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ABSTRACT

Analyses of instrumental data demonstrate robust linkages between decadal-scale North Pacific and
tropical Indo-Pacific climatic variability. These linkages encompass common regime shifts, including the
noteworthy 1976 transition in Pacific climate. However, information on Pacific decadal variability and the
tropical high-latitude climate connection is limited prior to the twentieth century. Herein tree-ring analysis
is employed to extend the understanding of North Pacific climatic variability and related tropical linkages
over the past four centuries. To this end, a tree-ring reconstruction of the December—-May North Pacific
index (NPI)—an index of the atmospheric circulation related to the Aleutian low pressure cell—is pre-
sented (1600-1983). The NPI reconstruction shows evidence for the three regime shifts seen in the instru-
mental NPI data, and for seven events in prior centuries. It correlates significantly with both instrumental
tropical climate indices and a coral-based reconstruction of an optimal tropical Indo-Pacific climate index,
supporting evidence for a tropical-North Pacific link extending as far west as the western Indian Ocean. The
coral-based reconstruction (1781-1993) shows the twentieth-century regime shifts evident in the instrumen-
tal NPI and instrumental tropical Indo-Pacific climate index, and three previous shifts. Changes in the
strength of correlation between the reconstructions over time, and the different identified shifts in both
series prior to the twentieth century, suggest a varying tropical influence on North Pacific climate, with
greater influence in the twentieth century. One likely mechanism is the low-frequency variability of the El

Nifio-Southern Oscillation (ENSO) and its varying impact on Indo-Pacific climate.

1. Introduction

The existence of North Pacific interdecadal climatic
variability is well documented over the past century
from analyses of instrumental data (e.g., Mantua et al.
1997; Mantua and Hare 2001; Labeyrie et al. 2003). One
possible mechanism for this variability is internal forc-
ing of the northern North Pacific climate system (e.g.,
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Nakamura et al. 1997). Alternatively, an increasing
number of analyses also indicate coherent relationships
between indices of higher-latitude Pacific and tropical
climate (Trenberth and Hurrell 1994; Minobe 1997,
Zhang et al. 1998), leading some to conclude that Pa-
cific decadal variability (PDV) is a basinwide phenom-
enon that originates in the Tropics (Garreaud and Bat-
tisti 1999). Recently, Deser et al. (2004) found further
support for the concept that the Tropics play a key role
in North Pacific interdecadal climatic variability using a
comprehensive, physically based analysis of twentieth-
century observational datasets [including tropical Indo-
Pacific sea surface temperatures (SSTs), rainfall,
cloudiness, and sea level pressure (SLP)]. This evidence
includes identification of robust linkages between inter-
decadal fluctuations (e.g., twentieth-century regime
shifts) in the North Pacific index (NPI; Trenberth and
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Hurrell 1994) and several key tropical climate indices in
boreal winter.

The dominant mode of wintertime atmospheric cir-
culation variability over the North Pacific is character-
ized by changes in the strength of the Aleutian low
pressure cell. The NPI is a robust index of this mode,
which is used to track the state of cool season North
Pacific SLP variability. It is defined as the area-
averaged SLP over the region 30°-65°N, 160°E-140°W
(Trenberth and Hurrell 1994). The NPI is closely asso-
ciated with the Pacific-North America (PNA) telecon-
nection pattern, the dominant pattern of midtropo-
spheric circulation variability, which extends from the
North Pacific downstream over North America (Tren-
berth and Hurrell 1994). Negative (positive) NPI values
correspond to a deeper-than-normal (less intense)
Aleutian low, strengthened southerly (northerly) flow
over the eastern Pacific, and warmer (cooler) tempera-
tures along the western coast of North America (Tren-
berth and Hurrell 1994). The NPI shows clear evidence
for multidecadal climate regimes, with primarily posi-
tive values from 1900-24 and 1947-76, and primarily
negative values from 1925-46 and 1977-2003. These re-
gimes are also evident in the Pacific decadal oscillation
(PDO), the dominant mode of Pacific SST variability
north of 20°N (Mantua et al. 1997). Particularly note-
worthy is the pronounced 1976 regime shift (Ebbes-
meyer et al. 1991; Graham 1994), which has also been
identified in tropical Pacific climate and ENSO-related
data. Other twentieth-century regime shifts are not as
clearly related to ENSO (Deser et al. 2004).

Limitations in our understanding of the behavior of
PDV result, in part, from the shortness of the instru-
mental record, while similar limitations in understand-
ing of the causes and mechanisms of PDV are related to
a broader suite of process issues (e.g., tropical versus
extratropical air-sea interactions, lagged dynamic
ocean responses to atmospheric forcing, etc.). There
are not sufficient instrumental data to support any of
the hypothetical models proposed to explain PDV, nor
to determine how representative the twentieth-century
changes are relative to long-term behavior unforced by
greenhouse gases. Additional paleoclimate indices for
certain key data-sparse locations (e.g., the tropical
Indo-Pacific and western equatorial Pacific regions) are
therefore needed for studies of PDV and identification
of North Pacific—tropical linkages (Deser et al. 2004). A
significant relationship between a 194-yr §'%0 coral rec-
ord for the far western Indian Ocean [1801-1994, Ma-
lindi Marine Park, 3°S, 40°E (Cole et al. 2000); see
below], and an optimal tropical climate index [the lead-
ing principal component of six normalized tropical cli-
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mate series, explaining 64% of the overall variance
(Deser et al. 2004)] suggested the potential for extend-
ing available information on tropical-North Pacific
linkages into the past.

Herein we use tree-ring records from the land areas
surrounding the North Pacific as well as coral data
spanning the tropical Indo-Pacific region to extend our
knowledge of tropical-North Pacific interdecadal cli-
mate linkages prior to the instrumental period. Recent
efforts have substantially improved the spatial and tem-
poral coverage of well-dated, high-resolution proxy
records (tree rings and corals) for these regions [e.g.,
for the North Pacific: Davi et al. (2002), D’Arrigo et al.
(2004), and Jacoby et al. (2004); e.g., for the Tropics:
D’Arrigo et al. (1994), Charles et al. (1997), Isdale et al.
(1998), Guilderson and Schrag (1999), Cole et al.
(2000), Linsley et al. (2000), Urban et al. (2000), Cobb
et al. (2001), Tudhope et al. (2001), Charles et al.
(2003), and Linsley et al. (2004); also see Labeyrie et al.
(2003)]. Yet, coverage is still very limited for vast areas,
particularly for the Tropics where the existing tree-ring
data network is sparse but expanding (more informa-
tion available online at http://www.ldeo.columbia.edu/
res/fac/trl.). Regardless, the presently available data
coverage allows initial evaluation of large-scale atmo-
sphere—ocean circulation changes across much of the
Indo-Pacific region over the past several centuries.

Tree rings have been used previously to reconstruct
features of North Pacific decadal climate variability,
including SSTs (D’Arrigo et al. 1999), coastal air tem-
peratures (Wiles et al. 1998), and the PDO (Biondi et
al. 2001; D’ Arrigo et al. 2001; Gedalof and Smith 2001;
Cook 2003). Yet, there have been few attempts to de-
scribe long-term relationships between North Pacific
variations and aspects of tropical climate prior to the
instrumental period. Such efforts have the potential to
yield insights of much value for the modeling and pre-
diction of Pacific decadal variability (e.g., Percival et al.
2001). In perhaps the first such studies, Villalba et al.
(2001, 2003) demonstrated correlations between tree-
ring records from western North and South America,
and related these records to Pacific basin SSTs. Evans
et al. (2001) observed coherency between tree-ring
records from the western Americas and a coral Sr/Ca
record from Rarotonga in the equatorial Pacific, and
Graham (2004) related tropical South American prox-
ies to those from the southwestern United States. Ged-
alof et al. (2002), by combining five proxy records
(coral and tree-ring based) of North Pacific climate
variability, found evidence for basin-scale coherence in
PDV and also for a robust tropical-extratropical link.
In this paper we continue the examination of the North
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F1G. 1. Map of the North Pacific region showing locations of tree-ring sites (yellow) used as candidate predictors of the NPI. Sites
in red are those included in the regression model used to reconstruct the NPI. Some dots represent more than one site.

Pacific-tropical climate connection using an extended
tree-ring-based time series of North Pacific atmo-
spheric circulation and a large-scale coral dataset from
across the low-latitude Indo-Pacific region. In so doing,
we further explore the large-scale linkages of decadal
variability prior to the twentieth century.

2. NPI tree-ring reconstruction

To develop an extended record of North Pacific dec-
adal-scale atmospheric circulation changes that could
readily be compared to tropical climate indices, we re-
constructed the NPI of Trenberth and Hurrell (1994)
using tree-ring data. To this end, 67 chronologies from
the land areas surrounding the North Pacific rim (Fig.
1) were used as candidate predictors in principal com-
ponent (PC) regression analysis (Cook et al. 1999). The
chronologies selected for modeling of the NPI are all
mainly temperature-sensitive records of coniferous tree
species from the northeastern North Pacific, primarily
from the Gulf of Alaska and Pacific Northwest regions.
Some of these records were used previously to recon-
struct the PDO (D’Arrigo et al. 2001; Cook 2003).
Tree-ring records from precipitation-sensitive lower-
latitude western North American sites, also used to re-
construct the PDO (D’Arrigo et al. 2001; Cook 2003),
were not included in the NPI modeling as we were
primarily interested in identifying distinct linkages be-
tween North Pacific and tropical climate. Using the
1900-83 common period, correlations were calculated
between the chronologies and the monthly NPI over an
18-month interval beginning in May of the year prior to
growth and ending in October of the current growth
year (Fritts 1976). Of the 67 chronologies, 18 (red dots
in Fig. 1) correlated significantly at or above the 90%

significance level for the winter/spring months of the
NPI and were thus retained for further analysis. From a
principal component analysis (PCA), only those eigen-
vectors showing eigenvalues >1 were retained for re-
gression (Cook and Kairiukstis 1990).

To develop the longest possible reconstruction, we
used a nested approach (e.g., Meko 1997; Cook et al.
2002) in which the number of available chronologies
declines back in time (Fig. 2). For this purpose, a PC
regression model was first developed using all of the
available data, resulting in the most robust reconstruc-
tion. A second nest is based on the next common period
of all series with the shortest series removed, and so on.
For each nested subset of variables, a reconstruction is
developed and separate calibration and verification sta-
tistics are made for both early (1900-40) and late
(1941-83) periods of calibration. This allows for a good
measure of the loss in signal fidelity in the reconstruc-
tion back in time. To create the final reconstructed time
series, the relevant “sections” from each full-period
(1900-83) calibrated nested model are spliced together.
This is done after the mean and variance of each nested
time series are adjusted to that of the fully replicated
nested reconstruction so that there are no changes in
variance in the time series due to weakening in the
modeled signal. For this study, three nested subsets
were used to generate the NPI tree-ring reconstruction
(starting from 1600, 1629, and 1762, respectively). Due
to lower levels of statistical validation, the earlier part
of the reconstruction, based on less data from the least
replicated nest, should thus be viewed with greater un-
certainty. The best regression model was found for the
December-May season (Fig. 2a), which accounts for
41% of the variance in the instrumental NPI for the
most replicated nest. Most of the variance in the NPI is
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F1G. 2. Tree-ring based NPI reconstruction. (a) Actual and estimated Dec-May NPI for the 1900-83 calibration period: Adf =
adjusted degrees of freedom. The degrees of freedom were adjusted to account for the autocorrelation in the data so that significance
of the correlations could be assessed (Trenberth 1984). (b) Reconstruction of the Dec-May NPI from A.D. 1600-1983 based on North
Pacific tree-ring data. The highlighted phase shifts were identified using intervention analysis (significant at the 90% confidence limit).
Asterisk (*) indicates the 1976 shift was identified in the actual Dec-May NPI series as there are too few observations after 1976 to
identify a significant shift in the reconstruction. (c) Nested calibration (1900-83 ,7?) and RE results through time. The 2 is the level
of explained variance after adjustment for degrees of freedom. The RE is a measure of the common variance between the actual series
and the tree-ring estimates, for which a positive value indicates skill in the regression. RE1 (RE2) shows the RE value for the 1941-83
(1900-40) verification period after calibration on the 1900-40 (1941-83) period, calculated for each nest. (d) The sign test (ST) ratio
(positive agreements divided by negative agreements) verification results through time. The ST, which measures how well the recon-
structed estimates track the year to year variations in the instrumental data (Fritts 1976; Cook and Kairiukstis 1990), shows that all
nested models pass verification.

in the colder months, and this selected season includes
the December—March period of strongest atmospheric
circulation variability in the North Pacific (Trenberth
and Hurrell 1994). The correlation between the De-
cember—May and December-March seasons is 0.95
over the 1900-2002 period.

dictive skill in the reconstruction (Gordon and LeDuc
1981) and significant sign test (ST; Fritts 1976) results,
that indicate that the tree-ring estimates successfully
capture the interannual variability present in the instru-
mental NPI data. The tree-ring based December—May
NPI reconstruction (TR NPI), dating from A.p. 1600-

Calibration and verification tests (Cook and Kairiuk-
stis 1990) indicate that the reconstruction model pro-
vides reasonably valid estimates of past NPI variability
(Figs. 2c and 2d). Cross-validation tests include positive
reduction of error (RE) statistics, which indicate pre-

1983, is presented in Fig. 2b. An intervention analysis
(Box and Tiao 1975), which is essentially a two-sample
t test that can be applied to autocorrelated data, was
applied to the NPI reconstruction to identify significant
shifts in the series. This analysis was made by compar-
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ing the mean values of 15-yr periods on either side of
each year throughout the series. While interventions
can take many forms, we tested only for step interven-
tions. This method is similar to that used by Mantua et
al. (1997) and Gedalof and Smith (2001) for identifying
shifts in the PDO.

The NPI reconstruction successfully tracks the
known regime shifts (1924/25, 1946/47, and 1976/77)
seen in the instrumental NPI during the twentieth cen-
tury (Trenberth and Hurrell 1994; Deser et al. 2004),
although the mid-1920s shift appears to predate the in-
strumental record by 2 yr. Although the quality of the
TR NPI decreases back in time (Fig. 2c), it indicates
that prior to the instrumental period there are decadal-
scale variations that may also represent regime shifts.
Significant “shifts” (at the 90% confidence limit) are
identified in 1627, 1695, 1762, 1806, 1833, 1853, and
1891. Comparison of the three nested time series (not
shown) indicates that the identified 1627 and 1762
shifts, which roughly equate to the start of the two re-
cent nests, are not artifacts of the nesting procedure.

To help assess the relationship between the TR NPI
reconstruction and Indo-Pacific climate, Figs. 3a and 3b
present maps that compare the spatial correlations of
December—May SST anomalies (Kaplan et al. 1998)
with the tree-ring reconstructed and instrumental NPI
records for the common interval 1900-83. The correla-
tions are based on 9-yr low-pass-filtered data to empha-
size the relationships on decadal time scales. The maps
show similar patterns of December-May SST anoma-
lies, indicating that the reconstruction captures the
dominant spatial features of the North Pacific-tropical
climate relationship during this period.

3. Coral-based Indo-Pacific Ocean tropical index
reconstruction

As a logical extension of the analysis made by Deser
et al. (2004), we next compared the TR NPI reconstruc-
tion to tropical climate proxy data to extend our infor-
mation on tropical-North Pacific linkages prior to the
twentieth century. As noted, Deser et al. (2004) pre-
sented significant correlations between an §'%0 coral
record from the western Indian Ocean [Malindi Marine
Park, 3°S, 40°E (Cole et al. 2000)] and an optimal tropi-
cal climate index (OTI) based on instrumental Pacific
and Indian Ocean SST, rainfall in the South Pacific
convergence zone, cloud cover in the central equatorial
Pacific, and SLP in the Pacific and Indian Oceans.
Herein, we expand upon this analysis and identify 12
coral proxy records from the Pacific and Indian Oceans
that correlate significantly with this index. We then de-
velop an independent large-scale reconstruction of the
OTT from these records for comparative analysis.

D’ARRIGO ET AL.

5257

From the National Oceanic and Atmospheric Ad-
ministration (NOAA) Paleoclimatology Program and
unpublished sources, there are more than 50 annually
to monthly resolved coral records that are =100 yr in
length, representing a variety of coral proxy types (e.g.,
calcification, 8'*0, Sr/Ca, U/Ca, Ba/Ca, and fluores-
cence data). Correlation analysis of annual (January—
December) time series identifies 12 coral records that
covary with the OTI at or above the 95% significance
level (Fig. 3c). Eleven of these coral time series are
records of skeletal §'®0O (a proxy that records the com-
bined effects of temperature and salinity changes dur-
ing the growth of the coral). The other coral time series
(HVI) is a record of skeletal fluorescence, which in this
case is viewed as a rainfall and river runoff proxy. De-
spite the potential additional influence of salinity
changes on coral skeletal §'®0, most of these records
are reported to portray significant correlations with lo-
cal SSTs (although there are also salinity effects). All
are also noted to show strong synoptic-scale climate
signal relationships with either ENSO or its teleconnec-
tions (Allan 2000). It is therefore not surprising, due to
the noted large-scale coherence of decadal-scale vari-
ability across the Indo-Pacific region (e.g., Trenberth
and Hurrell 1994; Mantua et al. 1997; Deser et al. 2004),
that these records correlate well (based on unfiltered
data) with the OTI. The locations of these 12 coral
series clearly fall within the regions where SST anoma-
lies are well correlated (positively) with the OTI; note
also that the sign (negative) of the coral record corre-
lations with the OTI (Fig. 3) is consistent with those of
the inverse relationship between coral 8'*0 and SST.

Following the same method utilized for the develop-
ment of the TR NPI reconstruction, nested principal
component regression was used to develop an indepen-
dent coral-based OTI reconstruction. The coral OTI
reconstruction is compared with the actual OTI series
in Fig. 4a. Fifty-six percent of the OTI variance is ex-
plained by the most replicated nest, which decreases to
33% for the 1781-1800 three-series model (Fig. 4c).
Split-period calibration—verification of each nested
model [calibration made over the 1900-43 (1944-86)
period and verified over 1944-86 (1900—43)] indicates
model skill with positive RE values for all nests back to
1801 (Fig. 4c). The sign test marginally fails for the
1900-43 period for the nests prior to 1881. It is likely
that the failure of the reconstruction prior to 1801 re-
flects the fact that the Malindi (MAL) record, from the
far western Indian Ocean (Fig. 3c), is not in the input
matrix prior to this period. The earliest three-series
nest did not utilize PC regression as the use of PCA on
so few records is not a valid approach. Rather, the se-
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FiG. 3. Spatial correlation plots. (a) Reconstructed and (b) actual NPI (inverted sign) compared to
Dec-May Pacific and Indian Ocean SST fields (Kaplan et al. 1998) for 1900-83. (c) OTI (Deser et al. 2004)
compared to annual SST anomalies over the period 1900-97. The contour interval is 0.2. The contoured
correlations only provide a guide to indicate that we are capturing the large-scale signal. All spatial
correlations were made using low-pass-filtered (9 yr) data. Coral records are shown that correlate signifi-
cantly (95% confidence limit), using unfiltered data, after taking into account autocorrelation in the non-
filtered time series (Trenberth 1984). Correlations for the 1900-86 period are shown in parentheses: MAL,
Malindi (1801-1992; Cole et al. 2000); MAH, Mahe, Seychelles (1846-1995; Charles et al. 1997); HVI,
Havannah Island (1644-1986, Isdale et al. 1998); NAI, Nauru Island (1897-1994; Guilderson and Schrag
1999); MAI, Maiana (1840-1994; Urban et al. 2000); TAR, Tarawa (1894-1988; Cole and Fairbanks 1990;
Cole et al. 1993); PAL, Palmyra Island (1886-1996; Cobb et al. 2001); F1J, Fiji (1781-1996; Linsley et al.
2004); RAR, Rarotonga (1726-1996; Linsley et al. 2004); JAR, Jarvis (1850-1998; A. W. Tudhope et al.
2005, unpublished manuscript); SUW, Suwarrow Atoll (1881-1998; A. W. Tudhope et al. 2005, unpublished
manuscript); and CLP, Clipperton Atoll (Linsley et al. 2000). All coral records are §'%0 except HVI, which
is fluorescence.
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Fi1G. 4. Coral-based reconstruction of the Deser et al. (2004) OTI. (a) Actual and estimated OTI series for the 12 coral series nested

PC regression model; adf is the adjusted degrees of freedom. The degrees of freedom were adjusted to account for the autocorrelation
in the data so that significance of the correlations could be assessed (Trenberth 1984). (b) The full coral OTI reconstruction. The
highlighted phase shifts were identified using an intervention analysis (significant at the 90% confidence limit). (c), (d) As in Fig. 2
except full calibration is over the 1900-86 period and split-period calibration—verification are made over the 1900-43 and 1944-86
periods. The reconstruction is well calibrated and verified back to 1801, except that the ST ratio is slightly below the 95% confidence
limit for the 1900-43 verification period prior to 1881. The earliest three-series nest did not utilize PC regression. Rather, the series were

entered into the regression model using a stepwise process.

ries were entered into the regression model using a
stepwise process.

Intervention analysis of the OTI reconstruction suc-
cessfully identifies the three climatic shifts of the twen-
tieth century (Trenberth and Hurrell 1994; Deser et al.
2004), although it should be noted that the significance
of the shifts at 1923 and 1942 are weaker than that for
1976 (p < 0.05) and are only significant at the 90%
confidence limit. Prior to the known twentieth-century
shifts, the intervention analysis identifies significant
shifts at 1825, 1879, and 1894 (Fig. 4b). As with the TR
NPI series, less confidence is advised when interpreting
these earlier shifts, as the fidelity of the reconstruction
decreases back in time (Figs. 4c and 4d) due to the
decreasing number of coral records (Fig. 4b).

4. Comparison of tropical and extratropical
reconstructions

Figure 5 compares the TR NPI and coral OTI recon-
structions. Running correlations show that the two se-
ries correlate significantly (note that the sign of the OTI
reconstruction has been reversed) for most of the twen-
tieth century, but prior to the calibration period corre-
lations are generally not significant, except for the early
nineteenth century where coherence is similar in
strength and sign to that of the twentieth century. We
note that the period of weaker correlation (centered in
the mid- to late nineteenth century) appears to coincide
with a period of generally weaker interannual variance
in the OTI reconstruction, suggesting that this may be a





















