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Temperature and Surface-Ocean Water Balance independent means, is crucial to establish- 
lng the  role of the  t rop~ca l  oceans in  glob- 

of the Mid-Holocene Tropical Western Pacific climate ,ha,,,. 
In  principle, precise measurements of Sr/ 

Michael K. Gagan, Linda K. Ayliffe, David Hopley, C a  ratios and s1% values in coralline ara- 
Joseph A. Cali, Graham E. Mortimer, John Chappell, gonite should make it possible to determine 

Malcolm T. McCulloch, M. John Head uniquely the  past oxygen isotopic compo- 
sition of seawater, by removal of the  tem- 

Skeletal Sr/Ca and 180/160 ratios in corals from the Great Barrier Reef, Australia, indicate 
that the tropical ocean surface -5350 years ago was 1 "C warmer and enriched in 1 8 0  

by 0.5 per mil relative to modern seawater. The results suggest that the temperature 
increase enhanced the evaporative enrichment of 1 8 0  in seawater. Transport of part of 
the additional atmospheric water vapor to extratropical latitudes may have sustained the 
180/'60 anomaly. The reduced glacial-Holocene shift in seawater 180/1e0 ratio pro- 
duced by the mid-Holocene 1 8 0  enrichment may help to reconcile the different tem- 
perature histories for the last deglaciation given by coral Sr/Ca thermometry and fora- 
miniferal oxygen-isotope records. 

O x y g e n  isotopes in  foraminifera from 
deep-sea cores have been used successf~~lly 
to  reconstruct continental ice volumes, gla- 
cio-eustatic sea level. and deeo-ocean tem- 
peratures throughout the  last glacial-inter- 
glacial cycle (1) .  Yet there is still consider- 
able debate regarding the  relative contribu- 
tions of changes in  the  oxygen isotopic 
composition of seawater and ocean temper- 
ature to the  chanee in  foraminifera1 S1'0 

0 

values (2 )  in  the  tropical surface ocean. T h e  
amplitude of the  glacial-Holocene S1'O 
shift for planktonic fora~ninifera in  the  
trouics is about the  same as that for forami- 
n~fe ra  l ~ v ~ n g  In the  near-constant tempera- 
ture env~ronment  of the  deep ocean ( 3 ) .  
T h e  apparent slmllar~ty bet\veen the  two 
recoids has led to the  lnterpretatlon that 

t h e  tropical surface ocean cooled by n o  
more t h a n  2°C during t h e  last glacial max- 
i m ~ u n  (LGM),  a n  interpretation rein- 
forced by the  c o ~ ~ c l u s i o n s  of t h e  CLIMAP 
project (4) .  Recent measurements of Sr/ 
C a  ratios in  corals from Barbados (5) and 
Vanuatu (6)  indicate tha t  both  the  tropi- 
cal At lant ic  and Pacific oceans cooled by 
up to  5 ° C  during the  LGM. Despite the  
consistency of this cooling wit11 t h e  5Ot0 
8°C cooling estimated for the  tropical at-  
mosphere 17), t h e  coral records have not  
been widely accepted because the  glacial- 
Holocene 6'" shift recorded by plank- 
tonic foraminifera cannot  accommodate 
a n  ocean temperature shift of j ° C ,  partic- 
ularly in  the  tropical Pacific where the  
6'" shift is anomalouslv small (8). If 

perature component of t h e  coral 6'" sig- 
nal. However,  t he  temperature depen- 
dence of coral Sr/Ca ratios has been ques- 
tioned recently (10)  o n  the  basis that  
biological controls o n  Sr  and  C a  uptake 
can induce uncertainties of up to  3 ° C  i n  
reconstructed temperatures. Here,  we first 
verify the  reliability of the  coral Sr/Ca 
thermometer for several modern corals 
growing in  subopt i~nal  environlnental set- 
tings like those tha t  may prevail during 
glacial-interglacial transitions when corals 
colonize transient shorelines marked b r  
fluctuations in  temperature, salinity, and 
water turbiditv. Nex t  we demonstrate a 
strong correlaklon between coral Sr/Ca 
and SIQ and ,  by coupllng these measure- 
ments,  de te r ln~ne  the  surface temperature 
and S"0 of weatern Pac l f~c  seawater soon 
after the  end of the  last deglaciation. In- 
terpretations of the  glacial-Holocene shift 
in  foraminifera1 61S0  have been made 
with the  assumution that  the  ' 0  distri- 
b u t ~ o n  In the  aurface ocean a a a  the  same 
a5 today a t  -6000 years before the  
present, by which time ;he discharge into 
t h e  ocean of '"-depleted polar melt\vater 
was essentially complete ( 1  1 ) .  \Ye test this 
assumption by analyzing a 5350-year B.P. 
coral from the  Great  Barrier Reef. 

\Ye measured skeletal SrICa (12)  for 
t h e  coral Sr/Ca tllermomkter is reliable, colonies of P o ~ i t e s  lt~tea growing in three 

Gagan' Ay'lffe, A. E, Mortlmer' M. t he  relatively small S1'O shift for Pacific different oceanic environments incluiling 
McCulloch, Research School of Earth Scences, Austra- 
l l a n  ~~t~~~~ university, canberra, ACT 0200, A ~ ~ ~ ~ ~ ~ ~ ,  planktonics may be a result of undetected the  Great  Barrier Reef, t he  eastern Indian 
D Hopey. Sir George C~sher Centre. James Cook U n  changes in  the  distribution of ' 0  in the  Ocean,  and  the  Indonesian seaway. These 
versty. Townsv~le, Queensand i81 1 ,  Australia. surface ocean (9) .  Therefore, obtaining test sites encompass seasonal sea surface 
J Chappe and M J Head Research School of Paclflc 
and AsIan AustralIan National Unlverslty, C a n  accurate estimates of the  past 'Q distri- temperature (SST)  ranges (20' t o  31°C)  
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Porites and  cover t he  ent i re  range o f  SSTs 
def ined b v  fossil corals fo r  t h e  last depla- 
c i a t i on  (5, 6). Ivloreover, t he  corals -are 
exposed t o  seasonal extremes in sal in i ty 
(28 t o  39 per m i l ) ,  coastal upwel l ing,  a n d  
changes in water c o l u m n  turb id i ty ,  a l l  o f  
w h i c h  m i g h t  affect t he  uptake o f  Sr a n d  
C a  by  coral  skeletons (13)  (Tab le  1). Vl'e 
t o o k  several precautions t o  avo id  system- 
at ic errors in compar ing skeletal Sr/Ca 
data among corals and  in compar ing coral  
data w i t h  i ns t r~ l l nen ta l  data 114). W e  
matched the  coral  Sr/Ca ratios and  instru- 
men ta l  S S T  records 1 15) b y  f i rst  c ~ n \ ~ e r t -  , , 
i n g  t he  coral  data t o  a n  accurate t i m e  

series, as described (1  6) (Fig. 1). \Ye t h e n  
performed least-squares regressions o f  cor-  
a l  Sr/Ca ratios a n d  ins t rumenta l  SSTs 
using the  data po in ts  de f i n i ng  the  temper- 
ature max ima  and  m i n i m a  for  each coral  
record, t o ta l i ng  16  years. T h e  average d i f -  
ference between the  three Sr lCa-SST 
regression equations and  the i r  mean  is 
0.3"C over t he  ent i re S S T  range o f  20" t o  
31°C  (Fig. 2) .  A s  a result, t he  mean  o f  t he  
three regression equations just i f iably pro-  
vides a single Sr lCa-SST re la t i on  fo r  P .  
lutea def ined b y  T = 168.2 - 115,674 (Sr/ 
C a )  ,,~,,,,,, 1. T h i s  re la t i on  is essentially t he  
same as the  or ig ina l  equations der ived b y  

Table 1. Summary of study s te  locat~ons range of coral growth rates, and attrbutes of suboptmal 
growth envronments for P lutea. 

S m ~ t h  et al. (17)  a n d  Beck et al. (12)  and, 
above 26OC, t h e  relation matches more 
recent cal ibrat ions fo r  P .  lzitea and  P .  lo- 
bata 118). Differences o f  uo t o  3 ° C  be- 
tween these relat ions and  dt l lers der ived 
for  t he  genus Porites (1  3, 19) rema in  t o  be 
resolved. 

T o  assess the effect o f  calc i f icat ion rate 
o n  skeletal Sr/Ca ratios and 6'" values 
(ZC), we examined t w o  P .  lutea specimens 
growing at different rates in the same reef 
env i ron~nen t  at  Oraheus Island, central  
Great Barrier Reef. T h e  mean annual  ex- 
tension rates (12 and 22 111111 yearp1) and 
calc i f icat ion rates (1.3 and  2.5 g cmp' 
year-') (21) span a large po r t i on  o f  the  
spectrum o f  growth  rates reported for Porites 
(22).  T h e  degree o f  correlat ion between the 

Extens~on Dens~ty Calc~f~caton SST 
Locat~on (g ~ m - ~  Salnlty Env~ronment (mm year-') (g cm-') y e a r ,  ('C) (per ml) 

Nusa Barung Island, 24 1.17 2.8 20 to 30 30 to 34 Monsoonal 
Java ranfal, coastal 

upwelng 
Orpheus Island, central 22 1.15 2.5 22 to 29 28 to 36 Monsoonal rlver 

GBR 12.5 1.08 1.3 runoff 
Damp~er Arch~pelago, 8 1.13 0.9 20 to 31 35 to 39 Seasonal 

eastern lnd~an Ocean hypersan~ty 

Fig. 1. (A to C) Compar~son be- 
tween coral SrfCa in P, lutea (O) 
and blended ship- and satellite-de- 
rived SSTs (solid curves) (15) for 
Nusa Barung Island, southeast 
Java (8"31 'S, 11 3"22 E): Orpheus 
Island, central Great Barr~er Reef 
(1 8"45'S, 146"29'E): and Damper 
Archipelago, eastern Indian Ocean 
(20'36's. 1 16"45'E). The Dampier 
coral grew n shallow nearshore wa- 
ters where the seasonal range In 
SST IS larger than that recorded by 
the lo latitude-longitude grids of the 
satel~te-der~ved SSTs. Therefore, 
we adjusted the satellite SSTs for 
Dampier based on the high degree 
of covariation o b s e ~ e d  with an In 
s~tu  SST record spanning 1983 to 
1986 where T,, ,,, = 1 .67Ts,t,il,e - 

18.67 (r = 0.95). Strong w~nd-in- 

3 ~ t  A Southeast Java 4 

b 
I 1 I I - - 1 9 5  

I 

Great Barr~er Reef -1 ' 

duced upwelling confined to the 
southern coast of Java produces 3 2  

cooler SSTs durlng the austral win- 3 o 
ter that are not recorded by the sat- 2 8 
ell~te-der~ved SSTs, due to the 1" 
spatial smoothing of these data. We 2 6 

verify the anomalously cool SSTs 2 4 

recorded by the coral in 1991 and 
2 2 

1994 using monthly averaged SSTs 
(+) derived from new along-track 2 o 
scanning radiometer (ATSR) data 
averaged over 0.5" latitude-Iongl- 
tude grids (3q. Bars Indicate peri- 
ods when u p w e n g  (A) and freshwater runofl 
Sr/Ca and reconstructed SSTs. The dashed 
establish the correlation between coral SriCa 

L ampler Archipelago 

L 
1 
1 I I I I I I 9.5 

1988 1989 1990 1991 1992 1993 1994 

Y e a r  

' from manand rivers (Bi could potent~ay alter seawater 
n e  n (B) spans the drought of 1992 to 1994 used to 
and ?ii80 (Fig. 2B). 

a + Java I 

0 Barrier Reef 
a Dampier Archipelago -2 

2 0  2 2  2 4  2 6  2 8  3 0  3 2  

Temperature (OC) 

-5.2 I I I I 

2 2 2 4 2 6 2 8 3  0  

SrICa - temperature ( O C )  

Fig. 2. (A) L~near relat~ons between coral SrICa 
and temperature for P, lutea colones l~ving in en- 
vronments that are suboptmal for coral growth. 
Regression llnes are calculated w~ th  data points 
defin~ng the temperature maxima and min~ma of 
each data set, as defined In Fg .  1.  SrICa ratios for 
the Java coral corresponding to SSTs 4 6 ° C  (+) 
are regressed agalnst temperatures derived by 
ATSR (37) The [SrICal-temperature (Ti regression 
lines are I 02[SriCa]u,,a = 10.78 - 0.0660T (r = 

0.80); 1 03[SriCa] ,,,,,,,, = 10.73 - 0.0639T (r = 

0.98); and 1 03[Sr/Ca] ,,,.,,>, ., = 10.68 - 0.061 6T (r 
= 0.99). (B) Comparison of the relation between 
coral SrICa-derived SSTs and 8'9 for two P. 
lutea colonies calcibing at d~fferent rates in the 
same reef envronment at Orpheus Island, central 
Great Barr~er Reef. The regression lines are 
[81sO], 2, CIT-2Leal-~ = 0.002 - 0.1 74T (r = 0.98) 
and [Zi80] 2,5, CI1,-~Lear-~ = 0.447 - 0.189T (r = 

0.98i, where Sr/Ca-temperature is defined by the 
mean of the three coral Sr/Ca-temperature 
relatons. 
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calibrated coral Sr/Ca temperatures and the 
S1*O values can be confirmed during the 
drought years of 1992 to 1994, which were 
marked by stable seawater salinities, and 
presumably stable seawater 61e0 values 
(Fig. 1).  The correlation between the coral 
Sr/Ca and 61e0 during these years is excel- 
lent; the average difference is 0.3"C be- 
tween the two regression equations and 
their mean, despite the twofold difference 
in calcification rate (Fig. 2 ) .  The  mean of 
the two S1*O-SST relations derived by 
comparison with the coral Sr/Ca-SSTs 
agrees with an earlier 61eO-SST relation 
derived for P .  lutea and P ,  lobata (23). The 
result indicates that consistent Sr/Ca-SST 
and S1*O-SST relations can be derived for 
massive Porites colonies that are largely in- 
dependent of calcification rate. 

We applied these calibration equations to 
skeletal Sr/Ca and 61S0 measurements for 
a fossil Porites colony growing in the cen- 
tral Great Barrier Reef, Australia, to de- 
termine the SST and oxygen isotopic 
composition of seawater soon after the end 
of the last deglaciation. Measurements 
were made on  the basal section of a core 
1.5 m long; 76 mm in diameter drilled 
through the center of a Porltes micro-atoll 
6 m in diameter. T h e  core spans 99 years 
of continuous coral growth and has a mean 
radiocarbon age (24)  of 5350 2 190 yr 
B.P. (20) .  W e  compared the fossil coral 
data directly with the calibration data for 

the two modern Porites specimens growing 
In the same open-water reef environment 

on  the wlndward slde of O r ~ h e u s  Island. 
Several precautions were taken to ensure 
the modern and fossil coral data are com- 
parable (25). Because of the long resi- 
dence times of Sr and C a  In ocean water 
(12) ,  errors In the paleotemperature re- 
constructtons for well-~reserved mld-Ho- 
locene corals should be about the same as 
those associated with comparisons among 
modern corals. 

The paleotemperature indicated by the 
fossil coral Sr/Ca record shows that the mean 
SST -5350 years ago was 27.0°C, which is 
1.2"C warmer than the mean SST for the 
early 1990s (Fig. 3).  Terrestrial pollen and 
tree-line elevation records elsewhere in the 
tropical southwest Pacific indicate that the 
climate was generally warmer from 7000 to 
4000 yr B.P. (26), consistent with our find- 
ing. The difference between the Sr/Ca and 
S1*O curves (Fig. 3) represents the residual 
S L 8 0  signal (116"O) (27) that can be used to 
define the oxygen isotopic composition of 
seawater. The mean oxygen isotopic compo- 
sltlon of amblent seawater can be deter- 
mined wlth the 6180 residuals for the austral 
winters when transient changes in seawater 
61S0 are negligible (28) and central Great 
Barrier Reef waters are in equilibrium with 
the regional ocean. The line of best fit 
through the winter S1*O residuals in the 
fossil coral record defines an enrichment in 

1990 1991 1992 1993 1994 Jan Jan Jan Jan Jan Jan Jan Jan Jan Jan Jan 

Y e a r  Y e a r s  

Fig. 3. Comparison between calculated coral Sr/Ca (solid cutves) and ?ii80 temperatures (upper curves 
with circles) for the modern (A) and 5350 yr B.P. (B) Pontes from Orpheus Island, central Great Barrer 
Reef. Differences in seawater ?ii80 (lower curves with circles), reatve to the modern mean, are obta~ned 
by removal of the temperature component of the 6180 signal (1?ii80) (27). The horizontal n e s  show the 
mean 16180 value of seawater for each tme-slice, as defined by the seven 1?ii80 values (squares) falling 
in the austral winters (vertical lines). A?i180 values more negative than the mean define freshening of the 
ocean surface by 180-depleted monsoonal ranfa In summer, whereas A?i i80  values more pos~tive than 
the mean reflect the evaporatve 180-enrichment of the suriace ocean in sprng. The shaded areas show 
the uncertainty n estmates of mean A?i180 (k0.13 per mil, 2u) on the basis of differences between the 
data points in Fig. 2B (n = 108) and the mean of the two 6180-temperature regression lines. The 
weighted mean regresson line used to calculate the 6180 temperatures is [6180],,,, = 0.1 46 - 0.1 79T 
(r = 0.98). 

seawater "0 of 0.47 2 0.13 per mil, relative 
to modem values. If the mean oxygen isoto- 
pic composition of seawater at the end of the 
deglaciation was the same as today, there 
should be no offset of the S1*O and Sr/Ca 
curves (AS1*O = 0 per mil) for the fossil 
coral. The '*0 enrichment defined by the 
winters is not a result of a local decrease in 
precipitation because the seasonal changes 
in the 6 '*0  residuals for the fossil coral show 
that, like today, runoff from mainland rivers 
carrying monsoonal rainfall with low ''0,' 
1 6 0  ratios is restricted to the summer and 
early autumn (December to May). Further- 
more, it is unlikely that changes in ocean 
circulation could have caused the 1 8 0  en- 
richment. Subthermocline water masses in 
the tropics have low '*0/160 ratios relative 
to surface waters (29), so the imposition of 
an upwelling oceanic regime in the south- 
western Pacific would have the opposite ef- 
fect. Today, the only place in the Pacific 
where surface seawater S1*O approaches val- 
ues 0.5 per mil higher than in the Great 
Barrier Reef is beneath the southeast Pacific 
subtropical high-pressure cell, where evapo- 
ration greatly exceeds precipitation (29). 
Advection of this 180-enriched water to the 
southwestern Pacific cannot be dismissed, 
but such a change would require a substan- 
tial reorganization of the regional oceanic- 
atmospheric circulation. 

We propose that the ''0 enrichment is 
driven by enhanced surface-ocean evapora- 
tion in the southwestern Pac~fic in response 
to the higher SSTs at the end of the degla- 
ciation. Today, about 11 sverdrup (1  sver- 
drup = lo6 1n3 s-l) of water evaporates from 
the warm surface of the tropics and subtrop- 
ics, of which about 1.5 sverdrup is transport- 
ed by the atmosphere and precipitated pole- 
ward of 1-40' (30). The export to higher 
latitudes of this small portion of the evapo- 
rated water leads to an increase of 0.8 per mil 
in the '80/160 ratio of surface water of the 
tropical southu~estern Pacific relative to 
mean ocean water (29). The 1°C rise in SST 
reported here m,ould increase surface-ocean 
evaporation (3 1 ), particularly before the on- 
set of the monsoon when SSTs warm beyond 
27°C to reach average summer maxima of 
29.j°C. Enhanced evaporation is evident in 
the fossil coral record where the S1'O resid- 
uals become progressively more positive in 
spring and reach lnaxima in November to 
December, immediately before the onset of 
monsoonal rainfall (Fig. 3).  The observed 

enrichment of surface seawater is con- 
sistent with general circulation models 
showing that the poleward transport of water 
vapor can increase as the atmosphere warms 
(32). Theoretical and general circulation 
model studies also indicate that even subtle 
changes in the distribution of tropical heat- 
ing, particularly warming off the equator, 
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can profoundly alter the intensity of the 
Hadley circulation and the transport of wa
ter vapor and heat into the extratropics (33). 
Although the spatial distribution of the 
warmer mid-Holocene SSTs needs to be es
tablished, it is possible that the equable cli
mates in the extratropical latitudes at this 
time (26) are linked, in part, to an increased 
latent heat flux from the tropics. 

The 1 8 0 enrichment of surface seawater 
identified here may help to reconcile the 
different temperature histories for the 
deglacial tropical Pacific given by coral 
Sr/Ca thermometry and foraminiferal 
8 1 80 records. Taken together with the 
5°C cooling indicated by Sr/Ca paleotem-
peratures for late-glacial corals from the 
southwest Pacific (6), our results indicate 
that the full amplitude of the glacial-
Holocene temperature change may have 
been about 6°C. A glacial-Holocene shift 
in foraminiferal 8 1 80 of 2.7 per mil is 
required to accommodate the 1.4 per mil 
change attributed to the 6°C deglacial 
warming (34) and the 1.3 per mil for the 
generally accepted meltwater contribution 
(11). However, a recent compilation of 
the glacial-Holocene shift in foraminiferal 
81 80 values for 40 western Pacific sedi
ment cores in the latitude range 20°S to 
20°N (35) reveals an average shift of only 
1.6 ± 0.7 per mil (2a). The maximum 
81 80 shift given by the planktonic fora-
minifer Globigerinoides sacculifer in high-
quality cores from the tropical southwest
ern Pacific, near the Great Barrier Reef, is 
1.9 per mil (35), which is still 0.8 per mil 
smaller than the expected shift of 2.7 per 
mil. The important point is that the 0.5 
per mil enrichment in surface water 8 1 80 
revealed by the mid-Holocene coral record 
would reduce the expected glacial-Holo
cene shift in foraminiferal 8 1 80 to 2.2 per 
mil. Complete reconciliation of the fora
miniferal 81 80 and coral Sr/Ca records is 
achieved if the meltwater contribution is 
reduced by 0.3 per mil, as indicated by 
recent 8 1 80 measurements of pore fluids 
in deep-sea sediments (36). 

The final 0.5 per mil change in seawater 
81 80 during the late Holocene may not be 
manifest in the 81 80 record provided by 
core-top foraminifera, considering that the 
uppermost late-Holocene sediment is com
monly lost during the extraction of deep-sea 
cores. Even in cores with perfect sediment 
recovery, more than one-half of the final 0.5 
per mil adjustment in seawater 81 80 would 
be masked in the foraminiferal 81 80 records 
by the 1.2°C cooling required to bring the 
mid-Holocene SSTs to modern values. 

The reconciliation of the foraminiferal 
81 80 and coral Sr/Ca records proposed here 
suggests that the constraint placed on trop
ical SSTs by foraminiferal 81 80 should be 

msa 
reassessed, at least for the tropical western 
Pacific. Changes in tropical SSTs, and the 
rate of delivery of water vapor to higher 
latitudes, could produce large and abrupt 
changes in global climate (9) during degla-
ciation. Our results provide the basis for 
determining the response of the surface-
ocean hydrologic balance to such changes, 
even in tropical oceanic settings where 
both temperature and seawater 81 80 
change in unexpected ways. 
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Hurricanes can inflict catastrophic property damage and loss of human life. Thus, it is 
important to determine how the character of these powerful storms could change in 
response to greenhouse gas-induced global warming. The impact of climate warming 
on hurricane intensities was investigated with a regional, high-resolution, hurricane 
prediction model. In a case study, 51 western Pacific storm cases under present-day 
climate conditions were compared with 51 storm cases under high-CO, conditions. More 
idealized experiments were also performed. The large-scale initial conditions were de- 
rived from a global climate model. For a sea surface temperature warming of about 2.2"C, 
the simulations yielded hurricanes that were more intense by 3 to 7 meters per second 
(5 to 12 percent) for wind speed and 7 to 20 millibars for central surface pressure. 

Greenhouse gas-induced climate warming 
could affect hurricanes in a number of ways, 
including changing their intensity (1, 2), 
frequency (3-5), and locations of occur- 
rence. Given the potential for catastrophic 
damage and loss of life from these storms, 
any such changes could have important so- 
cietal consequences. In this study, we ex- 
amine only the question of possible changes 
in storm intensity due to climate warming. 

Theoretical models of hurricane intensi- 
ty predict that the maximum potential in- 
tensity (MPI) of hurricanes will increase in 
a warmer climate (1, 2), although these 
techniques, which are based on thermody- 
namical considerations, contain many as- 
sumptions and caveats (2, 6, 7). Global 
climate models attemDt to simulate the cli- 
mate, including tropical storm-like fea- 
tures, by integrating dynamical and thermo- 
dynamical equations in three dimensions. 
To date, global models have provided sug- 
gestive, but not highly convincing, indica- 
tions of increased hurricane intensities in a 
warmer climate (3, 4). However, the coarse 
resolution of these global models precludes 
their simulation of realistic hurricane struc- 
ture. A 1995 assessment by the Intergov- 
ernmental Panel on Climate Change (8) 
concludes that ". . . it is not possible to say 
whether the . . . maximum intensity of 
tropical cyclones will change" because of 
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increased greenhouse gas concentrations. In 
the present study, the relation between hur- 
ricane intensity and climate change was 
explored with a regional, high-resolution, 
hurricane prediction model. We focused on 
the northwest tropical Pacific region, where 
the strongest typhoons (the term used in 
the northwestern Pacific for hurricanes) are 
observed in the present climate. 

In our case study approach, we selected 
51 tropical storm cases from a control cli- 
mate simulation of a global climate model 
and 5 1 cases from a high-CO, climate sim- 
ulation (9). The global model used was the 
Geophysical Fluid Dynamics Laboratory 
(GFDL) R30 coupled ocean-atmosphere 
climate model (10-1 2), which has resolu- 
tion of about 2.25" latitude by 3.75" longi- 
tude. For the high-CO, cases, we selected 
storms from years 70 to 120 of a + 1%-per- 
year CO, transient experiment, correspond- 
ing to CO, increases ranging from a factor 
of 2.0 to 3.3. Tropical storm-like features 
(weaker and much broader than in real- 
world storms) have previously been ana- 
lyzed in an R30 global atmospheric model 
very similar to that used here (5, 13). The 
selected storm cases were then rerun as 
5-day "forecast" experiments with the use of 
the high-resolution GFDL Hurricane Pre- 
diction System (14), which is currently used 
at the U.S. National Centers for Environ- 
mental Prediction (NCEP). This model has 
a maximum resolution in the storm region 
of 116" or about 18 km (1 5). Before begin- 
ning each hurricane model simulation, the 
crudely resolved global model storm (but 
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Fig. 1. Geographical distribution of the maximum 
surface wind speeds (in meters per second) ob- 
sewed during 1971-1992 (A) and simulated (B 
and C) for tropical storms in the northwest Pacific 
basin. Observations are from the Joint Typhoon 
Waming Center (Guam) as compiled by C. J. Neu- 
mann in 1993, available from the National Center 
for Atmospheric Research at www.scd.ucar.edu/ 
dss (ds824.1). The simulated distributions are 
based on 71 case studies each under control (B) 
and high-CO, (C) conditions; results from 20 pre- 
liminary cases under each condition (9) were in- 
cluded in order to increase spatial coverage. 
Blank (white) regions denote areas where no trop- 
ical storms were reported during 1971-1992 (A) 
or none occurred in the case studies [(B) and (C)]. 
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