vite by volume. Studies of natural samples
suggest that mantle clinopyroxene may be
able to incorporate an order of magnitude
more hydrogen in its structure than can man-
tle garnet (I, 2) and stishovite. Water can
dissolve in slab clinopyroxene from the dehy-
dration of hydrous minerals, which may be
stable to depths of at least 100 km (16).
When the hydrous pyroxene breaks down,
some of the released water is incorporated in
the crystallizing stishovite. In the transition
zone, the gamet exsolves CaSiO; perovskite
and eventually disappears (15). However, the
stishovite, and its incorporated hydrogen,
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may remain stable if the slab sinks into the
lower mantle.

The stability of stishovite is not limited to
subduction zone conditions. Our OH-bearing
samples were synthesized at 1200°C, more
than 100° higher than the highest probable
thermal stability of dense hydrous magnesium
silicates at 10 GPa (17). Therefore, stishovite
could store water in hot regions of the mantle
as well as in cold subduction zones where
these silicates might be stable.
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A Two-Tiered Approach to Long-Range
Climate Forecasting

L. Bengtsson, U. Schlese, E. Roeckner, M. Latif, T. P. Barnett,*
N. Graham

Long-range global climate forecasts were 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 seven large climatic events of the 1970s to 1990s by this
technique are in good agreement with observations over many regions of the globe.

Useful climate predictions have heretofore
been made largely by empirical techniques.
The physical processes responsible for any
forecast skill that these methods may exhibit
are often not clear. Furthermore, these meth-
ods are impossible to apply over the data-
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sparse regions that make up most of the
planetary surface.

In this report, we describe the develop-
ment and partial testing of a long-range cli-
mate forecast method that is largely based on
physical principles and that appears to have
predictive skill over large areas of the world.
The first phase of the two-part technique uses
a simplified coupled ocean-atmosphere model
to forecast, two seasons in advance, tropical
Pacific SSTs during the northern winter, that
is, essentially El Nifio—Southern Oscillation
(ENSO) events, which are known to affect



climate anomalies for a large part of the Earth.
The predicted winter SST fields are then used
to force an atmosphere climate model, the
output from which constitutes a forecast two
seasons in advance of winter climate condi-
tions over the globe.

The capability to forecast some atmospher-
ic climate changes a season or more in ad-
vance has been demonstrated by a variety of
statistical forecasting techniques (I, 2). The
source of this predictive skill has been traced
to low-frequency changes in the SST of the
oceans, particularly the tropical Pacific
Ocean. Atmospheric general circulation
models (AGCMs) reproduce well the vari-
ability of the large-scale circulation, including
precipitation and surface temperature anoma-
lies, provided they are forced with observed
SST; that is, they have skill at “nowcasting”
(3, 4). But their skill at long-range climate
forecasting does not match that of the statis-
tical techniques if the AGCMs are used in a

stand-alone mode because the memory of the
climate system resides mainly in the ocean,
not the atmosphere. Considerable efforts are
now being directed toward developing fore-
casting systems in which comprehensive
AGCMs are coupled to ocean models to
produce coupled GCMs (CGCM) in an at-
tempt to provide ocean memory and evolu-
tion required for successful long-range fore-
casts. Although promising work is under way,
these CGCMs have, to date, showed limited
forecast skill because of a variety of complex
problems. The main problem is difficulties in
the physical coupling of the two systems; this
coupling requires an accuracy in flux détermi-
nation between the two media that has not
yet been achieved (5).

The above situation for atmospheric fore-
casting is in marked contrast to the current
state of our ability to forecast temperature
changes in the tropical Pacific Ocean associ-

ated with ENSO (2, 6, 7). Skillful forecasts of
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tropical SSTs out to lead times of 12 to 18
months for substantial warm or cold events
have been demonstrated by widely different
techniques. However, these ocean forecast
tools by themselves are of little use for pre-
dicting atmospheric changes outside of a nar-
row equatorial Pacific strip. Yet it is well
known that there is a close simultaneous
relation between changes in SST in the cen-
tral equatorial Pacific and various atmospheric
variables over many regions of the world.
Our experimental procedure was to use a
hybrid coupled model (HCM) for the long-
range tropical Pacific SST forecasts (7). This
model consisted of a statistical atmosphere
derived from data driven by SST coupled to a
fully nonlinear ocean general circulation
model of the tropical Pacific driven by wind
stress (4, 8). The HCM performs best during
the northern winter and has demonstrated
forecast skill out to lead times of 18 months.
The model is spun up to 1 June of the forecast

A
90N [=

30°N

30°S |-

60°S

90°S |

AR

<

@\I,u.l-

)

90°N B

60°N[<!

30°N

30°S

\
60°S[*

90°E

180°

Fig. 1. Observed (A) and predicted (B) 500-mbar height anomaly fields
(geopotential meters) for the warm event of the northern winter of 1982 to
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to 1989.

1983. The observations are from the analyzed product of the ECMWF, and the
forecasts, made at a lead time of 6 to 8 months, are from the climate forecast
technique described in the text. Solid contours are associated with positive
height anomalies, and dashed lines go with lower than normal heights.
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year by wind stress produced by forcing the
atmospheric component of the HCM with
observed SST. The HCM is then allowed to
produce predictions for the entire tropical
Pacific Ocean in its fully coupled mode.

The model we used to produce the at-
mospheric nowcasts from the SST forecasts
is the T42 version of the Max-Planck-
Institut fir Meteorologie (Hamburg) cli-
mate model (ECHAM3) (9). This AGCM
has 19 levels in the vertical and a horizontal
resolution of approximately 2.5° of longi-
tude by 2.5° of latitude. In this set of
experiments, we prescribed the seasonal
cycle of solar radiation and sea ice varia-
tion. The HCM-predicted SSTs were fed to
the AGCM for the tropical Pacific only. In
the remainder of the ocean, SST is pre-
scribed to follow climatology. All other
variables in the AGCM are computed dur-
ing the course of the integration.

Seven particular ENSO winters were cho-
sen as forecast targets. The target years con-
sisted of three cold events (1970 to 1971,
1973 to 1974, and 1988 to 1989) and four
warm events (1972 to 1973, 1982 to 1983,
1986 to 1987, and 1991 to 1992). These
events constitute large climatic signals, and, if
the HCM or ECHAM3 could not produce
useful forecasts for these years, then our ap-
proach likely would not work.

The AGCM integrations were started on 1
October of the forecast year from an initial
condition provided by a control run. This
procedure was intended to allow the atmo-
spheric model to spin up before forecasting
the months of interest (December, January,
and February). The predicted SST fields were
interpolated in time to match the evolution of
time in the ECHAM3. The atmospheric
model integration was continued through
February of the subsequent year. The AGCM
outputs for a number of observable variables
were saved as monthly averages. Because we
expected some noise in the forecasts, especial-
ly for the higher latitudes, we repeated the
AGCM forecasts for each year three times
using a different 1 October initial condition
for each forecast. Thus, for each forecast year,
we had three realizations of a forecast for the
selected winter. The total months of forecast
for each field amounted to 63: seven different
years times three different months times three
different realizations of each forecast.

Only a few homogeneous sets of ob-
servations can be used for the evaluation
of the forecasts in a systematic manner.
With this in mind and given the volume
of forecast fields, we present here the
forecast results of two of the largest fore-
cast events for which there are reliable
verification data. The skill of these fore-
casts was evaluated on a global basis by
comparison with the European Centre for
Medium Range Forecasting (ECMWF)
fields of 500-mbar height (a critical atmo-
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spheric variable). These comparisons
(Figs. 1 and 2) are in accord with those
obtained when the entire set of forecasts
was compared in the Northern Hemi-
sphere north of about 20°N with an exist-
ing set of observed 700-mbar height data

from the National Meteorological Center.

Perhaps the largest warm ENSO event of
this century occurred during the winter of
1982 to 1983. The correspondence between
the observed anomalies in the 500-mbar
height field for that winter and the anomalous
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Fig. 3. The statistical relation between tropical SST anomalies (heavy stippled region) and
corresponding 700-mbar height anomalies (hatched and checkered areas) obtained from obser-
vations; values are statistical weights. Similar patterns are obtained from the ECHAM3 model forced

by observed SSTs.

Fig. 4. (A) Correlation
between forecasts with
a two-season lead time
of winter precipitation
for six large ENSO
events and observa-
tions. (B) Correlation
between observed cen-
tral Pacific winter SST
anomalies for the same
six events and contem-
poraneously observed
precipitation. The fore-
cast beats the nowcast
over much of the United
States.
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height field averaged over the three forecasts
obtained from our technique at lead times of 6
to 8 months is good (Fig. 1) in selected
regions of the globe, particularly the tropical
oceans and land masses and the northern
Pacific Ocean (Aleutian Low). The forecast is
moderately good in the mid-latitude of the
Southern Hemisphere and over much of
North America and central Eurasia. The fore-
casts are quite poor over Europe, eastern
North America, and Southeast Asia. Howev-
er, in balance, the forecast with a 6-month
lead time captured many of the major atmo-
spheric anomalies of the remarkable winter of
1982 to 1983. ,

The largest cold ENSO event observed
in the last 20 years occurred in the winter of
1988 to 1989. The forecast for this winter
(Fig. 2) successfully captured the weaken-
ing of the Aleutian Low, the intensification
of the ridge over the United States and the
Atlantic, and the deepening of the Icelan-
dic Low. As with the forecast for the warm
ENSO event, this forecast is poor over
Europe and much of Asia. The tropics are
only moderately well depicted; the largest
failing is in the central equatorial Pacific
where the observations show a weak nega-
tive anomaly (an association one would not

expect on the basis of numerous empirical

studies).

Are these forecast results fortuitous or
genuine? A detailed statistical evaluation
of the forecasts by a Monte Carlo tech-
nique shows that the skill of the model in
much of the tropics and central North
Pacific has significance levels of 0.05 or
better, whereas the skill of the model in
regions of moderately good forecasts noted
above has significance levels of 0.10. An-
other type of evaluation is to compute the
simultaneous wintertime relation between
tropical SST and 700-mbar height (10).
The results (Fig. 3) show that the best
relation between the variables is associat-
ed with warm or cold SST anomalies in
the central equatorial Pacific and lower or
higher than normal heights in the central
Pacific, eastern Asia, and the subtropical
Atlantic, whereas pressure in most of
North America and southern Asia was
higher or lower than normal. A compari-
son of Figs. 1 and 3 shows that the forecast
is good in just the regions that one would
expect from the empirical studies. Revers-
ing the signs of the anomalies on Fig. 3, to
represent a cold event situation, gives the
same conclusions. Data for the Southern
Hemisphere are not adequate to establish
a similar empirical comparison.

The above result raises a final question:
Why not use a statistical model in place of
the AGCM and the forecast SST in a much
simpler two-tiered forecast scheme? There
are two clear answers to this question. (i) In
many parts of the world the data are not

adequate to construct such statistical mod-
els. Thus, the scheme presented here, or
something like it, is the only hope for
long-range climate forecasts in these data-
sparse regions. (ii) Complex, highly non-
linear climate variables such as precipita-
tion are not very amenable to statistical
forecasting. This is illustrated in Fig. 4
where the correlation between forecast pre-
cipitation by our approach and observation
is compared with the correlation between
simultaneously observed winter SST and
precipitation, the latter being a nowcast.
This is clearly an unfair test for our forecast
scheme. But the nowcast is only slightly
better than the forecast with a two-season
lead time in the southwestern United
States. The forecast is slightly better in the
southeastern region. Most important, the
forecast has skill over the eastern third of
the nation whereas the nowcast has none.
We conclude that our approach carries skill
not likely to be found in a purely statistical
competitor.

The forecast skills described above sug-
gest that our approach can provide highly
useful predictions of climatic anomalies
associated with ENSO events during the

" northern winter for lead times of at least 6

months. The success of the method relies
on the prediction and occurrence of a

significant warm or cold event. Such

events occur every 2 to 4 years, so we do
not expect our method to give reliable
predictions every year. But the largest

‘events tend to have the largest societal

impact, and those appear amenable to our
approach.
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- A Solid Sulfur Cathode for Aqueous Batteries

Dharmasena Peramunage and Stuart Licht*

Because of its high resistivity and subsequent low electroactivity, sulfur is not normally
considered a room-temperature battery cathode. An elemental sulfur cathode has been
made with a measured capacity of over 900 ampere-hours per kilogram, more than 90
percent of the theoretical storage capacity of solid sulfur at room temperature, accessed
by means of a lightweight, highly conductive, aqueous polysulfide interface through the
electrocatalyzed reaction S + H,O + 2e~ — HS~ + OH~. This solid sulfur cathode was
first used in a battery with an aluminum anode for an overall discharge reaction 2Al + 3S
+ 80H~ + 3H,0 — 2AI(OH), + 3HS, giving a cell potential of 1.3 volts” The theoretical
specific energy of the aluminum-sulfur battery (based on potassium salts) is 910 watt-hours
per kilogram with an experimental specific energy of up to 220 watt-hours per kilogram.

There is a critical need for new electro-
chemical storage concepts that address fu-
ture societal needs for consumer batteries
and the propulsion of electric vehicles (I,
2). The search for contemporary batteries
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has blurred the conventional distinctions of
electrochemical storage systems. For exam-
ple, candidates for electrochemical propul-
sion include mechanically rechargeable pri-
mary batteries, secondary batteries, and fuel
cells (2). There has been considerable inter-
est in nonaqueous electrolytes (such as chlo-
roaluminate), ambient-temperature molten
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