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Two new climate reconstructions from the tropical Pacific show large changes in the zonal gradient of sea
surface temperature during the last 1.2 ka, with a much stronger zonal gradient from 1000-1300 AD.

The tropical Pacific is home to the El Nifio/
Southern Oscillation (ENSO), the largest
source of interannual variability in the
global climate system (McPhaden et al,,
2006). Our understanding of this impor-
tant climate mode is limited by incom-
plete knowledge of the history of ENSO
variability and the inability of many cli-
mate models to correctly simulate aspects
of tropical Pacific climate (Guilyardi et al.,
2009). Recently published lake sediment
records from the Galapagos archipelago
(Conroy et al., 2009a) and a high-reso-
lution marine sediment record from the
Makassar Strait (Oppo et al., 2009) add to
the emerging picture of past changes in
tropical Pacific climate. These new sedi-
ment records from the eastern equatorial
Pacific (EEP) cold tongue and Indo-Pacific
warm pool (IPWP), two key ENSO regions,
indicate substantial multidecadal to cen-
tennial variability in sea surface tempera-
ture (SST) during the last two millennia.
Here we use these proxy records and avail-
able ENSO reconstructions to explore the
changes in the zonal gradient of tropical
Pacific SST and ENSO variability over the
last 1.2 ka.

The zonal gradient of tropical

Pacific SST over the last 1.2 ka

A sub-decadally resolved sediment re-
cord from El Junco Lake (Galdpagos ar-
chipelago) provides a new climate record
from the EEP (Conroy et al., 2009a). The
strength of this record is that the proxy—
changes in the ratio of tychoplanktonic
to epiphytic diatoms (or, diatoms that are
suspended in the water column via wind
turbulence and those living attached to
shoreline vegetation)—correlates signifi-
cantly with instrumental SST during the
20t century (Conroy et al., 2009a). El Junco
is a closed-basin lake, and changes in lake
level result from changes in rainfall, which
in the Galapagos are tightly coupled to
EEP SST. When SST is warm, precipitation
increases, lake level rises, and there are
more tychoplanktonic diatoms in the lake.
When lake level drops from decreased
precipitation due to cooler SST, a greater
fraction of the lake area is near-shore, and
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Figure 1: Sea surface temperature (SST) reconstructions and zonal SST gradient of the tropical Pacific over the last
1.2 ka. a) Indo Pacific Warm Pool (IPWP) SST reconstruction in red (Oppo et al.,, 2009), eastern equatorial Pacific
(EEP) SST reconstruction in blue (Conroy et al.,, 2009a). Numbers in parentheses are diatom index values from
Conroy et al. (2009a). b) Zonal SST gradient (°C), calculated from the combined IPWP and EEP records. Light blue
curve is SST gradient calculated from instrumental SST data in the grid cells containing the proxy records (Smith
etal, 2008). Horizontal line indicates long-term mean zonal SST gradient.

more epiphytic diatoms are deposited at
the core site. The diatom-inferred SST indi-
cates that the warmest SST in the eastern
tropical Pacific in the last 1.2 ka occurred
in the last 50 years (Fig. 1a). Although an
increase in eutrophication in the 20™ cen-
tury due to cattle grazing around the lake
likely contributed to an overall increase
in diatom concentration, the increase in
nutrients did not alter the ratio of tycho-
planktonic to epiphytic diatoms, which
responds primarily to lake level. The trend
in our ratio begins prior to the increase in
concentration, and changes in this ratio
are not correlated with diatom concentra-
tion. Nutrient loading is also highest near
shore, and thus we would expect to see an
increase in shore species relative to open
water species if there was a preferential
impact on some diatom species. However,
we observe a decline in the abundance of
shoreline species during the last century.
Several pollen time series from the El
Junco core and a Galapagos coral record of
A™C (Guilderson and Schrag, 1998) agree
with our hypothesis of recent SST warm-
ing. However, other records, including El
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Junco grain size (Conroy et al., 2008) and
a 8D record derived from botryococcene
algae (Sachs et al., 2009) show markedly
different multidecadal to century-scale
variability compared to the diatom record,
even though all these proxies are hypoth-
esized to be related to precipitation. The
lack of agreement between different hy-
pothesized climate indicators within the
same basin likely indicates different factors
influencing various aspects of the lake en-
vironment. For example, sand abundance
is likely controlled more by the intensity of
rainfall than mean rainfall, whereas the di-
atom record, which responds to lake level
changes, is driven by both seasonal and
interannual rainfall and the balance be-
tween precipitation and evaporation. Dif-
ferences among the proxies highlight the
need for not only a multiproxy approach
when evaluating climate proxies, but also
modern limnological analyses and calibra-
tion with the instrumental record. To date,
only the diatom record is significantly cor-
related with instrumental climate data.

A new, continuous, high-resolution
reconstruction of SST from the IPWP was



recently developed from a foraminifera
Magnesium/Calcium (Mg/Ca) record cali-
brated with instrumental SST (Oppo et al.,
2009). The time series of SST calculated
from Mg/Ca ratios looks similar to regional
instrumental SST, providing confidence in
the 2-ka reconstruction, although there is
some uncertainty regarding the seasonal-
ity of the SST proxy (Oppo et al., 2009). To
create a high-resolution index of the zonal
SST gradient in the tropical Pacific, we
combined the El Junco diatom proxy for
EEP SST and the reconstruction of IPWP
SST (see Fig. 1). We first interpolated each
proxy SST record to the same ten-year
intervals. We then subtracted the recon-
structed Galapagos SST values from the
IPWP SST values. We also calculated the

SST gradient over the instrumental era us-
ing annual SST from grid cells containing
the sediment records and then applying a
20-year smooth to match the low frequen-
cy of the proxy SST gradient.

The resulting zonal SST gradient in-
dex ranges from 3.7 to 5.5°C over the last
1.2 ka. During the period of instrumental
overlap, changes in the proxy SST gradient
are of similar magnitude as changes in the
instrumental SST gradient. Prior to the in-
strumental period, the zonal SST gradient
was stronger during part of the Medieval
Climate Anomaly (MCA) from 1000-1300
AD, and then weakened in two steps from
1250 to 1300 and at 1650 AD. The strength
of the gradient remained low relative to
MCA values throughout the Little Ice Age
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Figure 2: Zonal Sea Surface Temperature (SST) gradient, western North America drought, and ENSO variability over
thelast 1.2 ka. a) 60-year smooth of drought area index for western North America, indicating % of area experiencing
drought (Cook et al, 2004). b) Calculated zonal SST gradient (°C). ¢) Number of El Nifio events in moving 30-year
windows from annual ENSO reconstructions (Cobb et al,, 2003; DArrigo et al., 2005; Mann et al,, 2000; Braganza et
al, 2009). d) 20-point smooth of red intensity units from Laguna Pallcacocha, Ecuador, a proxy for El Nifio events
(Moy et al, 2002). e) Lithic flux from marine sediment core on the Peru Margin. Increased flux indicates increased
El Nifio events (Rein et al,, 2004). f) Percent sand from El Junco Lake sediment core.
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until present. The strength of the gradi-
ent at 1000-1300 AD relative to present
(1.5°C stronger) is similar in magnitude to
the zonal SST gradient anomaly of 1.5-2°C
calculated by Graham et al. (2007) for the
MCA. A climate field reconstruction based
on many independent proxy records also
indicates a stronger zonal SST gradient
during the MCA (Mann et al., 2009).

ENSO, the zonal SST gradient, and
North American drought

Over the past 1.2 ka, diverse records in-
dicate that ENSO has experienced sig-
nificant decadal to centennial variability.
However, identifying common patterns
among ENSO reconstructions is challeng-
ing (Fig. 2). Lack of agreement between
proxies may be due to age model error
inherent in radiocarbon-dated records or
the different spatial expressions of El Nifo
events (Ashok et al., 2007). Another limita-
tion of most continuous ENSO reconstruc-
tions is their inability to separate changes
in El Niflo event intensity, frequency, and
duration from lower frequency climate
variability.

To detect event frequency, we require
annually resolved ENSO reconstructions
(e.g., Cobb et al., 2003; D'Arrigo et al., 2005;
Mann et al., 2000; Braganza et al., 2009).
We compare several annual ENSO records
in Figure 2c¢ by counting the number of
El Nifo events for each reconstruction
in moving 30-year windows. An El Nifio
event was defined as a year with a value
greater than or equal to one standard de-
viation for each time series. The annual
records show somewhat coherent chang-
es in ENSO frequency through time, al-
though the central Pacific reconstruction
(Cobb et al., 2003) records fewer events.
This may be due to the different spatial ex-
pressions of El Niflo events, or because the
other ENSO reconstructions contain sev-
eral records from western North America,
where climate cannot be attributed solely
to tropical Pacific variability.

It is difficult to separate changes in
ENSO variance due to external and internal
forcings on multidecadal to century times-
cales (Wittenberg, 2009). A strengthened
zonal SST gradient during medieval times
may have inhibited the development of
El Nino events (Mann et al.,, 2005). The
enhanced zonal SST gradient we observe
from 1000-1300 AD is coincident with
slightly fewer events in the segments of
the Cobb et al. (2003) coral record relative
to segments dating from 1300 AD to pres-
ent. However, the lower frequency proxy
records of El Nifio events indicate maxi-
mum ENSO frequency from 1000-1400 AD
(Fig. 2d-f). Thus, the strength of the zonal
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SST gradient may not be as tightly tied to
ENSO variability in the last millennium as it
seems to have been during the Holocene
(e.g., Koutavas et al., 2006). Alternatively,
the limitations of available ENSO proxies
may be hindering our understanding of
how interannual variability is related to
the mean state of the tropical Pacific.
Observations and model simulations
indicate that a strong zonal SST gradient
in the tropical Pacific favors persistent
drought in western North America (e.g.,
Seager et al.,, 2007). A comparison of the
western North American drought area in-
dex (Cook et al., 2004) and the zonal SST
gradient indicates that the most wide-
spread droughts of the last 1.2 ka occurred
from 1000-1300 AD, when the zonal SST
gradient was strongest. However, other
climate modes, such as North Atlantic
SST variability, also impact western North
American hydroclimate, making it difficult
to attribute all low frequency droughts in

this region to tropical Pacific SST variabil-
ity (Conroy et al., 2009b).

Directions for future tropical
Pacific research

Understanding the history of tropical Pa-
cific SST and ENSO variability requires a
high resolution, multi-site, multi-proxy ap-
proach. More annually resolved ENSO re-
constructions would be particularly useful,
as lower frequency ENSO reconstructions
will never be able to separate changes in
event frequency, intensity, and duration
from longer-term variability. Also, annual
records from within the tropical Pacific
domain of ENSO are more tightly linked
to the physical phenomena of ENSO, and
more desirable than reconstructions from
outside this domain. A potentially power-
ful solution to the limitations of existing
ENSO proxies is to combine high-resolu-
tion SST reconstructions from windows of
fossil corals with the continuous records of

tropical Pacific lake and marine sediment
records. Additional continuous, calibrated,
high-resolution SST records from the trop-
ical Pacific will also improve estimates of
the zonal SST gradient.
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Repeated isotopic analyses of single specimen of the thermocline-dwelling planktonic foraminifer
Neogloboquadrina dutertrei provide snapshots of past changes in the amplitude and frequency of El Nifio

and La Nina.

One of the most difficult tasks when re-
constructing past El Nifio-Southern Os-
cillation (ENSO) activity is to extract a
pure ENSO record by avoiding non-ENSO
climate signals embedded in climate ar-
chives. Among the non-ENSO climatic sig-
nals to be avoided, seasons are probably
the most important parameter to be con-
sidered because their imprint in climate
archives overwhelmingly conceal any in-
terannual mode of climatic variability.

To date, few paleoceanographic ar-
chives, such as tropical Pacific corals (Cobb
et al,, 2003) or eastern tropical Pacific lam-
inated sediments (Grelaud et al., 2009),
provide the sub-annual time resolution
required to separate the ocean variability
due to ENSO from that linked to season-
ality. Further, these archives are either re-
stricted in time coverage (e.g., decades or
centuries for corals, Cobb et al., 2003), or
sample warm periods exclusively (Grelaud
et al,, 2009). From this perspective, further
efforts to reconstruct ENSO from marine
sediment cores collected in areas strongly
impacted by ENSO variability (both the

amplitude and frequency of El Niflo warm
events and La Nina cold events) and with
comparatively minor seasonality changes
are required.

These conditions are found within the
thermocline of the permanently stratified

eastern equatorial Pacific warm pool. In
this region, the large temperature anom-
alies associated with interannual ther-
mocline tilt occurring zonally across the
Pacific are barely influenced by seasonal
changes. Hence any foraminifers living
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Figure 1: Expected 6"°0

CaCO3

(of N. dutertrei) at equilibrium calculated using temperature and salinity data at 50

m water depth at the core location (blue curve) compared to the Southern Oscillation Index (SOI; orange curve;
Australian Bureau of Meteorology) for 1980-2000 AD. Figure modified from Leduc et al,, 2009a.
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