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ABSTRACT

The potential for seasonal mean predictability over the Pacific and North American regions is evaluated as a
function of the amplitude of equatorial Pacific sea surface temperature forcing, the phase of that forcing, and
the phase of the annual cycle. The potential predictability is measured as the ratio of the seasonal mean SST-
forced signal and the internally generated seasonal mean noise. The authors assessments are derived from the
output of ensemble atmospheric general circulation model experiments forced with observed monthly SSTs for
1950-94. Using a perfect prognostic approach, results are presented on the predictability of upper-tropospheric
circulation, North American land temperature, and precipitation.

Seasonal predictability is shown to depend on the amplitude of the SST-forced signal, whereas the background
noise is largely independent of SSTs. To zero order, that signal grows linearly with the amplitude of anomalous
SSTs. An important departure from this is with respect to the phase of tropical Pacific SST anomalies, and the
simulated atmospheric signals were stronger for ENSO’s extreme warm phases compared to ENSO’s extreme
cold phases. This asymmetry can be traced throughout the teleconnection chain that links the ENSO forcing
region with North American climate.

With regard to the annual cycle's role, the North American climate is shown to be most predictable during
the late winter and early spring season of warm events. This stems from the fact that the SST-forced signal
during warm events at that time of year is only slightly weaker than in midwinter, whereas the background noise
is substantially reduced. Predictability during spring is significantly greater than that occurring in fall, due to a
much weaker fall signal. Observational analyses are presented that corroborate these key model results, in
particular enhanced skill during ENSO’s warm phase and a springtime predictability peak.

Finally, a comparison is made between the classic ratio of variance measure of predictability that commingles
all warm, cold, and non-ENSO years to yield a single estimate, against such a ratio calculated for individual
events. North American seasonal predictability for specific events can greatly exceed this single gross measure,
and it is shown that the latter is a poor yardstick of the prospects for skillful predictions during extreme ENSO
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states.

1. Introduction

A conventional measure for the expected skill of sea-
sonal climate forecastsinvolvestheratio of the EI Nifio—
Southern Oscillation (ENSO) climate signal and the
background climate noise, and the small value of such
a ratio in the extratropics has led to the interpretation
that the potential for seasonal predictability islow there
(e.g., Madden 1976; Chervin 1986; Kumar and Hoerling
1995; Rowell 1998). The ratio of variances are derived
from long time series analysis, using either observed or
numerical model data, and the results yield a single

Corresponding author address: Dr. Martin P. Hoerling, CIRES/
Climate Diagnostics Center, University of Colorado, Campus Box
449, Boulder, CO 80309.

E-mail: mph@cdc.noaa.gov

© 1998 American Meteorological Society

estimate of predictability. Such estimates, by spanning
all possible sea surface temperature (SST) states, are
inherently indiscriminating and offer little guidance on
the expected level of atmospheric predictability for in-
dividual events. Given that short-term climate forecasts
are event based, it becomes critical to step beyond gross
measures and understand the predictability limits under
specific ENSO scenarios.

Does, for example, the predictability inherent in the
climate system differentiate between strong versusweak
ENSO events? It is reasonable to presume that climate
predictability will be elevated for the stronger events,
and this intuition is confirmed by the results of atmo-
spheric genera circulation models (AGCMs) (Geisler
et al. 1985; Brankovic et al. 1994; Kumar et a. 1996).
In arecent study, Kumar and Hoerling (1997) show that
the amplitude of the boreal wintertime atmospheric sig-
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nal during warm events grows quasi-linearly with in-
creased amplitude of the tropical SST forcing. For suf-
ficiently large tropical forcing, such as occurred during
198283, the vigor of circulation responses over the
Pacific-North American (PNA) region implies a high
potential for seasonal predictability (Hoerling and Ku-
mar 1997).

Doesthe potential predictability of the climate system
discriminate between the extreme phases of ENSO? The
cold phase of ENSO is known to exert an effect on the
PNA region (e.g., Ropelewski and Halpert 1986); how-
ever, it isbecoming apparent that itsimpact isnot simply
the inverse of ENSO’s warm phase (e.g., Hoerling et al.
1997; Montroy et al. 1998). Early experiments using
low-resolution climate models suggested that the global
climate signal associated with cold events may be much
weaker than that associated with warm events (Cubash
1985). Recent GCM simulations of the wintertime at-
mospheric response to equal but opposite signed equa-
torial Pacific SST anomalies also show the cold event
signal to be weaker than its warm event counterpart
(Hoerling et al. 1997). These analyses leave the im-
pression of reduced wintertime predictability during
cold events.

What is the annual cycle dependency of short-term
climate predictability? The winter season has received
most of the attention owing to the large extratropical
response to ENSO at that time of year. Arguments for
greater predictability outside of the winter season have
recently been offered, however, and such seasonal vari-
ations could result from two sources. On the one hand,
for a fixed tropically forced signal, predictability could
be enhanced during seasons when the climate noise is
reduced (Brankovic et al. 1994). Alternatively, owing
to the sensitivity of the extratropical flow to details of
the tropical forcing and the appreciable seasonal vari-
ations of the ENSO forcing, the extratropical signal it-
self could be greater outside of winter (e.g., Mitchell
and Wallace 1996).

The current study examines the potential for seasonal
predictability over the Pacific—-North American region
by diagnosing the dependence of the atmospheric signal
on 1) equatorial SST amplitude, 2) equatorial SST
phase, and 3) the annual cycle's phase. In the spirit of
conventional signal-to-noise assessments of predict-
ability, this study also examinesthe variationsin climate
noise as a function of the amplitude and phase of the
SST forcing and as a function of the annual cycle. Our
analysis is based on a 13-member ensemble of AGCM
simulations forced with the observed monthly global
SST variations during 1950-94. The model data and
experimental design are described in section 2. Section
3 presents results of the simulated ENSO signal and
noise for both tropical and extratropical regions. A de-
tailed assessment of the seasonal predictability over
North Americais provided in section 4, and concluding
remarks and a discussion appear in section 5.
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2. Datasets and methods
a. GCM experiments

Monthly mean global SSTs for the 1950-94 period
are imposed as evolving lower boundary forcing for a
suite of AGCM simulations. For the 195081 period, a
near-global SST analysis that employs eigenvector re-
construction as described in Smith et al. (1996) is used.
For the post-1982 period, a satellite—in situ blended SST
analysis based on the method of optimum interpolation
as described in Reynolds and Smith (1994) is used.

The atmospheric model, referred to as MRF9 in sev-
eral previous studies, is identical to the one described
in Kumar et al. (1996). Horizontal scales are spectrally
represented at T40 resolution (roughly 3° lat X 3° long),
and a sigma coordinate system is employed in the ver-
tical that contains 18 levels in the troposphere and the
lower stratosphere. Other aspects of the model are dis-
cussed in Kumar et al. (1996).

A 13-member ensemble of experiments has been gen-
erated. These differ from each other only in the spec-
ification of the atmospheric initial conditions, and each
realization experiences the same evolving global SST
boundary conditions.

b. Measures of signal and noise

An analysis of the climate signal and the climate noise
for each season in the 45-yr record is performed using
the results from the model simulations.

Let X,, denote the simulated seasonal mean anomaly
for the year « and realization i. The ensemble mean
anomaly averaged over al realizationsis defined as

_ 1 13
X, == Xiw- 1
[¢2 13 ;- la ( )

For a particular year, each ensemble member is sub-
jected to the same SST forcing, and the departures of
individual realizations from the ensemble mean arise
due to the internal variability, or climate noise. This
noise is measured by the mean spread Y, averaged over
al redlizations:

_ 1 B _
Vo= 152 Ke = X2 @

As for the climate signal defined by (1), the climate
noise defined by (2) may depend on the particular SST.
In the results of section 3, root-mean-square (rms) area
averages of the signal and the noise will be presented.
If () denotes an area average, then the rms of the signal
and the noise are defined by (X2)¥2 and (Y )¥2, respec-
tively.

c. Analysis methods

As a concise way to summarize the large volume of
model data on signal and noise for all SST states during
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Fic. 1. Seasonal mean sea surface temperature (SST) anomalies during 1950-94 for an area average of the domain
5°N-5°S, 160°E—-120°W. Each bar denotes the amplitude of the SST anomaly during the 45-yr record, ranked from the
largest warm events on the left-hand side to the largest cold events on the right-hand side. The analysis is performed
for each of the 12 overlapping 3-month seasons, and the center month of each season is indicated. Thus, Jan denotes
the December, January, February season, etc. Units are °C, shading highlights the magnitude of the SST anomaly.

1950-94, agraphical representation isused asillustrated
in Fig. 1. Shown in Fig. 1 is the seasonal variability of
the tropical Pacific SST anomalies during 1950-94 for
an area average over the spatial domain 5°S-5°N and
160°E-120°W. This area encompasses the entire Nifio-
4 and the western portion of the Nifio-3 index regions.
Although not sampling the longitudes of maximum in-
terannual SST variability, the importance of thisregion
liesin the large local sensitivity of deep convection and
the resultant forcing of global atmospheric teleconnec-
tions. Each bar in the graph corresponds to a 3-month
mean, and the individual events have been ranked from
the largest warm events on the left-hand side to the
largest cold events on the right-hand side. The analysis
is repeated for the 12 overlapping seasons beginning
with December, January, and February and ending with
November, December, and January. It is easily seen that
SST anomalies are largest in the northern winter season
and that warm and cold events acquire comparabl e peak

amplitudes. The model results in section 3 are aso ar-
ranged according to the ranked amplitude of the SST
anomaly. When displayed in this manner, the depen-
dence of the atmospheric signal and noise on the am-
plitude and phase of the tropical Pacific SST anomalies
is readily identified.

3. Results

A limited set of variables are analyzed to assess
ENSO's effect on atmospheric seasonal predictability.
These have been chosen to highlight the chain that links
the tropical Pacific SSTs and the climate system over
the PNA region.

It is important to bear in mind that the results based
on the " perfect-model’” approach used herein will be
sensitive to the GCM employed. For example, it iswide-
ly recognized that different models have different de-
compositions of their total seasonal variance into a po-
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FiG. 2. Root-mean-square (rms) of the ensemble mean AGCM rainfall anomaly during the 1950-94 period. The rms
is calculated over the equatorial Pacific domain 5°N-5°S, 160°E-120°W. For each 3-month season indicated, the rms
rainfall anomaly is arranged according to the ranked amplitude of the corresponding equatorial Pacific SST anomaly
in Fig. 1. Thus, the rainfal corresponding to the warmest SST anomaly appears on the left-hand side, while that for
the coldest SST anomaly appears on the right-hand side. Units are mm month—1, and shading highlights the magnitude

of the corresponding SST anomaly.

tentially predictable ENSO component and an unpre-
dictable component associated with atmospheric inter-
nal dynamics. We have previously analyzed this
problem using MRF9 simulations, and based on several
different measures of the impact of SST boundary forc-
ing on the extratropics found the model to exhibt re-
alistic ENSO-related wintertime signals over the PNA
region. The reader is refered to Kumar et al. (1996) for
a detailed assessment of MRF9's seasonal variance.

a. Tropical signal and noise during ENSO

Figure 2 displays the root-mean-square equatorial Pa-
cific rainfall signal area averaged over the domain 5°S—
5°N and 160°E-120°W. This is the same region used to
analyze the SST anomalies, and asin Fig. 1, therainfall
signals for each season are arranged according to the
anomalous SST amplitude. Such a precipitation index

is of importance because it represents the first link in
the atmospheric response to ENSO, and the amplitude
of the index measures the effective atmospheric forcing
of teleconnections.

Equatorial central Pacific rainfall is enhanced during
warm events and suppressed during cold events for all
seasons in the GCM simulations, a response reported in
numerous previous empirical and modeling studies.
Though to zero order the amplitude of signals in Fig.
2 varies linearly, there are important departures from
linearity. Notably, the rainfall signal is not symmetric
with respect to extreme phases of ENSO, and strong
positive SST anomalies induce larger rainfall signals
than do strong negative SST anomalies. Thisis consis-
tent with observational findings (e.g., Hoerling et al.
1997). Note also that for all seasons the largest rainfall
signals during warm events exceed by up to a factor of
2 the largest signals during cold events.



DecemBER 1998

KUMAR AND HOERLING

3299

Fabe

M

Fic. 3. Same as in Fig. 2, but for the rms of the 200-mb ensemble mean AGCM height anomaly. The rms signal is
calculated over the equatorial Pacific domain 5°N-5°S, 160°E-120°W. Units are m.

A related feature of this nonlinear behavior is a sat-
uration effect of the rainfall signal during cold events.
In particular, a doubling of the area-averaged cold event
SST anomaly from —0.5° to —1.0°C is accompanied by
littleif any further decreasein therainfall anomaly. This
stems from the fact that rainfall is climatologically
sparse over the cold tongue region, and a moderate cold
event is itself sufficient to entirely suppress convection
there. This should be contrasted with warm eventswhere
asimilar increase of the SST anomalies is accompanied
by a near doubling of the positive rainfall anomalies,
and little evidence for saturation is found.

Shown in Fig. 3 isthe AGCM’s simulated equatorial
200-mb-height signal that provides a measure of the
initial center-of-action in the atmosphere's wave train
response to ENSO. This field can be interpreted as the
vertically integrated local atmospheric temperature sig-
nal associated with the diabatic heating anomalies dur-
ing ENSO. Figure 3 illustrates the rms strength of that
signal area averaged for the same spatial domain as for
the SSTs and the precipitation in Figs. 1 and 2, respec-

tively. The equatorial atmospheric signal increases qua-
si-linearly with the amplitude of the local SST and local
rainfall anomalies. The height signal is not symmetric
with respect to ENSO extremes, however, and a larger
circulation response occurs for warm SST events. This
is consistent with the asymmetric response of the local
rainfall.

Figure 4 displays the climate noise in the equatorial
Pacific 200-mb heights, and an rms measure of that noise
is presented. The noise exhibits no systematic variation
with either SST amplitude, SST phase, or with the an-
nual cycle. Although not shown, a similar insensitivity
of the climate noise in equatorial rainfal is also found.

It is evident from Figs. 3 and 4 that seasonal pre-
dictability of the tropical 200-mb heightsis primarily a
function of the variations in the strength of the signal.
For the larger ENSO events, there is a 10-fold increase
of the signal above the noise, and even for SST anom-
alies associated with weaker ENSO events the signal
exceeds by several factors the background noise. The
resulting high potential predictability of the tropical
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FiG. 4. Root-mean-square (rms) of the AGCM simulated atmospheric noise in 200-mb heights during the 1950—
94 period. For agiven SST state, the atmospheric noise is defined as the departure of theindividual AGCM simulations
from the ensemble mean. The rms is calculated over the equatorial Pacific domain 5°N-5°S, 160°E-120°W. For each
3-month season indicated, the rms noise is arranged according to the ranked amplitude of the corresponding equatorial
Pacific SST anomaly in Fig. 1. Units are m, and shading highlights the magnitude of the corresponding SST anomaly.

200-mb heights implied by this GCM is consistent with
that found in other models (e.g., Lau 1985; Chervin
1986; Stern and Miyakoda 1995). The same high signal-
to-noise ratio describes the interannual variations of
equatorial central Pacific rainfall.

b. Extratropical signal and noise during ENSO

Linked with the aforementioned tropical circulation
anomalies is a characteristic wave pattern whose great
circle trajectory leads to centers-of-action over the
North Pacific and North American region (Horel and
Wallace 1981). We have previously verified the realism
of the GCM’s composite teleconnection response to
ENSO (Kumar et al. 1996) and focus here onthe GCM’s
extratropical signal during each event in 1950-94 sep-
arately. Thisis displayed in Fig. 5 in terms of the rms
500-mb-height anomaly area averaged for the region
20°—70°N and 180°-60°W. Similar results hold for the

200-mb-height field, and the selection of the 500-mb
level facilitates comparison with earlier results of Ku-
mar and Hoerling (1997).

Thelargest signals are once again encountered during
warm rather than cold events, and it is evident that the
asymmetric equatorial Pacific rainfall responseto ENSO
extremes (see Fig. 2) manifests itself throughout the
teleconnection chain. Furthermore, one can discern a
quasi-linear increase of that signal with the SST am-
plitude. The largest extratropical signals also appear in
winter and spring; the summer and fall signals are a
factor of 2 weaker, and these exhibit little sensitivity to
either the amplitude or the phase of ENSO.

Analagous to the behavior of the signal, a strong sea-
sonal cycle of the climate noise in extratropical 500-mb
heights occurs (Fig. 6), although there is no dependency
on the anomalous SST state itself. This latter behavior
was also found in the Tropics, although the extratropical
climate noise is much larger, and consititues a larger
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Fic. 5. Same as in Fig. 2, but for the rms signal of the 500-mb ensemble mean AGCM height anomaly. The rms
of the signal is calculated over the extratropical Pacific-North American domain defined as 20°~70°N and 180°-60°W.

Units are m.

fraction of the overall interannual variability. Indeed,
only for the strongest warm events does the signal over
the PNA region exceed the noise in the MRF9 simu-
lations. The signal-to-noise ratio and the implied po-
tential predictability in the extratropics will be explored
more thoroughly in section 4.

Figure 7 presents the rms measure of the seasonally
varying signal inland surface temperature areaaveraged
for the North American domain within 25°~70°N. The
sensitivity of the GCM’s surface temperature signal to
ENSO amplitude, ENSO phase, and the seasonal cycle
mimics that previously seen in the 500-mb-height field,
a result expected from the well-known equivalent bar-
otropic character of the extratropical response. The
asymmetry in the temperature signal between warm and
cold eventsis greatest in winter and early spring during
which time the warm events consisently exert a larger
effect than do the cold events. There is also an asym-
metry in the temperature signal with respect to the phase
of the annual cycle. Note, especialy for warm events,
that the springtime signals (seasons centered on March,

April, and May) are comparable to their wintertime
counterparts and significantly exceed those occurring in
the fall.

Our analysis of the GCM'’s precipitation signal, pre-
sented in Fig. 8, focuses on the northeast Pacific and
the adjacent Pacific Coast between 30°-45°N, 160°—
120°W. Displacements of the Pacific storm track in this
region are known to be an important component of the
ENSO response (Held et a. 1989; Hoerling and Ting
1994), and within the teleconnection chain these con-
tribute directly to the enhanced risk of flood or drought
over portions of North America. Figure 8 showstherms
rainfall signal, and this possesses many of the same
characteristics as the North American temperature re-
sponse. Thus, the rainfall signal tends to increase for
larger ENSO events, although this effect seems to be
less linear than found in either the temperature or the
500-mb-height fields. Even exempting the extreme rain-
fall anomaly simulated for 1982—83 event (far |eftmost
bar in Fig. 8), the remaining warm event rainfall signals
during winter are larger than their cold event counter-



3302

JOURNAL OF CLIMATE

VoLuMmE 11

Fab

War

ART

Jur

dul Aug

Fic. 6. Same as in Fig. 4, but for the rms noise of the AGCM simulated 500-mb-height anomaly. The rms of the
noise is calculated over the extratropical Pacific-North American domain defined as 20°~70°N and 180°-60°W. Units

arem.

parts. During the late spring and summer seasons, the
GCM'’s northeast Pacific rainfall shows little sensitivity
to ENSO, somewhat in contrast to the distinct late spring
signal in simulated North American land temperature.

4. Further assessments of the
Pacific-North American seasonal predictability

Using the signal-to-noise ratio as one measure of the
potential for seasonal predictability, weillustratein Fig.
9 the seasonally varying behavior of that ratio for three
different variables: PNA sector 500-mb heights, North
American land surface temperature, and northeastern
Pacific and the adjacent West Coast rainfall. Three sce-
narios of the seasonal predictability are demonstrated,
one based on the average for the three strongest warm
events (bold solid curve), another based on the average
for the three strongest cold events (thin solid curve),
and a third based on the average for all yearsin 1950—
94 (dashed curve). The latter scenario is analogous to
the conventional assessment of predictability derived

from standard ratio of variance analyses (e.g., Chervin
1986; Kumar and Hoerling 1995; Rowell 1997). Ratios
greater than one indicate that the rms signal exceedsthe
rms noise.

Many of the major points discussed in section 3 are
highlighted in Fig. 9. Thus, potential predictability for
the strongest warm events consistently exceeds that for
the strongest cold events. It is interesting to note that
the signal-to-noise ratio for the strongest cold events
does not exceed that based on analysis of all years; for
both, the signal is generally only half the amplitude of
the noise.

Of further importance is the GCM’s indication that
for warm events maximum potential predictability oc-
cursin late winter to early spring. This result expresses
an optimization between the large signal and the modest
noise during that time of year. Note also the large asym-
metry with respect to the equinox seasons, and the in-
dication of anear doubling of the potential predictability
in spring relative to fall during warm events.

An alternate measure of the potential predictability is
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FiG. 7. Same as in Fig. 2, but for the rms signal of the ensemble mean AGCM surface temperature anomaly. The
rms of the temperature signal is calculated over the North American land points between 25°-75°N. Units are °C.

the reproducibility of the GCM’s spatial anomaly pattern
among individual members subjected to identical SST
forcing. For any particular season, the reproducibility
is estimated from the average of the spatial anomaly
correlations between each of the 13 realizations and the
ensemble mean signal (e.g., Kumar and Hoerling 1997).
Figure 10 presentsthe average correlation coefficients
of the simulated 500-mb heights for the spatial domain
of the PNA region used previously. Theranking isagain
according to SST amplitude, and all overlapping seasons
are shown. The average anomaly correlation increases
with the amplitude of tropical Pacific SST anomalies,
consistent with analyses of the signal and the noise in
Figs. 5 and 6, respectively. A reduced correlation for
cold events is apparent; the implied lower skill being
symptomatic of a weaker signal during cold events.
The increase in the predictive skill for larger SST
anomalies indicated in Fig. 10 is almost entirely due to
the increase in the atmospheric signal and not due to a
reduction in the internal variability of seasonal means
for the more extreme ENSO states (compare also Figs.

5and 6). Likewise, the GCM’sindication of greater skill
for warm versus cold events is attributable to the rel-
atively greater warm event signal.

5. Summary and discussion

Optimizing the utility of short-term climate forecasts
requires a basic understanding of the expected skill of
such predictions. In this study, a perfect prognostic ap-
proach has been taken to understand how the skill of
seasonal predictions can vary as a function of the am-
plitude of tropical Pacific SST forcing, the phase of that
forcing, and the phase of the annual cycle. Potential
predictability at both the surface and the upper tropo-
sphere has been assessed, and results focused on the
Pacific—-North American sector in order to highlight the
principal teleconnection chain linking tropical Pacific
SSTs and the Northern Hemisphere midlatitudes.

The central equatorial Pacific rainfall signal, as afirst
link in the teleconnection process, was shown to in-
crease quasi-linearly with the ENSO SST forcing. This
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Fic. 8. Same as in Fig. 2, but for the rms signal of the ensemble mean AGCM rainfall anomaly. The rms of the
rainfall is calculated for the northeast Pacific region—West Coast domain bounded between 30°—45°N and 160°-120°W.
Units are mm month-1.
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Fic. 9. Seasonal variation of the ratio of the simulated rms signal to the rms noise for (a) 500-mb height over the extratropical Pacific—
North American region (left panel), (b) land surface temperature over North America (middle panel), and (c) northeast Pacific—West Coast
rainfall (right panel). The ratios are calculated from the average of the three strongest warm events (thick solid contour), the average of the
three strongest cold events (thin solid contour), and average over al years in 1950-94 (dashed line). The center month of each season is
indicated on the x axis by a numeral, with 1 denoting the December, January, February season etc. The spatial domain for the area averages
of the 500-mb heights, surface temperatures, and rainfall are identical to those used in Fig. 6, Fig. 7, and Fig. 8, respectively. The ratio is
dimensionless.
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Fic. 10. Spatial 500-mb-height correlations between the AGCM ensemble mean anomaly and the anomalies for
individual simulations during 1950-94. For each season, 13 simulations were performed. The spatial correlation of
each member for a particular season with the 13-case ensemble average for that season is computed. Correlations are
calculated using a cross-validation approach, i.e., the individual AGCM realization is not included in the ensemble
mean against which isit correlated, and the average correlation coefficient is plotted. The spatial correlation iscalculated
over the PNA region defined as 20°~70°N, 180°-60°W. For each 3-month season indicated, the average correlations
are arranged according to the ranked amplitude of the corresponding equatorial Pacific SST anomaly, and the shading
highlights the magnitude of that anomaly. Average correlations below zero are not plotted.

signal exceeded by nearly one order of magnitude the
background atmospheric noise, and thus was highly pre-
dictable. Consistent with observational analyses of
Hoerling et a. (1997), the simulated rainfall signal for
warm events exceeded that for cold events. Indeed, be-
yond a certain negative SST anomaly during cold
events, no further reduction in the local rainfall oc-
curred, whereas no such saturation effect was found for
warm events.

Such asymmetry in the strength of the atmospheric
signal with respect to opposite phases of ENSO emerged
throughout the teleconnection chain. Though there was
a prevailing linear increase of the teleconnection re-
sponse with SST amplitude, the warm event signal ex-
ceeded the cold event signal by a factor of 2 for the
extreme phases of ENSO. In contrast, the background

climate noise in the extratropics exhibited no preference
for either the phase or the amplitude of ENSO. In other
words, the atmospheric perturbations associated with
ENSO were found not to alter the internally generated
seasonal variations of the extratropical atmosphere. As
such, the variations in potential predictability with trop-
ical Pacific SSTs was shown to be a function of the
atmospheric signal alone.

That signal was shown to exhibit strong seasonality
over the extratropical Pacific and North America. Thus,
the winter and spring signals were considerably larger
than their summer and fall counterparts. Such seasonal
variations were not obviously related to variations in
the tropical convective forcing itself; the latter exhibited
comparatively little sensitivity to the annual cycle. The
stronger winter and spring extratropical signals would
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thus appear to be intinsic features of the dynamics of
tropical—extratropical interactions.

Using the ratio of the climate signal to the climate
noise as one measure of predictability, the late winter/
early spring season during warm events was shown to
exhibit the greatest potential for skillful predictability
over North America. The large asymmetry of potential
predictability with respect to the equinox seasons was
especially noteworthy, and the simulated ratio of vari-
ance in spring was double that occurring in fall.

The intrinsic value of such seasonal variations in at-
mospheric predictability needs to be weighed against
the predictability of tropical Pacific SSTs themselves.
There are reasons to suspect that the equatorial Pacific
SSTs may not be equally predictable throughout the
lifetime of an ENSO event. For example, observations
of the temporal evolution of equatorial Pacific SST
anomalies during warm events reveal afairly systematic
and reproducible behavior in their growth phase, in con-
trast to a more variable and outwardly chaotic behavior
among events during their sequent decline. This leads
to the impression of greater predictability of El Nifio
SSTs for their late fall peak phase, but reduced pre-
dictability for their subsequent springtime decay phase.
The extent to which this may be truein ocean prediction
systems has yet to be determined.

An important question is whether the GCM captures
the ENSO-related sensitivity in the observed climate
system. It is well known that GCM biases can distort
the underlying sensitivity to forcing, and some clima-
tological features of the GCM used herein have been
shown to depart from observations (e.g., Kumar et al.
1996; Livezey et al. 1997). Parallel analyses using en-
semble simulations of different GCMs are clearly need-
ed.

Several gross characteristics of the seasonal predict-
ability, however, can be extracted from nature itself.
Whereas these measures are necessarily limited by the
short observational record, they nonetheless offer useful
yardsticks against which to assess the ensemble GCM
results. Figure 11 presents an analysis of the annual
cycle of the signal-to-noise ratio of the observed 500-
mb heights during warm (bold curve) and cold (thin
curve) phases of ENSO. The Nationa Centers for En-
vironmental Prediction’s 500-mb operational analyses
are used for the period 1947-96, and the diagnosis is
performed over the Pacific-North American region
identical to that in Fig. 9a. The rms of the anomaly
based on the composite of the 10 strongest warm and
the 10 strongest cold events in the 50-yr record is de-
fined as the signal. The rms noise is estimated from the
variability of each ENSO event’s circulation anomaly
relative to its appropriate 10-case composite. This pro-
cedure commingles SST events having somewhat dif-
ferent amplitude and spatial structure, contrary to the
analysis of the GCM ensembles where 13-member an-
alogs were available for each event.

Many of the features in Fig. 11 corroborate the key
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FiG. 11. Observational analysis of the seasonal variation of the
ratio of the rms signal to the rms noise for 500-mb height over the
extratropical Pacific-North American region. Theratiosare cal culated
from analysis of the 10 strongest warm events (thick solid contour),
and the 10 strongest cold events (thin solid contour) in the 1947-96
historical record. Composite height anomalies are calculated for the
10 strongest warm and cold events separately for each season. The
signal is estimated from the rms of the composite height anomaly for
each 3-month overlapping season. The noise is estimated from the
rms of the departure of the individual composite members from its
appropriate 10-case composite. The center month of each season is
indicated on the x axis by a numeral, with 1 denoting the December,
January, February season etc. The spatial domain for the area av-

erages of the 500-mb heights is identical to that used in Fig. 9a for
the AGCM. The ratio is dimensionless.

GCM results of Fig. 9. In particular, the largest signal-
to-noise ratio is found in the late winter/early spring
season during warm events, and this ratio is double its
cold event counterpart during the February—March—
April season. This is due to a much stronger observed
warm event signal in early spring (not shown), as also
found in the GCM. The observations aso reveal an
asymmetry with respect to the equinox seasons during
warm events, owing to a stronger signal in spring com-
pared to fall. Our results are consistent with the obser-
vational study of Mitchell and Wallace (1996). They
find evidence for a stronger ENSO signal in mean tro-
pospheric temperatures in spring compared to fall and
attribute the cause to a stronger equatorial rainfall signal
in the spring season.

Given that seasonal atmospheric predictability over
the PNA region depends on both the amplitude and the
phase of the tropical Pacific SST anomalies, it follows
that decadal variations in those SSTs will yield under-
lying decadal variationsin skill. The lower panel in Fig.
12 illustrates a chronology of the absolute value of cen-
tral equatorial Pacific SST anomalies from 195094,
with warm (cold) SST states highlighted in dark (light)
shades. Tropical Pacific SST anomalies have exhibited
extended quiescent periods, for example from 1959—-65
and 1976-82, whereas some periods have witnessed
large interannual variations such as during 1968—75 and
especialy during the post-1982 period. The top panel
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Fic. 12. Time series of the (top panel) average of the spatial 500-mb-height correlations between the AGCM ensemble
mean anomaly and the anomalies for theindividual AGCM realizations, (middle panel) spatial 500-mb-height correlation
between the AGCM ensemble mean anomaly and the observed anomaly, and (bottom panel) absolute value of the area-
average equatorial Pacific SST index for the period 1950-94. Spatial correlations are calculated over the extratropical
Pacific-North Amerian region as in Fig. 5, whereas the domain for the SST index is as in Fig. 1. In al three panels,
the dark shading indicates years with positive SST anomaly while gray shading indicates years with cold SST anomaly.

Units for SST anomalies are °C.

of Fig. 12 illustrates a time series of the GCM’s at-
mospheric potential predictability of the PNA-sector
500-mb heights. This figure displays the same results
asin Fig. 10, except that here the correlations are plotted
chronologically. Note the close correspondence of this
time series with that of the SSTs. In particular, 1959—
65 is a period of low seasonal predictability, in contrast
with the high potential for skillful predictions in the
post-1982 era.

A similar result holds when the AGCM ensemble
average is spatially correlated with the observed sea-
sonal anomalies, as shown in the middle panel of Fig.
12. Despite the various AGCM biases, and the fact that
each observed seasonal anomaly is a blend of signal
and noise, a similar low-frequency variability in the
correlations can be clearly seen.

The point here is not to suggest an ability to predict
decadal climate variations, asthat would require an abil-
ity to predict the time series of equatorial SSTs on that
timescale. Rather, it is to provide a perspective on the
recent reports of considerable skill in seasonal atmo-
spheric hindcasts (e.g., Brankovic et al. 1994; Brankovic
and Palmer 1997; Kumar et a. 1996; Stern and Miyak-
oda 1995) based on data of the last decade and the
possibility that such predictive skill may be a special
feature of the dominance of strong, and predominately
warm ENSO events in that period.
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