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Decadal Sea Surface 
Temperature Variability in the 
Subtropical South Pacific from 

1726 to 1997 A.D. 
Braddock K. Linsley,' Gerard M. Wellington,' Daniel P. Schrag3 

We present a 271-year record of Sr/Ca variability in  a coral from Rarotonga in  
the South Pacific gyre. Calibration with monthly sea surface temperature (SST) 
from satellite and ship measurements made in  a grid measuring loby loover 
the period from 1981 t o  1997 indicates that this Sr/Ca record is an excellent 
proxy for SST. Comparison with SST from ship measurements made since 1950 
in  a grid measuring 5" by 5" also shows that the Sr/Ca data accurately record 
decadal changes in  SST. The entire Sr/Ca record back t o  1726 shows a distinct 
pattern of decadal variability, with repeated decadal and interdecadal SST 
regime shifts greater than 0.75"C. Comparison with decadal climate variability 
in  the North Pacific, as represented by the Pacific Decadal Oscillation index 
(1900-1997), indicates that several of the largest decadal-scale SST variations 
at Rarotonga are coherent with SST regime shifts in  the North Pacific. This 
hemispherit symmetry suggests that tropical forcing may be an important 
factor in  at least some of the decadal variability observed in  the Pacific Ocean. 

It is now recognized that significant tropical South Pacific, oceanographic data are extreme- 
and subtropical Pacific ocean-atmosphere vari- ly sparse. However, the limited data indicate 
ability occurs on decadal-to-interdecadal time that the subtropical South Pacific may also play 
scales. However, in order to evaluate decadal- a role in decadal-scale oceanographic variabil- 
scale climate variability over time, climate ity in the Pacific (8-1 1). For example, the South 
records long enough to capture multiple dec- Pacific is currently the dominant (50 to 75%) 
adal periods are needed, and these records are source region for isopycnal water transport to 
limited (1, 2). In the North Pacific, sufficient the equatorial thermocline (1 0, 11). This is due 
instrumental climatic data exist to identify a in part to the partial bloclung effect of the 
pattern of irregular decadal-to-interdecadal surface ocean beneath the Intertropical Conver- 
ocean-atmosphere climate variability over the gence Zone (ITCZ) in the North Pacific and the 
past -100 years (2-7). The time history of the more limited influence of the South Pacific 
leading eigenvector of North Pacific SST back Convergence Zone (SPCZ) on South Pacific 
to 1900 A.D. has been termed the Pacific Dec- isopycnal equatonvard flow (8 , 11). 
adal Oscillation (PDO) by Ivlantua et al., (6). The spatial pattern of decadal variability in 
The PDO is a recurring pattern of ocean-atmo- Pacific SSTs is similar to that associated with 
sphere variability in which the central gyre El N5o-Southern Oscillation (ENSO), but 
cools at the same time as the eastern margin with lower amplitude in the tropics and higher 
warms, or vice versa. Alternating phases of the amplitude outside the tropics (3, 12). Some 
PDO can last for two to three decades, with studies suggest that this decadal variability may 
reversals being noted in 1924125, 1946147. and originate in the subtropics of the North Pacific 
1976/77 (6). Before 1900, little is known about Ocean through unstable ocean-atmosphere in- 
decadal variability in the North Pacific. In the teractions (2,13), whereas other studies suggest 

that tropical ENS0 forcing plays a key role (3, 
'Department of Earth and Atmospheric Sciences, ES 12, 14, 15). However, several key questions 
351, University at  Albany-State University of New regarding the nature of Pacific decadal variabil- 
York, Albany, NY 12222, USA. 2Department of Biology ity remain, including the recurrence period of 
and Biochemistry, University of Houston, Houston, TX decadal changes in SST; whether the decadal- 77204, USA. 3Laboratory for Geochemical Oceanog- 
raphy, Department of Earth and PLanetary Sciences, scale SST variability in the subtropical South 
Harvard University, Cambridge, MA 02138, USA. Pacific is in phase with the North Pacific; and 
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R E P O R T S  

whether the decadal SST variability is periodic 
or more concentrated during certain times, such 
as in the late 19th and 20th centuries. 

To examine decadal variability in the South 
Pacific, we produced a proxy record of SST 
from a coral growing at Rarotonga. The island 
of Rarotonga is located at 21.5"s and 159.5OW 
in the Cook Islands in the region of the eastem 
SPCZ. Corals growing at Rarotonga are ex-
posed to open ocean conditions of the westward 
flowing South Equatorial Current. SST in the 
2"-by-2" gnd surrounding Rarotonga averages 
25.7"C, with a consistent 4' to 5°C seasonal 
SST range, with maximum water temperatures 
occurring in February-March of each year (16). 
This region has also been identified as a "center 
of action" for monitoring changes in the South- 
em Oscillation (17) .  During ENS0 "warm 
mode" (El N ~ o )  events, the SPCZ moves to the 
northeast, joining the ITCZ in the central-west- 
em tropical Pacific. This condition leads to cool- 

/ I ......... Sea Surface Temperature 


er and dner than average conditions m the re- 
gion Dunng ENS0 "cool modes" (or La Nida 
conditions), the situation reverses, SST nses, 
and the SPCZ mtensifies 

In Apnl 1997, 3 5 m of contmuous coral 
core (representmg 271 years of growth) (18) 
was collected by hydraulic dnll from a massive 
colony of Pontes hltea m 18 3 m of water on the 
southwest side of Rarotonga at 21'14'1 1 5 ,  
159O49'59'W We measured SrCa on l-mm-
mterval samples spanning the entlre core and 
measured oxygen isotopes (6180) over the m- 
tervals from 1950 to 1997 (at 1 mrn resolution) 
and 1726 to 1770 (at 2 mm resolution) for 
calibration purposes (19-21) Over the interval 
from 1981 to 1997. both SrICa and 6 ' * 0  were 
compared to mstrumental SST from the Inte- 
grated Global Ocean Service System Products 
(IGOSS) data (16)m the lo-by-lo gnd centered 
at 22"s and 160°W The SrlCa data show a 
remarkable coherence with SST over seasonal 

--Coral Sr'Ca 1220  

Fig. 1. Comparison of monthly IGOSS SST (76) for the grid including Rarotonga ( loby lo;centered at 
2Z0S, 160°W) and near-monthly Rarotonga coral SrICa, spanning the interval from 1981 to 1997.The 
linear least-squares correlation between SST data and Rarotonga SrICa has an r2= 0.75 (24). 

... . .....0s SST anomaly (5Ox5") (1950-1991) -CAC SST anomaly (2"x2") (1970-1997) 

Rarotonga SriCa calculated SST anomaly Y ,  , - ; ' ;
- 2 , . : , , ; , :  

, , 
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and interannual time scales, with a seasonal 
amplitude consistent with the average annual 
SST cycle of 4" to 5°C (Fig. 1). For 6'" ((-7-7). 

the seasonal range of -0.9 to 1.0 per mil ( u / ~ ~ )  

matches the expected range if water temperature 
was the dominant influence on coral 61h0 (23). 
However, there are also intervals where 6IhO 
does not track SST very well. Linear least- 
squares regression analysis indicates that the 
variability in Sr/Ca explains significantly more 
of the variance in SST ( r L= 0.75) than does 
coral 6180 ( y 2  = 0.54) (24). This is not surpris- 
ing, because we expect coral skeletal 6"0 to be 
affected by both SST and 6"O ,,,,,,,,, whereas 
skeletal SrICa has been shown to vary with SSP 
alone (25). 

The derived relation between SST and Ra- 
rotonga coral SrICa is [SST ("C) = 140.55 --

12.15(Sr/Ca X 1000)l. The slope of this regres- 
sion equation is similar to that determined for 
coral calibrations at other locations ((-75-28). 
Considering that IGOSS SST values represent n 
lo-by-lo grid centered at 22's. 160°W, where- 
as the SrlCa data represent a single point fi-on1 
18 m depth at Rarotonga, the high degree of 
correlation obtained is remarkable and demon- 
strates the utility of Sr'Ca as a proxy for SST at 
this location. 

To determine whether interannual and dec- 
adal Sr.'Ca variations are also the result of SST 
changes. we compared Sr.'Ca-derived SST 
anomalies to instrumental SST anonlalies for 
the period from 1950 to 1997 (Fig. 2). Both 
interannual and decadal changes in coral Sr Ca- 
derived SST anomalies are significantly come- 
lated with instrumental SST anomalies. particu- 
larly back to 1960. which includes the most 
continuous part of the instrumental SST record 
(29). Most El Niiio events are recorded as cool 
anomalies at Rarotonga but with reduced ampli- 
tudes as compared to the tropical Nifio3 4 region 
(30). Although not shown here, it is noteworthy 
that decadal changes in coral 6'" at Rarotong;~ 
do not closely track SST and coral Sr'Ca, pos- 
sibly indicating the effects of decadal changes In 
the 6180 composition of seawater and or salinity 
on coral 6'" at this site. 

The complete Sr'Ca-derived SST record 
back to 1726 shows variability over a range of 
time scales (Fig. 3). SSTs have varied bemeen 
23" and 24°C in the winter to 27' to 28°C in the 
summer from 1997 back to 1765, with pro- 
nounced interannual and decadal variations. 
From 1726 to 1765, mean annual SST was - I '  
to 1.5OC higher, with the same seasonal ampli- 
tude. Because this excursion is so unusual. \ve 
tested the reliability of the Sr  Ca data by mea- 
suring 6"0 over the same interval. The SCSO 
data show a 0 . 3 % ~  excursion equivalent to the 
SST change indicated by the Sr'Ca data. This 
suggests that a large SST shift in the central 

Year South Pacific gyre did occur at this time. al-

Fig. 2. Comparison of Rarotonga SrICa-calculated SST anomalies (deseasonalized) with instrumen- though this conclusion be 
tal SST from a grid measuring 2" by 2" (CAC SST anomalies) and 5" by 5" (OS SST anomalies) for with additional coral records. A nlid-1700s 
the Rarotonga region (29). warm interval has not been found in other 
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paleoclimatic records from the subtropical 
South Pacific, but none of these records are 
from the central gyre region. After the abrupt 
1.5"C cooling from 1764 to 1766, the SriCa 
series records a gradual 0.75"C cooling to 
-1910 and then gradual 0.5'C warming to the 
present. 

In comparison to equatorial areas of the 
central Pacific, decadal and interdecadal vari- 
ance in Rarotonga coral Sr/Ca is relatively large 
in relation to variance attributed to interannual 
variability (31). This observation is in agree- 
ment with what is known about SST variability 
in the North and South Pacific gyres, based on 
historical measurements (3,12). As recorded at 
Rarotonga, the mean recurrence period of the 
irregular, broad-band, decadal SST variability 
is near 14 years, with a total of 11 decadal 
intervals in which mean annual water tempera- 
tures cooled by >0.75"C: 1976-77, 1956-58, 
1922-1940, 1903-06, 1871-75, 1841-44, 
1829-37, 1820-23, 1788-92, 1764-66, and 
1756-1759 (Fig. 4). A decadal mode of vari- 
ability is also found in the multicentury 8l8O 
coral record from New Caledonia, located in 
the western South Pacific south of the SPCZ 
(32). However, h s  decadal variability is not 
coherent with the Rarotonga SrlCa record. Per- 
haps this is due to the different climate regime 
at New Caledonia as compared to the central 
gyre location of Rarotonga. The abrupt 0.6"C 
cooling event that occurred in 1815, with a 
gradual warming until 1819, may be related to 
the Tambora eruption in April 1815 (33-35). 
The stratospheric dust veil produced by this 
eruption is known to have lowered tempera- 
tures in Europe and North America for several 
years after the eruption. The OS°C cooling 
observed at Rarotonga is also in agreement with 
reports of a comparable cooling in the tropics 
(35) and as found in other coral records (36, 
37). 

To examlne whether the decadal-scale SST 
changes inferred from the Rarotonga coral are 
consistent with what is known about decadal- 

Fig. 3. (Upper curve) 30 

Near-monthly changes 
in calculated SST man- 
ning 1726 to  199j, us-
ing Rarotonga coral Sr/ ;2 8  -
Ca and the regression 2 
relationship [SST = 
140.55 - lZ.l5(Sr/ 

-Ca X IOOO)] derived 2 6  

using data shown in 
Fig. 1. (Lower curve) ; 
6180 measurements -

-
spanning the interval $ 24 

from 1726 to  1770. 

scale variability in the subtropical North Pacif- 
ic, in Fig. 4 we compare the Rarotonga SdCa- 
derived SST record to the PDO index. Mantua 
et al. (6) formulated the PDO index so that 
when the central North Pacific is cooler than 
average and the Gulf of Alaska and the waters 
along the Pacific Coast of North America are 
warmer than average, the index is positive. 
These periods tend to correspond with times of 
increased frequencies of ENS0 warm phases. 
Increased frequencies of La Niiia years corre- 
spond with the negative phase of the index, 
when the central North Pacific is warmer than 
average, and the coastal waters of the NE Pa-
cific are cooler than average. Over the past 
century, several of the most pronounced dec- 
adal changes in the PDO index (1976-77, 
1956-58, 1945-47) are evident in the Raro- 
tonga SrlCa record as well as other more subtle 
changes in Rarotonga SST (see 1915-40). 
Times of disagreement around 19 10 and the 
early 1960s may be related to the fact that we 

Tarnbora 

Eruption 


are comparing a specific point in the South 
Pacific with a North Pacific-wide index. Cross- 
spectral analysis of Rarotonga SriCa and the 
PDO indicates that the Rarotonga SriCa record 
is moderately coherent with the PDO index at a 
decadal period centered near 15 years and at an 
interannual ENSO period near 6 years (80% 
confidence level) (38). The degree of correla- 
tion is hampered by the short section of overlap 
(97 years) in relation to the long period of the 
decadal-scale changes. Longer records from the 
North Pacific would allow a more rigorous 
evaluation of the extent of coherence of decadal 
SST variability about the equator. 

The fact that several of the largest decadal 
changes observed in the past 100 years are in 
phase in the North and South Pacific gyres 
suggests that the origin of the decadal variabil- 
ity during these times of coherent behavior is 
likely to lie in the tropics, which is consistent 
with some previous suggestions (3, 12, 14,15). 
The specific mechanism could be the export 

I I 1 
1700 1750 1800 1850 1900 1950 2000 

Y e a r  

Fig. 4. Comparison of 8-year low-pass-filtered versions of Rarotonga SrICa-calculated SST with the 
mean removed (solid line) and the PDO index (dashed line). As defined by Mantua et a[. (6),a 
positive phase of the PDO index corresponds to  a E l  NiAo mode, and a negative phase corresponds 
to  a La NiAa mode. Solid arrows denote decadal cooling shifts of >0.75"C at Rarotonga, and the 
open arrow indicates a cooling trend, possibly related t o  the Tambora eruption in April 1815. 
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and subtropical amplification of a decadal 
mode of ENSO from the tropics to the subtrop- 
ics. However. as discussed in ( I Z ) ,  different 
spatial patterns of midlatitude atmospheric cir- 
culation anomalies for ENSO-band and decadal 
variability suggest that different tropical forcing 
mechanisms are involved on these two time 
scales. Thus, the specific mechanism for gener- 
ating subtropical decadal SST variability in the 
Pacific gyres appears to be complex and may 
involve tropical-subtropical ocean-atmosphere 
interactions other than ENSO. 
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Contributions of Land-Use 

History to Carbon 


Accumulation in U.S. Forests 

John P. as per sen,'* Stephen W. Pacala,' Jennifer C. J e n k i n ~ , ~  

George C. H ~ r t t , ~Paul R. ~oorcroft , '  Richard A. Birdsey4 

Carbon accumulation in forests has been attributed to  historical changes in land 
use and the enhancement of tree growth by CO, fertilization, N deposition, and 
climate change. The relative contribution of land use and growth enhancement is 
estimated by using inventory data from five states spanning a latitudinal gradient 
in the eastern United States. Land use is the dominant factor governing the rate 
of carbon accumulation in these states, with growth enhancement contributing far 
less than previously reported. The estimated fraction of aboveground net ecosys- 
tem production due t o  growth enhancement is 2.0 i4.4%,with the remainder due 
to  land use. 

Although mid-latitude forests of the northern 
hemisphere are known to provide a large sink 
for atmospheric CO, (1-3). considerable un- 
certainty remains about the cause of the sink. 
Nitrogen deposition, CO, fertilization, and cli- 
mate change have been shown to enhance tree 
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growth in forest ecosystems (4),but historical 
changes in land use also provide an alternative 
explanation for the sink, particularly the re-
growth of forests after agricultural abandon- 
ment. reduced harvesting, and fire suppression 
(5).Assessing the relative contribution of land 
use and growth enhancement is critical for plan- 
ning strategies to mitigate the accumulation of 
CO, in the atmosphere (6) .If forests are simply 
regrowing in response to changes in land use. 
then the sink can be expected to saturate as 
forests regain their former biomass. However, if 
tree growth has been enhanced. then the future 
storage potential of forests is much less certain. 

Estimates of the fraction of the forest sink 
due to regrowth versus enhancement vary wide- 
ly. but growth enhancement has been consis- 
tently estimated to be large. In the United 
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