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Interdecadal modulation of El Nifio amplitude
during the past millennium
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Jian Ma? and Xiao-Tong Zheng*

The El Nifio/Southern Oscillation (ENSO) is the dominant mode
of interannual climate variability on Earth, alternating between
anomalously warm (El Nifio) and cold (La Niiia) conditions in
the tropical Pacific at intervals of 2-8 years'2. The amplitude
of ENSO variability affects the occurrence and predictability of
climate extremes around the world®#, but our ability to detect
and predict changes in ENSO amplitude is limited by the fact
that the instrumental record is too short to characterize its
natural variability>~2. Here we use the North American Drought
Atlas®'°—a database of drought reconstructions based on
tree-ring records—to produce a continuous, annually resolved
record of ENSO variability over the past 1,100 years. Our record
is in broad agreement with independent, ENSO-sensitive proxy
records in the Pacific and surrounding regions. Together, these
records indicate that ENSO amplitude exhibits a quasi-regular
cycle of 50-90 years that is closely coupled to the tropical
Pacific mean state. Anomalously warm conditions in the
eastern Pacific are associated with enhanced ENSO variability,
consistent with model simulations™. The quasi-periodic ENSO
amplitude modulation reported here offers a key observational
constraint for improving models and their prediction of ENSO
behaviour linked to global warming.

Despite great efforts to understand the El Nifio/Southern
Oscillation (ENSO) phenomenon, there is still much uncertainty
in changes in ENSO amplitude. Instrumental records indicate
marked variations in ENSO amplitude, large around the 1890s—
1900s and 1970s—1990s, but small between these periods and
before 1890 (Supplementary Fig. S1). Existing proxy records suggest
significant variability in ENSO amplitude in the past*'>!*, but they
cover only the past few centuries or noncontinuous periods of
the past millennium. Current general circulation models (GCMs)
give different projections of future ENSO-related change, with
some showing an increase and others no change or even a
decrease in ENSO amplitude®’. Therefore, it is crucial to develop
long, continuous, high-resolution proxy records to determine
the characteristics of natural ENSO variability, and to provide
observational constraints for improving the models”?.

Proxy records from the equatorial Pacific are valuable for
studying past ENSO behaviour'>™™, yet very few such records exist.
This situation has impeded the study of long-term ENSO amplitude
modulation. By contrast, thousands of tree-ring records without
these deficiencies are available for North America, a region where
hydroclimate is sensitive to tropical Pacific climate anomalies on
various timescales'!®. Such tree-ring records have been used to
develop the gridded North America Drought Atlas”!® (NADA) (see

Methods and Supplementary Information). Here we demonstrate
the fidelity of NADA in recording long-term ENSO variability,
particularly variations in ENSO amplitude on interdecadal to
centennial timescales.

The leading empirical orthogonal function (EOF) of NADA,
which accounts for 23.5% of the total variance, shows a distinct
moisture pattern heavily loaded over southwest North America
(Methods and Fig. la), a region strongly affected by ENSO
variability'>!®. The explained variance of the first EOF for the
southwest North America domain rises to 49.5% (Supplementary
Fig. §3), and its principal component (PC) has a correlation of
0.99 with that for the whole of North America over the past
1,100 years. This confirms that NADA PC1 dominates variability
in southwest North America.

The fidelity of NADA PC1 in representing ENSO variability is
demonstrated in five ways: (1) NADA PCl is significantly correlated
with equatorial Pacific sea surface temperatures'” (SSTs) during
the instrumental period (Fig. 1c). For example, its correlation
with the January—March (JFM) ENSO Nifio3 index for 1870-
2002 is 0.51 (P < 0.001) (Supplementary Fig. S4). (2) NADA
PCI is significantly correlated with a modern coral record from
Palmyra Island in the central tropical Pacific”®, at r = —0.58
for the common period 1891-1994 (P < 0.001) (Supplementary
Fig. S5). After adjusting relict coral U/Th dates within the analytical
error windows', we found possible correlations between North
American drought and tropical corals that persisted throughout
the past millennium (Methods and Fig. 1d). Considering the
independent nature of these proxy records, this agreement is
remarkable, strongly indicative of a coherent relationship between
ENSO and North American drought over the past millennium. (3)
NADA PCIl is highly correlated with, but is significantly longer
than, the existing ENSO reconstructions (Supplementary Table S1).
Most of these reconstructions are largely, although not entirely,
independent, as they only share a few common tree-ring data from
southwest North America. This suggests that NADA PCI represents
reasonable estimates of ENSO variability over the past millennium.
(4) Separate composite analysis of NADA for periods of large
and small PC variability over the past millennium shows nearly
identical patterns (Supplementary Fig. S6). This pattern stability
suggests that the westerly waveguide is stable in tropical forced
stationary waves, and that NADA PCI represents the modulation of
ENSO itself. (5) Separate EOF analysis shows that the first EOF of
NADA is heavily loaded over southwest North America both before
and after the 1976/1977 climate regime shift'®!, and the PC is
highly correlated with tropical eastern Pacific SSTs for both periods
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Figure 1| The leading EOF pattern of NADA, its PC series and correlation of the PC series with tropical records. a, Spatial pattern of the leading EOF over
North America, and b, its PC time series. The percentage variance accounted for by the leading EOF is labelled in a. €, Spatial correlation of NADA PC1 with
global JFM SSTs (ref. 17) during 1870-2002. The SSTs were processed using a 9-yr Lanczos high-pass filter3° to isolate interannual variability. The box
denotes the Nifio3 region, and the dots indicate the site locations mentioned in the text (I: Palmyra corals™, II: Galdpagos coral'?, Ill: Chile tree rings23, IV:
Vietnam tree rings2*, V: Mexico sediment?®, VI: Washington sediment?’). d, Comparison of NADA PC1 (blue) with the dating-error corrected Palmyra

relict coral 880 series' (red) over 1637-1705.

(Supplementary Fig. S7). Although there exist some differences in
the EOF pattern and correlation with tropical SSTs between the two
periods, these results indicate that moisture variability in southwest
North America has been sensitive to ENSO variability both before
and after the 1976/1977 climate regime shift. The relationship
to ENSO is further confirmed by the SST correlation pattern
for 1870-2002 (Fig. 1c). Therefore, teleconnections of canonical
eastern Pacific ENSO (hereafter simply ENSO) are probably stable
over southwest North America. On the basis of these validations,
we consider that NADA PCI represents a continuous record of
interannual ENSO variability during the past millennium.

As inferred from NADA PC1, ENSO amplitude has been highly
variable during the past millennium, with many El Nifio/La Nifa
events of larger amplitude than observed in the instrumental
period (Fig. 1b). Here we calculated a 21-yr running biweight
variance®® to measure changes in ENSO amplitude. This technique
highlights the interdecadal amplitude modulation of a time series
while reducing bias that might be introduced by extreme outliers
in a 21-yr window. As shown in Fig. 2a, superimposed on a
general rising trend are large fluctuations in ENSO variance
on interdecadal to centennial timescales. ENSO variance was
reduced in the Medieval Climate Anomaly (MCA) period, with the
eleventh-century variance being the lowest of the past millennium.
Following this, the variance showed an increasing trend in the
Little Ice Age (LIA), and maintained a high level from the
eighteenth century to the Current Warm Period (CWP). On
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average, the eighteenth-century ENSO variance was the strongest
of the past millennium.

A multi-taper method?! (MTM) spectral analysis reveals two
significant quasi-regular periodicities at 50—-60-yr and 82-90-yr
bands, respectively (Fig. 3a), confirming the visual impression of
interdecadal modulation of ENSO amplitude. A time-space wavelet
transform®” exhibits a marked shift in the dominant periodicity,
concomitant with the transition from the MCA into the LIA, from
a 82-90-yr cycle during Ap 900-1300 to a 50-60-yr cycle thereafter
(Fig. 3b). Meanwhile, a 30-yr cycle is present during Ap 15001800
and in the MTM analysis. The shifts in ENSO periodicity, together
with a general increase in variance (Fig.2a), may reflect major
reorganizations within the tropical ocean—atmosphere system, or
alternatively significant ENSO teleconnection changes from the
MCA to LIA.

We found evidence for such interdecadal fluctuations in ENSO
variance elsewhere, especially in the equatorial Pacific and regions
under strong ENSO teleconnections. Variance modulation in North
American tree rings is consistent with that observed in the Nifio3
SST, and the two variance series are correlated at 0.64 (P < 0.001)
during their common period 1880-1992 (Fig. 2a). A coral annual
average oxygen isotopic (§'80) record from the Galdpagos Islands
in the eastern equatorial Pacific'? exhibits quasi-periodic variance
modulation similar to that in North American tree rings during the
past four centuries (Fig. 2b). The coral §'®0 records from Palmyra
Island in the central tropical Pacific'®, although not continuous,
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Figure 2 | Comparison of records of ENSO variance. NADA-derived ENSO
variance (blue) along with those derived from: a, the observed Nifio3 SST
(ref. 17; red) over 1880-1995; b, coral records from both the Galapagos
Islands in the eastern equatorial Pacific'? (green) and Palmyra Island in the
central tropical Pacific'® (red); ¢, tree-ring record from an ENSO-sensitive
site in El Asiento, Chile?3 (red); d, tree-ring record from the Bidoup Nui Ba
National Park in southern Vietnam24 (red). All records were processed
using a 9-yr Lanczos high-pass filter3® before calculating a 21-yr running
biweight variance. The black bold line in a denotes a 400-year low-pass
filter to indicate the long-term trend.

show broadly consistent changes in variance during the past nine
centuries (Fig.2b). Tree-ring records from an ENSO-sensitive
site in El Asiento, Chile, in the Southern Hemisphere?, exhibit
similar interdecadal fluctuations in variance over most of the past
six centuries, except during the late nineteenth century, when
there is an out-of-phase relationship (Fig. 2c). Recent tree-ring
records from the highlands of Bidoup Nui Ba National Park in
southern Vietnam?*, a tropical region strongly influenced by ENSO
teleconnections, also show in-phase fluctuations in variance with
North American tree-rings during the thirteenth to seventeenth and
most of the twentieth centuries, although this relationship was out-
of-phase during the eighteenth to nineteenth centuries (Fig. 2d).
We note two caveats of the above proxy comparisons. First, unlike
the NADA, which is based on nearly two-thousand tree-ring
chronologies across North America, other proxy data often consist
of only a single series for a given site, and are prone to chaotic
noise and regional variability. Second, the long-term stability of
ENSO influence in other teleconnection regions needs further
investigation, unlike North America where we have validated
a persistent relationship to ENSO during the past millennium.
Opverall these records from the tropics and mid-latitudes in both
the Northern and Southern Hemispheres are mutually consistent.
Together they show quasi-periodic amplitude modulation, and
suggest that such modulation is fundamental to ENSO physics.
How ENSO amplitude modulation is related to changes in the
tropical Pacific mean state is a key question for ENSO physics®!».
Here we examine this relationship during the past millennium by
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Figure 3 | Spectral property of the NADA-derived ENSO variance series.
a, MTM (ref. 21) spectral density of the ENSO variance series. The bold line
indicates the null hypothesis, and the dash (dotted) line indicates the 95%
(99%) significance level, using a red-noise background spectrum.
Periodicities of significant peaks are labelled above the spectral density line.
b, The wavelet power spectrum?2. The power has been scaled by the global
wavelet spectrum. The cross-hatched region is the cone of influence, where
zero padding has reduced the variance. Black contour is the 90%
significance level, using a red-noise background spectrum.
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Figure 4 | Comparison of the NADA-derived ENSO variance series with
records of the tropical Pacific mean state. NADA-derived ENSO variance
(red) along with: a, a diatom record from El Junco Lake, Galapagos, in the
eastern equatorial Pacific'* (black). b, A carbonate ion (CO32™) record
from Aguada X'caamal Lake in northwest Yucatan, Mexico?® (black).

¢, A greyscale record from Castor Lake in Washington state, USA (ref. 27)
(black). All lake records were smoothed using a 9-yr low-pass filter. Upward
swings in black curves represent a warm state of the tropical Pacific.

comparing the NADA-derived ENSO variance series with three
proxy records for the tropical Pacific mean state. The first is a
diatom record from El Junco Lake, Galdpagos, an indicator of
SSTs in the eastern equatorial Pacific'* (Fig. 4a). The second is
a carbonate ion (CO;>~) record from Aguada X’caamal Lake in
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northwest Yucatan, Mexico (Fig. 4b) that indicates SST changes in
the surrounding ocean®. The third is a greyscale record from a
sediment core from Castor Lake in the Pacific Northwest, whose
low-frequency variations are interpreted as changes in the tropical
and extratropical Pacific mean state”” (Fig. 4c).

Despite discrepancies that may reflect either data uncertainties
or changes in SST spatial structure, these three records indicate that
the eastern tropical Pacific was in a cooler state at the peak of the
MCA (~ap 1000-1200), and that there was a persistent positive
temperature trend in the LIA and CWP (Fig. 4). ENSO variance was
thus greatly reduced during most of the MCA, increased persistently
in the LIA, and maintained a high level in the CWP. Moreover,
interdecadal fluctuations in ENSO variance seem closely related to
anomalies in the Pacific mean state during the past millennium.
The Castor Lake data, in particular, suggest that a warm (cool)
eastern tropical Pacific is associated with increased (reduced)
ENSO variance over most of the 1,000-year record (Fig. 4c).
These observations suggest that ENSO variability during the past
millennium is closely coupled to changes in the background mean
state, a finding that is supported by recent model simulations®!!.

The quasi-regular nature of ENSO amplitude modulation, and
the co-variations with the equatorial Pacific mean state, support
the emerging idea that there is a positive feedback between the
mean state and ENSO variance!!. An increase in ENSO amplitude
causes the eastern equatorial Pacific to warm, a mean-state change
that amplifies ENSO variability. If fully tested in observations
and process-oriented model studies, this idea can be exploited for
decadal prediction of ENSO amplitude.

In summary, using data on North American tree rings, we have
produced a continuous, annually resolved record of ENSO vari-
ability for the past millennium. This record is in broad agreement
with independent proxy records in and surrounding the Pacific over
most of their common periods, revealing a marked quasi-regular
interdecadal modulation of ENSO amplitude throughout the past
millennium. The amplitude modulation is closely associated with
changes in the tropical Pacific mean state, suggesting an interactive
relationship. This observation alone implies that the continued
increase in eastern-central tropical Pacific SST's in a future warmer
climate>” will lead to enhanced ENSO variability and more extreme
climate conditions around the globe. The diverse response of a
host of ocean—atmospheric feedbacks complicates such a prediction
of ENSO amplitude change®”. Regardless, the quasi-periodic
modulation of ENSO amplitude provides a crucial observational
constraint that can be used to guide model improvement towards
reduced uncertainties in predicting future ENSO behaviour. Finally,
the further study of the mechanisms responsible for such ENSO
amplitude modulation (for example, stochastic atmospheric noise?®
and external forcing?) will help shed light on ENSO dynamics.

Methods

The updated North America Drought Atlas (NADA). The NADA (ref. 9) consists
of annually resolved summer (June-August) Palmer Drought Severity Index
(PDSI) reconstructions derived from tree rings, available on a 2.5° x 2.5° grid
over most of North America (Supplementary Information). Compared with the
initial release of the NADA, the updated version (NADAv2a) used more tree-ring
chronologies (1845 in total) to improve the PDSI reconstructions, but the grid
spacing, series length, and statistical methods remain unchanged'®. Here we
analyse the updated NADA for ap 9002006, a period when reconstructed values
are available at more than 60% of all grid points (Supplementary Fig. S2). Time
series at each grid point were processed using a 9-yr Lanczos high-pass filter® to
preserve variability in the classical ENSO band of 2-8 years"?. Empirical orthogonal
function (EOF) analysis was used to objectively define the dominant mode of
summer drought over NA, and the associated principal component (PC) series was
used to indicate its variability over time.

Relict coral dating error corrections. By splicing together relict coral oxygen
isotopic (8'30) records from Palmyra Island in the central tropical Pacific,

Cobb et al."® provided 30-150-yr windows of tropical Pacific climate variability over
the past 1,100 years. Their modern coral samples were exactly dated, whereas relict
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corals were dated using the U/Th method, which contains a general dating error
of &+ 5-10-yr. Therefore, if there were a coherent relationship between ENSO and
North American drought over the past millennium, then, by adjusting the relict
coral sequences within the range of their U/Th-dating errors, a firm match could be
achieved between the coral §'O sequences and NADA PC1.

We first examined the modern coral record. As NADA PC1 represents
seasonally averaged moisture variability that has its highest correlation with winter
(January—March) tropical Pacific SSTs, we herein used the January—March mean
coral 8'80 records to make them directly comparable. All series were processed
using a 9-yr Lanczos high-pass filter® to highlight interannual variability. The
highest correlation of the modern coral §'O record with NADA PC1 over their
common period 1891-1994 is —0.58, which is close to its correlation with the
Nifio3 index (—0.61) in the same period. The highest correlation was achieved
at lag zero, confirming that there is no dating error for modern coral. This
good match between modern coral and NADA PCI corroborates the dating
error correction method.

The seventeenth-century sequence was spliced from three relict coral §'*O
records (SB3, SB13, and SB8), and was correlated at —0.06 with NADA PC1 before
dating errors were corrected. Dating error for each of the three individual series
was corrected by adjusting years within the range of U/Th-dating errors. A firm
match with NADA PC1 was achieved for each series after dating adjustments,
with correlations improved from 0.17 to —0.41 for SB3, —0.20 to —0.62 for SB13,
and —0.27 to —0.51 for SB8. After correcting the dating errors and re-splicing
the three sequences together, a good match between relict corals and NADA
PC1 was achieved, with a correlation of —0.47 over their common period
1637-1705 (Supplementary Fig. S4). Similarly, dating errors were corrected for
the fourteenth—fifteenth-century sequence, and its correlation with NADA PC1
improved from —0.14 to —0.35 over the common period 1339-1443.

The tenth- and twelfth-century sequences are both single relict coral §'*O
records. The best match between the tenth-century sequence and NADA PC1 was
achieved after adjusting the start year of the relict coral sequence from Ap 933 to
AD 931, and their correlation over the common period 931-954 improved from 0.08
to —0.43. The correlation of the twelfth-century sequence with NADA PC1 over
their common period 1154-1215 is —0.19, and there is no significant improvement
when its dating was adjusted within the range of its U/Th-dating error. Therefore,
we did not make a dating error correction for this sequence.
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