
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 ENS0 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 
ENS0 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 (1 0). 
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 Dressure in most of 
North dmerica 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 ENS0 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 + H20 + 2e- + HS- + OH-. This solid sulfur cathode was 
first used in a battery with an aluminum anode for an overall discharge~eaction 2AI + 3s 
+ 30H- + 3H20 + 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 91 0 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- has blurred the conventional distinctions of 
chemical storage concepts that address fu- electrochemical storage systems. For exam- 
ture societal needs for consumer batteries ple, candidates for electrochemical propul- 
and the propulsion of electric vehicles (1, sion include mechanically rechargeable pri- 
2). The search for contemporary batteries mary batteries, secondary batteries, and fuel & .  

Department of Chemistry, Clark University, Worcester, 
cells (2). There has been considerable inter- 

MA 01 61 0. est in nonaqueous electrolytes (such as chlo- 
*To whom correspondence should be addressed, roaluminate), ambient-temperature molten 
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salt electrolytes (3), and a variety of lithium 
batteries. However, when compared to aque- 
ous svstems. these have certain environmen- 
tal and cost disadvantages; consequently, 
aqueous batteries continue to dominate both 
the consumer and electric vehicle market (1). 
There have been few high-capacity aqueous 
cathodes introduced in the last half century, 
with the exception of the metal hydrides (4) 
and oxygen or air cathodes, for which many 
challenges remain (5). Of the older aqueous 
cathodes, lead oxide, manganese dioxide 
(theoretical capacity, 280 A.hour/kg), and 
nickel hydroxide predominate (6). 

The low weight and cost of sulfur'make 
it an attractive candidate for electrochem- 
ical energy storage. Molten sulfur systems, 
such as the sodium sulfur battery, are oper- 
ated at temperatures of 300" to 350°C, 
maintaining the components in a liquid 
state for adeauate electrolvte conductivitv. 
However, material and safety constraints 
associated with high temperatures, corro- 
sion, thermal cycling, and cell fabrication 
have slowed their development (2, 6). 

At low (room) temperatures, elemental 
sulfur is a highly insoluble, insulating solid 
and is not exoected to be a useful cathode 
material. Sulfur will, however, dissolve in 
aqueous sulfide solutions, which may be 
used, for example, in a reversible, low- 
concentration aqueous polysulfide (cath- 
ode)-tin (anode) battery (7). In 1987, we 
(8) presented an aqueous cathode based 
on highly concentrated polysulfide solu- 
tion reduction 

S4'- + 4 H 2 0  + 6e- + 4HS- + 4 0 H -  
(1) 

where E0 = -0.51 V versus a standard 
hydrogen electrode (SHE). The high ca- 
pacity of this cathode is a result of the 
anomalously high solubility of potassium 
polysulfide salts. In excess of 25 molal (m) 
reducible sulfur can be added to saturated 
aqueous K2S at room temperature (8). The 
resultant electrolyte can contain more to- 

Charged Discharge 

Fig. 1. Schematic representation of the solid 
sulfur cathode in its (A) charged state and (B) 
discharging state. 

tal sulfur than water, yet operates at room 
temperature and is highly conductive. In 
accordance with Eq. 1, at 25"C, the solu- 
bility of K2S4 is consistent with a maxi- 
mum charge capacity of 500 A-hour per 
kilogram of solution. This led to the in- 
troduction of an aluminum-sulfur aqueous 
battery with a specific energy of up to 170 
W.hour/kg (9). 

We report a cathode capable of the 
direct reduction of elemental sulfur at room 
temperature (Fig. 1). The maximum stor- 
age capacity is substantially increased and is 
given by the limit as all solid sulfur is 
reduced 

S + H 2 0 + 2 e -  -+ HS-  + O H -  
(2) 

for which EO = -0.51 V versus SHE. The 
theoretical storage capacity of the solid 
sulfur cathode 11070 A-hourkg (lo)] is 
several times larger than that of conven- 
tional aqueous cathodes, including PbO,, 
NiOOH, MnO,, HgO, and Ago  (6). 

The cathode features solid sulfur in con- 
tact with a polysulfide solution saturated in 
sulfur (Fig. 1A). Initiation of reductive dis- 
charge of the cell will generate polysulfide 
species with shorter chain lengths (Fig. 1B) 

Eurther reactions proceed with dissolution 
and continued reduction of available solu- 
tion and solid-phase sulfur 

Discharge continues until all available zero- 
valent sulfur (both solid and dissolved) 
is reduced-in accordance with Eq. 1. The 
solid sulfur maintains longer chain polysul- 

Fig. 2. Comparison of 
the storage capacity of 
the solid sulfur or 
polysulfide cathodes 
(26). Potentials mea- 
sured versus SHE. 
Cathodes galvanostati- 
cally discharged at 60 
mA and 35"C, each 
weighing 3.45 g: aque- 
ous disulfide (squares), 
2.28 rnl of 6.5 rn K,S, 
and 4.9 rn KOH; aque- 
ous tetrasulfide (trian- 
gles), 2.25 rnl of 7.7 rn. 
K,S,; solid sulfur (cir- 
cles), 1.72 g sulfur and 
1.73g(1.14ml)of6.5rn 
K,S, and 4.9 rn KOH. 
The dashed lines refer 
to the theoretical charge 

fide species in solution, which positively 
shift and maximize the cell voltage (8). 
This elemental (solid-solution phase) sulfur 
cathode has the theoretical advantage of 
higher storage capacity and higher cell 
voltage. 

Direct evidence supporting the proposed 
mechanism of solid sulfur cathode discharge 
(Eqs. 2 to 4) is found in the solubility limit 
[three (zero-valent) sulfurs per dissolved 
K2S in saturated polysulfide solutions (8)] 
and the measured discharge of sulfur cath- 
odes. The solid sulfur cathode exhibits an 
experimental discharge capacity in excess of 
900 A.hour/kg (Fig. 2), an increase of 80% 
over that of the polysulfide cathode (9). To 
ensure that the majority of the coulombic 
capacity resides in the solid sulfur rather 
than the polysulfide, one uses an aqueous 
K2S2 rather than an aqueous K2S4 interface. 
The experimental 'cathode (Fig. 2, circles) 
consists of 50% sulfur and 50% disulfide 
solution interface by mass. The cathode 
contained a theoretical capacity of 836 
A.hour/kg attributable to solid sulfur and 
81 A.hour/kg attributable to the interfacial 
aqueous disulfide (containing two electrons 
per molecule of K2S2). The experimental 
discharge capacity of 903 A-hourkg in- 
cludes the mass of the polysulfide interface 
but not the additional mass contributions of 
the electrical contacts, the cell container, 
or .the electrocatalytic current collector [the 
latter has a mass of 0.038 g/cm2 for a thin 
film of CoS deposited on a 25-pm brass 
electrode (9), equivalent to 33 g of elec- 
trode per kilogram of solid sulfur cathode]. 
The addition of 4.9 m KOH to the disulfide 
interface can diminish the cathodic poten- 
tial (Fig. 2, inset) but also compensates for 

- I .L 
capacities of the re- 0 200 400 600 800 1000 
spective cathodes. (In- 
set) Discharge polar- Capacity (A * hourskg) 
ization of several aque- 
ous concentrated polysulfide electrolytes at a thin-film CoS electrode and at 50°C or as indicated. 
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the highly alkaline anolytes that were used 
in the separated anode half-cell during 
these discharge tests. Each of the polysul- 
fide or sulfur-polysulfide cathodes may be 
reduced at faradaic efficiencies approaching 
100% (Fig. 2, dashed lines); thin films of 
CoS provide effective electrocatalysts for 
polysulfide reduction (1 1). 

Further evidence for the dominant role 
of trisulfide and tetrasulfide species in Eqs. 3 
and 4 is found in the electrochemistry of 
tetrasulfide (1 2, 13), in the enhanced rate 
of sulfur dissolution in solutions containing 
high rather than low ratios of (dissolved) 

sulfur to sulfide (14, 15), and in the near 
ultraviolet-visible absorption spectroscopy 
of aqueous polysulfide solutions. Aqueous 
solutions containing sulfur and a sulfide 
salt, MxSy, result in extensive speciation 
and a complex equilibrium of M(Zy'x)+, 
H S HS-, SZ-, SzZ-, Sz-, S,'-, S4'-, 
s>-' H,O, H*, and OH-. The associated 
equilibria have been investigated and de- 
scribed (1 6-2 1 ) . Spectroscopic evidence 
shows that upon sulfur dissolution or pH 
modification, several distinguishable ab- 
sorption peaks appear, in particular, a di- 
sulfide peak at 354 nm that diminishes with 

Table 1. The distribution of polysulfide species in increasingly discharged cathodic solutions at 
35°C. Calculated with the previously described computer iterative model (20) and equilibria 
constants (18). The final column is an expression of the alternative electrolyte in Fig. 2. 

Species Concentration (moles per liter) 

K*S 4.5 4.5 4.5 4.5 4.5 
Sulfur 13.5 9.0 4.5 1 .O 4.5 
KOH 0.0 0.0 0.0 0.0 3.38 
[Sz2-1 4 x l o - 4  0.07 0.2 0.1 0.7 
[Ss2-1 0.4 2.7 1.9 0.2 1.8 
[s4'-1 3.7 1.2 0.2 0.003 0.06 
[Ss2-1 0.4 0.005 2 x 1 0 - ~  4 x 1 0 - ~  2 x 1 0 - ~  

0.6 1 - 100 ohms, 11 m anolyte, 35°C - 4.0 ohms, 11 m anolyte, 35% - 4.0 ohms, 20 m anolyte, 45°C 
O" 1 -m- 1 .O ohm, 20 m anolyte, 45°C 

Solid sulfur cathodetetrasulfide interfacealuminum anode 1 - = 1.0 

0.8 

0.6 - 1.0 ohm. 20 m anolvte. 45°C 

I 
. . - 1.0 ohm. 20 m anolyte, 5 0 " ~  

b 

0.4 t - 0.5 ohm, 20 m anolyte, 50°C 

Solid sulfur cathode-disulfide interfacealuminum anode 1 
Time (hours) 

Fig. 3. Solid sulfur-aluminum discharge using a rectangular "D" cell configuration (24). The 
discharges were made through 1% precision resistors at the values indicated in ohms. The 
temperature was controlled with a thermostatic bath. In (A), the cathode contains 8.13 g of sulfur, 
the tetrasulfide interface consists of 0.006 liter of 7.7 m K2S4 catholyte without added KOH, and the 
anolyte is 0.040 liters of either 11 or 20.4 m KOH with 0.010 m In(OH),. 'In (B), the cathode utilizes 
a 0.006-liter interface of 6.5 m K2S2 catholyte and 4.9 m KOH. 

the formation and growth of a 302-nm 
trisulfide peak. Further sulfur addition di- 
minishes the trisulfide peak with the forma- 
tion of a 372-nm tetrasulfide peak and a 
296-nm pentasulfide peak (20). The varia- 
tion of polysulfide species during cathode 
discharge can therefore be determined (Ta- 
ble I). During the majority of the discharge, 
solid sulfur is in contact with the oolvsulfide 
interface, the cell becomes saturaied'in sul- 
fur, and the tetrasulfide species is predomi- 
nant (Table 1, first column). However, in 
the latter portions of the cell discharge, the 
trisulfide species is predominant. Near com- 
pletion of the discharge, (Table 1, columns 
2 to 4), the catholyte is nominally a K,S,, 
K,S,, and then a K2S,.2 solution. 

Saturated sulfur-polysulfide solutions 
stored at room temperature for several months 
are stable (2 1 ) . Furthermore, those solutions 
specifically measured for degradation at 45°C 
[with a previously described barium precipita- 
tion procedure (22)] show no measurable 
sulfur loss (to within the 20.3% detection 
limits) over several days, although longer 
term testing is required. Giggenbach (23) has 
measured the reversible reaction of polysulfide 
solutions at elevated temperatures (over 
150°C) and has shown that they spontaneous- 
ly disproportionate to thiosulfate 

This reaction will be oarasitic'to the solid 
sulfur cathode but is slow at moderate tem- 
peratures (2 1). 

The solid sulfur cathode was incorporat- 
ed into an aluminum cell analogous to the 
aluminum-polysulfide battery recently de- 
scribed (9). The discharge of aluminum in 
aqueous medium is accompanied by the 
formation of several aluminum species com- 
bined in the simplified anodic oxidation 

A1 + 3 0 H  - + Al(OH), + 3e - (6) 

where -EO = -2.30 versus SHE. From 
Eqs. 2 and 6, discharge of the aluminum- 
solid sulfur battery is expressed as 

where ECel1 = 1.8 V. Faradaic capacity of 
the Al-S battery (based on potassium salts) 
is 505 A-hourlkg, and the theoretical spe- 
cific energy is 1.8 V x 505 A-hourkg = 
910 W-hourkg, about 40% higher than 
that of the aluminum-polysulfide battery 
(9) and two to five times larger than that of 
conventional aqueous batteries. Utilization 
of lighter cations than K+ may further 
improve the Al-S energy capacity. 

In support of the proposed mechanism 
for discharge of the high-capacity solid sul- 
fur cell given in Eqs. 2 through 4, Fig. 3 
presents graphs of the discharge, at various 
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rates, temperatures, and conditions, of a 
batterv with a solid sulfur cathode. a 
polysulfide interface, and an aluminum an- 
ode. Typical open circuit voltages are 1.28 
to 1.30 V. Under moderate to high rate 
conditions [I-ohm load over a "DM cell 
configuration (24)], the discharge time of 
15 to 18 hours (Fig. 3) is over twice the 
6.5-hour discharge obtainable in conven- 
tional alkaline batteries (6) and an increase 
of 30% compared with the previously de- 
scribed aluminum-polysulfide cell (9). The 
measured specific energy capacity of the 
Al-S battery (I-ohm discharge) is 220 
Wehourkg on the basis of active materials. 
Highly concentrated anolytes induce ca- 
thodic polarization losses (Fig. 3), a phe- 
nomenon that one can minimize by increas- 
ing cell temperature, increasing the ionic 
strength, or substituting disulfide for tetra- 
sulfide in the catholyte interface. 

The measured specific energy of 220 
W-hourkg of this cell can only provide an 
approximate comparison with the capacities 
of aqueous batteries in a more mature state of 
development. Conventional aqueous batter- 
ies typically achieve an experimental specific 
energy of 10 to 25% of the theoretical. The 
mechanically rechargeable Zn-air battery is 
considered to have a high measured specific 
energy of up to 110 W-hourkg, and alkaline 
batteries with low discharge rates (Zn- 
MnO,) have a specific energy of up to 95 
W-hourkg (2, 5). 

A further increase in Al-S power and 
specific energy may be accessible with a 
recently described Al-redox, mechanically 
rechargeable flow cell configuration with a 
high power density in which solvent may be 
recycled while electrolyte flows into and 
through the cell (25). The solid sulfur cath- 
odes can support the requisite current den- 
sities for this configuration (Fig. 2, inset). 
This configuration, as modeled with an Al- 
ferricyanide battery, took advantage of the 
high currents sustainable for the reduction of 
ferricyanide (up to 0.5 A/cmZ on planar 
electrocatalysts, and in excess of 2 A/cmZ on 
porous electrocatalysts) and permitted better 
utilization of anode materials (25). Replace- 
ment of ferricvanide with a solid sulfur cath- 
ode may considerably enhance the energy 
capacity of this configuration. 
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Altered Growth and Cell Walls in a 
Fucose-Deficient Mutant of Arabidopsis 

Wolf-Dieter Reiter," Clint C. S. Chapple,$ Chris R. Somerville 
A biochemical screening procedure was developed to identify mutants of Arabidopsis 
thaliana in which the polysaccharide composition of the cell wall was altered. Over 5000 
ethyl methanesulfonate-mutagenized plants were analyzed by this method, leading to the 
identification of 38 mutant lines. One complementation group of mutants was completely 
deficient in L-fucose, a constituent of pectic and hemicellulosic polysaccharides. These 
mutant plants were dwarfed in growth habit, and their cell walls were considerably more 
fragile than normal. 

T h e  primary cell wall of higher plants 
determines cell shape and size during plant 
growth and development. Cell walls also 
provide mechanical support for plant tissues 
and organs and are intimately involved in a 
multitude of biological processes, such as 
cell-cell recognition and interaction, de- 
fense responses, and tropic responses (I  ) . 
Plant cell walls are primarily composed of 
the polysaccharide components cellulose, 
hemicelluloses, and pectins (2). Cellulose 
microfibrils cross-linked by xyloglucan mol- 
ecules are believed to serve as major load- 
bearing elements within the wall; however, 

the precise functions of the noncellulosic 
cell wall polysaccharides are poorly under- 
stood. To elucidate the roles of individual 
cell wall polysaccharides and to clone genes 
involved in their svnthesis. we have taken a 
genetic approach by screening mutagenized 
Arabidopsis plants for a l tera~io~s  in their 
p~l~saccharide composition. One- particu- 
larly informative class of mutant lines 
lacked fucose in their cell wall polysaccha- 
rides. Plants in this class had changes in 
their growth habit and in the mechanical 
properties of their walls. 

From an ethyl methanesulfonate-muta- 
genized population of Arabidopsis plants 

Department of Energy Plant Research Laboratory, 
Michigan State University, East Lansing, MI 48824. (3), 5200 were screened for alterations in . . - .. 
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the monosaccharide composition ot cell 
?Address after 1 September 1993: Department of wall ~ol~saccharides in leaves. For this 
Molecular and Cell Biology, University of Connecticut, purpose, acid hydrolysates of cell walls 
Storrs, CT 06269. 
$Address after 1 Sepfember 1993: Department of 

were analyzed by gas chromatography of 

Biochemistry, Purdue University, West Lafayette, IN alditol acetates (4): This screening strate- 
47907. gy was based on the concept that many 
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