the application of the AGCM appears essentially
as a specification or “nowcast” where the evolution
of the SST is prescribed according to the HCM
forecast. In fact, the result is an atmospheric
forecast at the same lead times as the SST forecast
from the HCM. We shall discuss below mainly two
season in advance climate forecasting with this
method. However, some examples of one year in
advance forecasts will be given in Section 5.

In practice, the HCM was spun up to 1 June of
a candidate year (hereafter ¢y). The spinup was
accomplished by providing the observed SST
anomaly field to the atmospheric component of the
HCM. The resulting wind stress anomalies were
used to force the ocean in uncoupled mode for
several years prior to #,. The fully coupled HCM
used the initial conditions at ¢, and integrated
ahead in time through February of the subsequent
year. Thus, HCM forecast SST fields for June
through February were available to force the
AGCM.

The atmospheric forecasts were made from
1 October initial conditions provided by the
extended AMIP run (defined below). Starting
the forecast integration in October, instead of
June, meant the global atmosphere had 2 model
months (October and November) to come into
balance with the tropical SST predicted by the
HCM. Tests, not reported here, showed the
2-month atmospheric spinup time to be adequate
for our purposes and so the 1 October start date
saved needless integration over the June-September
time frame. The HCM SSTs were only provided to
the AGCM in the narrow, equatorial Pacific band
described in Subsection 2.1. Over the rest of the
global ocean, the climatological SST was specified
for the AGCM.

Each atmospheric forecast was repeated three
times. These realizations used exactly the same
predicted SST, but were begun from three different
1 October initial conditions obtained from the
extended AMIP run. The final forecasts were
averages over the three realizations and over the
period December—February. They represent 2
season in advance forecasts of wintertime climate
variability by an AGCM. The variables we chose
to concentrate on in this paper were 500 mb height
(h), 2-m air temperature (7'), and total precipita-
tion (p).

We chose as forecast targets the largest ENSO
warm/cold events of the last 22 years. The warm
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event winter conditions we tried to forecast were
for the years 1972-73, 1982-83, 1987-88 and
1991-92, while the cold event years were 1970-71,
1974-75, and 1988-89. We felt that if the forecast
procedure did not work for these large events then
it would likely not work at all.

3.2. Significance tests

Developing stringent significance tests for the
forecasts to be described below turned out to be a
difficult task. The approach we finally settled on
was based on what we term the “extended AMIP”
experiment. The original atmospheric model inter-
comparison project (AMIP, Gates et al., 1992)
used observed global SST and sea ice distribution
to force a variety of AGCMs, including ECHAM3,
over the period 1979-1988. We extended this
original ECHAM3 AMIP run to cover 1970-1992.
Thus, for each winter of this 23-year period we had
the fields of 500 mb height, 2 m air temperature,
and total precipitation produced by ECHAM3
when it was forced by observed SST. We refer to
these integrations as “specifications”, essentially
“nowcasts” with observed SST.

Two immediate questions come to mind.

(1) Are the forecasts or specifications made for
the extremes of the ENSO cycle significantly dif-
ferent from specifications made during non-ENSO
situations? Contrasting the skills of ECHAM?3
between non-ENSO conditions (when we expect
little or no skill) and ENSO conditions represents
a significance test of the model’s ability to suc-
cessfully specify/forecast. A corollary is that if
ECHAM3, forced by observed SST, cannot suc-
cessfully specify a given variable in a given locale
then we would not expect it to be able to forecast
the variable/locale even given a perfect SST
forecast.

(2) Is there an appreciable difference between
the winter specifications made with observed
SST and the winter forecasts made with HCM-
predicted SST? Certainly the SST forecasts are
flawed (see above) and we wish to know how
much this degraded the atmospheric forecasts. In
Subsection 4.3, it will be shown the forecasts and
specifications made with observed SST are basi-
cally the same.

The 1st question is the most important one and
it was addressed as follows: The 16 non-ENSO
winter fields of T, h, and p from the extended

Tellus 46A (1994), 4
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500mb HT EXTREME WINTERS SPECIFICATION vs. OBS
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Fig. 2. Specification skill (correlation) for (a) winter 500 mb height anomalies (b) for near surface air temperature,
and (c) precipitation for 7 large ENSO events. Light (heavy) stipple for 0.10 (0.05) confidence level.
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AMIP run were considered a “no skill” sampled
population*. 3 winters were randomly selected
(with replacement) from this ensemble and
averaged, as was done with the 3 realizations of
the forecasts, to form one realization of a “no
skill” forecast. This procedure was repeated 6
more times to match the 7 real forecasts. The
7 no-skill forecasts were correlated grid point by
grid point with the observed variables for the
7 candidate forecast years. The correlation coef-
ficient r’(x) represented a measure of the model
success onc might expect by chance for one set of
7 forecast experiments when no real skill exists.
Repeating this procedure over 1000 realizations
(v;, i=1,2,..,1000) of sets of 7 forecast experi-
ments provided a population of r'(x), from which
it was easy to construct a probability distribution
function (pdf) for expected values of r(x) under
the condition of no expected skill. The 0.01, 0.05,
and 0.10 values of r(x) from this pdf were used
to determine locally the significance of the correla-
tion (r,(x)) obtained by correlating the 7 actual
forecasts with the appropriate set of observa-
tions. Note the procedure handles indirectly the
problems of field significance raised by Livezey
and Chen (1983).

4. Results

4.1. Specification skill

In this section, we estimate the ability of
ECHAMS3 to reproduce observed variations for
the seven large ENSO events given “perfect”
(observed) information on SST. This will serve as
a background against which to measure model
forecast skill and to answer indirectly in Subsec-
tion 4.3 the 2nd of the 2 questions posed above.
In keeping with the forecast strategy, a group
of 3 realizations for each event was computed.
The 3 realizations were averaged, as we did with
the forecasts, to form the specification. The SST
(observed) were the same for each realization but
the initial conditions were taken to be the same as
those used in the actual forecast experiments.
Thus, the only difference between specification and

* This is a conservative assumption since weak events
may have some modest level of skill which is ignored
here.
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forecast experiments is in the use of observed
versus predicted SST.

500 mb height. The restricted time span of the
verification set resulted in only 10 “non skill” cases
to use in evaluating the 4 ENSO specifications in
the AMIP run. We feel this makes our statistical
estimates marginal. Bearing this in mind, the
correlation between the 4 specifications and
the associated observed winter 500 mb height
anomaly fields is given in Fig. 2a.

Correlations exceeding 0.5 are found through-
out the tropical strip with many of the values
exceeding 0.8, the 0.10 confidence level. Impressive
correlations at midlatitudes were found in the
eastern North Pacific, eastern North America, the
Caribbean, northern and eastern Asia. Large
values are found over many areas of the southern
oceans but most of these just miss significance
at the 0.10 level. Given the small sample we have
been forced to use and the fundamental lack of
data in these regions leads us to conclude that our
results in the Southern Hemisphere oceans are
encouraging, but are not definitive one way or the
other.

It is clear that there are large regions of the
world, e.g., Europe, Asia and northern Africa
where the ECHAM3 forced by Pacific SST alone
has no ability to specify the observed variations in
500 mb height. We expect no forecast skill in this
variable over these regions.

Surface air temperature. The discussion is
restricted to air temperatures over the land masses
since the comparison over most of the ocean,
where SST is specified to be climatology, is not
meaningful. Regions of correlation, significant at
0.10 or above, were found over the northern half of
South America, the west coast of North America
as well as the Gulf Coast (Fig. 2b). Much of the
rest of the United States had correlations signifi-
cant at 0.15. South Africa and the eastern half of
Australia had correlation value just significant at
the 0.10 level.

Virtually no skill was found for Europe, most
of Asia, and the majority of Africa north of the
equator. These findings are much like those
obtained for the 500 mb height field.

Precipitation. The precipitation skill is shown in
Fig. 2c and is located in many of the areas expected
from earlier empirical studies (e.g., Ropelewski and
Halpert, 1989). These areas include northwest and
southeastern sections of North America, eastern

Tellus 46A (1994), 4
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Asia, and Australia. The signal over Europe is
open to question since it has not, to our knowl-
edge, appeared in prior empirical studies. Some
highly significant correlations were found in
the region but the spatial pattern was uneven and
difficult to contour. Over many areas there
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appears to be little or no skill. However, there are
large regions of sparse or missing data. In fact, the
skill map shown in Fig. 2¢ needs to be recomputed
once a global, gridded precipitation field is
available (a task well beyond the scope of the
present effort.)

FORECAST vs. ECMWF 500mb FIELD
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Fig. 3. Example 2 season lead forecast (lower) and observation (upper) for 1982-83 winter 500 mb height anomaly
field. Most warm event forecasts had much the same structure.
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4.2. Forecast skill

The distribution of forecast skill at a two season
in advance lead time for 3 variables discussed
above is presented here. In many regions, the skills
reported are high enough to be of practical use.

500 mb height. Examples of forecasts and

accompanying verifications for both a warm and
cold event are shown in Figs. 3, 4, respectively. The
forecasts are seen to capture many gross features of
the anomalous height field, especially over the
central North Pacific (as expected). The warm/
cold forecasts are not simple mirror images of
each other, although individual warm (cold)

FORECAST vs. ECMWF 500mb FIELD
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Fig. 4. Same as Fig. 3 but for the cold event winter of 1988-89.
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(a) 500mb HT EXTREME WINTERS FCST vs. OBS
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Fig. 5. Same as 2 but for the 2 season in advance forecasts of (a) 500 mb height (b) air temperature, and
(c) precipitation.
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events bear a fair similarity over the Pacific and
parts of North America. Inspection of the 7
individual forecasts show they are at their worse
when the North Atlantic Oscillation, which is not
reproduced well in the model forecasts, is highly
energetic.

An overview of the skill of the model predictions
is provided by the forecast-observation correla-
tion, r,(x), described above. The values are illu-
strated in Fig. Sa. The forecast skills demonstrate
significant values in many of the same regions
found in the specifications, most notably the
eastern Pacific, North America, South America,
and South Africa. The largest differences occur
over North Africa where the forecasts now have no
skill and eastern Asia where the forecasts are better
than the specification. Note, however, in the latter
area the forecasts are not significant at the 0.10
level.

The forecast results also differ from the specifica-
tions over much of the southern oceans and the
tropical Atlantic and Indian Oceans. Supplying
the forecast SST for these latter 2 tropical regions
would, one suspects, remedy this latter problem.
The situation over Europe is more of a problem,
since both forecast and specification demonstrate
no skill.

Air temperature. The forecasts of air tempera-
ture 2 seasons in advance (Fig. Sb) are essentially
identical over the land masses to those obtained
from the specification (the “perfect” prediction).
The numerical values show some sampling fluctua-
tions but the only spatially coherent variations
occur along the West Coast of North America
where the forecasts are actually a bit better and
over eastern Australia where the specifications are
slightly superior. These differences, like some of
those noted above, may well be real and are
discussed below. We conclude, for now, that the
two season in advance surface air temperature
forecasts are not appreciably different from the
specifications.

Precipitation. The 2 season in advance precip-
itation skill (Fig. 5c) is quite similar to the
specification (Fig. 2c). In some areas, it is appreci-
ably better than the specification (see below).
This is especially true for the east coast of the
United States and Australia. The improved skill in
central Asia is based on widely scattered data
and, we feel, apt to be unreliable. In summary, we
conclude, as we did with surface air temperature,
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that the forecasts are about as good as the specifi-
cations.

4.3. Comparison of forecasts and specifications

Even a casual comparison of Figs. 2, 5 shows the
forecasts to be as good as the specifications for all
intents and purposes. There are several regional
differences that may be real. For instance, forecasts
for the tropical Atlantic and Indian Oceans are
inferior to the specifications. This is presumably
due to the use of climatological SST in the areas
instead of the actual SST or its predicted value (see
Subsection 5.1 and Graham et al., 1994). Work to
remedy this shortcoming is in progress.

More interesting are cases where the predictions
are clearly better than the specifications. Inspec-
tion of these cases shows the forecast SST anomaly
to be larger than the observed values used in the
specifications. Thus, the atmospheric response has
been amplified, giving a better signal/noise ratio
and skill. Had we used a skill measure based on
variance, instead of correlation, the stronger SST
forecast may have been a liability rather than an
asset.

Finally, we noted in Subsection 2.1 that the
HCM had good SST forecast skill only in the
central equatorial Pacific, but not at the ocean
margins or areas outside about 8-10° latitude.
These flaws in the HCM are apparently of no
consequence to the midlatitude forecasting skill
of our 2-tiered prediction method. This is obvious
from the close correspondence between specifica-
tion and forecast (Figs. 2, 5). The reason for this
situation is that the main ENSO teleconnection
patterns are based on central Pacific SST: not SST
variation off South America or in the far western
Pacific. This has been demonstrated in a variety
of empirical studies (e.g., Barnett etal, 1981a;
Graham and Barnett, 1993; and others) plus GCM
sensitivity experiments (e.g., Geisler et al., 1985).
Thus, we were fortunate that the HCM had its
best performance in just the region of the tropical
Pacific that was required to reproduce the
observed midlatitude response patterns.

5. Discussion

In this section, we address briefly a number of
issues raised by the results presented above.

Tellus 46A (1994), 4
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5.1. The réle of the midlatitude SST

It is natural to wonder if inclusion of actual
midlatitude SST would have enhanced the forecast
skill. The answer appears to be “not appreciably”.
There are several reasons for such an answer. The
specifications (AMIP) which used observed global
SST were not appreciably better than the fore-
cast which used climatological SST outside the
equatorial Pacific strip. Apparently the additional
observed midlatitude SST information was of little
use in helping the AGCM reproduce the observed
climate variability.

More to the point, there has been accumulating
over the last 15 years a body of evidence that, on

Total Precipitation Anomaly

391

the seasonal time scale, the midlatitude ocean is
driven by the atmosphere and not vice versa. This
answer has been consistently provided by empiri-
cal studies since those of Davis (1976), Barnett
(1981a), and many others up to modern times
where improved data sets and analysis techniques
were employed, e.g., Graham and Barnett (1993).
Similar results have been obtained via GCM sen-
sitivity experiments. The earlier results in this area
are suspect due to model shortcomings. However,
recent extensive studies using a good AGCM by
Graham et al. (1994) clearly show that informa-
tion on midlatitude SST does little if anything to
improve the performance of the AGCMs in
specifying observed change in global and regional

April 1993 Brazil Forecast
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Fig. 6. Example of 3 different predicted realizations of tropical precipitation for April, 1993, courtesy N. Graham.
Forecast lead time was 4 months.
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climate. The important SST information for suc-
cessfully modeling observed climate change comes
almost entirely from the tropics.

5.2. The forecast ensemble: how many is enough?

The forecast results reported here are based on
the simple average of 3 separate forecasts of the
same event, each made with different initial con-
ditions but identical tropical SST. Selection of
the number 3 was largely intuitive and based on
available computer time. We inquire here if that
is an adequate number of realizations for an
ensemble forecast.

Tropics. Consider first the tropics, say, within
20° of the equator. Inspection of the individual
members of forecast ensembles suggests that 3
realizations are likely adequate to obtain a stable
estimate of expected conditions. This is illustrated
in Fig. 6 (from Graham, personal communication)
where the separate forecasts of expected April 1993
precipitation over South America were made from
a 1 January initial condition at the request of
Brazil which was undergoing a serious drought
and wished to know if it would persist. The details
by which the forecasts were made are omitted.
Rather we show the three different precipitation
forecasts made with the same SST but different
initial conditions (Fig. 6). Each forecast bears a
good similarity to the others, not only with respect
to spatial distribution of precipitation but also
magnitude of the predicted anomalies. Given the
numerous, well-known problems associated with
even analyzing precipitation fields, let alone
predicting them, we conclude the three forecasts
are, for practical purposes, identical.

Midlatitudes. Estimating the required ensemble
size to make meaningful forecasts in midlatitudes
is an open question but one that is beginning to
draw considerable interest (Palmer, 1988; Palmer
etal., 1992; Brankovic et al., 1993). In order to
obtain a preliminary answer on this subject for this
paper, we repeated the 1982-83 forecast from 10
different initial conditions provided by the
extended AMIP run in the manner described in
Subsection 3.1. The same SST field forecast by the
HCM was used in each experiment.

The wintertime 500 mb height field over the
region 25-70°N, 120°W-60°W was isolated in
both the extended AMIP and the 10 forecast
realizations. The first two EOFs of the extended
AMIP (60% of the variance) were estimated and
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a scatter plot of the principal components was
constructed (Fig. 7). The 10 forecast realizations
were projected onto the AMIP EOFs and the asso-
ciated principal components entered onto the
same scatter plot. A number of observations may
be made from the results.

(i) The 10 realizations do not appear ade-
quate to constitute a stable forecast of the 1982-83
event. The spread about mean (not shown) is
nearly as large as the displacement of the mean
forecast from the origin. A posteriori elimination
of the two outlier forecasts would help remedy
this problem. In contrast, if one averages the 3
realizations in the upper left end of the group and
the three in the lower right end of the group, then
the forecast fields would be as shown in Fig. 8. The
anomaly patterns are relatively stable since most
of the forecasts fall into the same quadrant of the
EOF phase space. However, the differences are
regionally large and practically significant in terms
of their magnitude. This is not good news for
those who wish to make extended range forecasts
with fully coupled CGCMs for it means, if our
results are general, that forecasts must be ensemble
averages of a large number of realizations,
perhaps 20-30, if one is to get a stable estimate
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FOR WINTER 500mb HEIGHT
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Fig. 7. EOF projection of winter 500 mb height field over
the North Pacific and North America from (i) the
extended AMIP run (0), (ii) the 1982-83 AMIP winter
(+ ) and (iii) 10 different realizations of the 2 season lead
forecast for the 198283 winter (*).
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ENSEMBLE FORECASTS OF 1982-83 WINTER
500mb HEIGHT ANOMALY

90N

90N

Fig.8. Two ensemble forecasts made from the three
extreme realizations at each end of the 10 forecast
realization cluster shown in Fig. 7 (units are geopotential
meters).

of the ensemble average. The computer resources
required for such an ensemble of forecasts would
be immense.

(ii) The difference between forecasts and speci-
fications for the 1982-83 event appear con-
siderably larger here than one would have guessed
from comparing Figs. 2a, 5a. This suggests that
a more detailed analysis of the forecast error
structure is in order.

5.3. Competitors

It is fair to ask if another method could use the
SST forecasts and produce atmospheric predic-
tions comparable to those of the AGCM, but with
considerably less effort. Specifically, suppose we
used a statistical specification method with the
HCM SST forecasts. Graham and Barnett (1993)
did just this and demonstrated that in some
regions and for some variables, the statistical
specification yields better results than the AGCM.
However, for many regions of the globe and for
many variables, the fundamental data sets do
not exist that would permit one to construct the
statistical specification models. In these cases,
the AGCM offers the only possibility for useful
forecasts.

Some important climate variables are associated
with highly nonlinear processes and have
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JANUARY/FEBRUARY PRECIPITATION
" NEW APPROACH (2 SEASON LEAD)

Fig. 9. Upper. Correlation between two (2) season
forecasts of winter precipitation for seven large ENSO
events and observations. Lower. Correlation between
observed central Pacific (NINO3) winter SST anomalies
for the same seven events and contemporaneously
observed precipitation. The forecast equals or beats the
“nowcast” over much of the United States.

decidedly non-Gaussian distributions. Both of
these properties make them difficult to model
statistically and so, again, the AGCM offers the
best chance for useful forecasts. This point is
illustrated in Fig. 9 where the 2 season in advance
precipitation forecast from our 2-tiered scheme is
put against a statistical competitor. The latter
is a simple regression model that relates contem-
poraneous wintertime equatorial Pacific SST with
observed, wintertime divisional precipitation data
for the United States. This is an unfair competitor
for the 2-tiered scheme (specification against a
2-season forecast) but nonetheless the new
approach more than holds its own. The statistical
specification is better in the southwestern US, but
slightly inferior to the AGCM forecast precipita-
tion in the southeastern US. However, the AGCM
forecast has good skill over most of the eastern
third of the US where the statistical method cannot
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Fig. 10. Comparison of 6-month in advance and 12-month in advance forecasts of 500 mb height field for the winter

of 1982-83 (units are geopotential meters).

even specify the precipitation given the observed
winter SST. We conclude that using a full AGCM
as the second leg of the 2-tiered forecast scheme is
justified*.

* Where possible, we also recommend simultaneous
use of statistical specification technique. They are easy,
inexpensive and provide an independent forecast that can
be compared with the AGCM product.

5.4. Forecast range

The forecast procedures of Sections 3,4 were
repeated on a limited set of events using tropical
SST fields predicted one year in advance by the
HCM. A typical result (Fig. 10) suggests that the
one year lead forecast is essentially as good as
the two season lead forecasts. Thus, the key to
extended climate forecasts rests on 2 factors:
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(i) making a good long-range SST forecast. The
basic unanswered question is, “How far in advance
can we predict the tropical Pacific SST?” (ii) The
second factor is obviously an AGCM that
reproduces well the observed climatic variability
accompanying observed changes in tropical SST.

Offsetting the highly encouraging result and
conclusion presented immediately above is the fact
that the scheme we have demonstrated here will
have little, if any, success in the absence of a sub-
stantial ENSO signal. In the latter case then, the
forecast range is effectively zero. This raises a 3rd
key point: The long-range ENSO forecasts must
be accompanied by some measure of expected
forecast success, i.e, we need to forecast the
expected forecast skill or else there will be no way
to place a confidence factor on the subsequent
atmospheric forecast.

6. Conclusions

A 2-tiered scheme for long-range climate
forecasting has been demonstrated. The method
consists of first making a long range forecast of
tropical Pacific sea surface temperatures (SST).
The predicted evolution of the SST is used to force
an atmospheric GCM thereby producing a climate
forecast with the AGCM at the same lead times as
the SST forecasts. The approach was demon-
strated on the seven large warm/cold ENSO events
of the last 23 years. The conclusions were as follow.

(1) The method has highly significant skill
in many regions of the world for the 3 predictor
fields investigated: 500 mb height, surface air tem-
perature, and precipitation during the Northern
Hemisphere winter. The highest skills appear in
just the areas one would expect from numerous
prior empirical studies: North Pacific, parts of
North America, South America, Australia and
Africa. Little skill was found over Europe and
large regions of Asia. Skill also appears over the
southern oceans but lack of reliable verification
sets makes this conclusion marginal.

(2) The ability of the AGCM to make 2-season
forecasts was, by the correlational skill measures
used here, essentially the same as that obtained by
the model using observed SST in a specification
mode.

Tellus 46A (1994), 4

395

(3) The absence of midlatitude SST data seems
to have had little, if any, impact on the forecast/
specification performance. However, the use of
climatological SST in the tropical Atlantic and
Indian ocean, instead of forecast SSTs, seem to
have degraded forecast performance in localized
tropical environs.

(4) Groups of 3 forecasts, made from different
initial conditions, were averaged to form a single
ensemble forecast and that is the forecast that we
evaluated in (1) and (2) above. In the tropics, the
three member ensemble appears adequate for a
stable forecast. In midlatitudes, even a 10-member
ensemble appears inadequate to produce a highly
stable forecast without some a posteriori inter-
vention.

(5) The skill and forecast range of this
approach depends on the occurrence of a substan-
tial warm/cold event in the tropical Pacific. In 2
cases studied, year in advance forecasts were as
good as specifications. However, the method will
not work in the absence of an ENSO event.

Additional studies are required to investigate a
number of shortcomings of the present study, e.g.,

(a) How much did errors in the SST forecasts
versus shortcomings of the AGCM contribute to
forecast errors?

(b) Is the preliminary conclusion regarding
the large number of forecast realizations required
for a stable midlatitude ensemble forecast really
true, or was it a result of the event year and model
chosen?*

(c) How much more skill can be realized by
inclusion or prediction of other low frequency forc-
ing fields, e.g., snow cover, sea ice, the North
Atlantic oscillation? Will these additional forcing
fields help in the “no skill” areas of Europe and
much of Asia?

Other such questions can be posed. Fortunately,
the results of the current study appear encouraging
enough to justify additional pursuit of these
problems using the methods we have described
here.

* The 7 forecasts shown in this study were re-evaluated
using 10 member ensembles. The forecasts are slightly
better than those shown here (Barnett, 1994, J. Climate,
submitted).
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