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ABSTRACT

The kackground state and changes associated with the E{Sdifithern
Oscillation (ENSO) in the tropical Pacific Ocean influence climate patterns all over the
world. Understanding how the tropical Pacific will be impacted by climate change is
therefore critichto accurate regional climate projections. However, sparse historical data
coverage and strong natural variability in the basin make it difficult to assess the response
of the tropical Pacific to anthropogenic climate charigerther, climate models digree
regarding the response of the basin to continued anthropogenic forcing into the future.
Building off of the limited instrumental recartigh-resolution records from coral and
lake sediment archivesan be used to assess the respondedfopicalPacific topast
climatechangs andto compare and assess climate model projections. In the present
study, | use higiresolution coral and lake records from the equatorial Pacific to assess
climate model projections arlde response of the coupled oceamospheric climate
system in the basin (ocean temperature, salinity, wprésjpitation) to natural and

anthropogenic forcing.

Using a simple model of how climate is recorded by corals, we compare historical
climate data and climate model simulationshwaoral paleoclimate records to assess
climate model projections and address uncertainties in the historical data, models and
paleoclimate records. We demonstrate that this simple model is able to capture
variability and trend observed in the coral relsprand show that the both sea surface

temperature and salinity contribute to the observed coral trend. However, we find major
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discrepancies in the observed and climate model simulaieds in the tropical Pacific

that may be attributetd uncertaintiegn model simulated salinity

We thenasses@0"-centuryvariability andtrendsin SSTandsalinityin the
centraltropical Pacificusingreplicatedcoral i*°0 andSr/Carecordsfrom the Republic
of Kiribati andthecentralLine Islands We find thatthe coralrecordsfrom thesesites
displaya warmingandfresheningrendsuperimposedn stronginterannuabndlow-
frequencyariability. Further,we demonsrateanapparenstrengtheningf the E-W
SSTgradientacrosghe dateline(betweenl73°Eand160°W)anda slight weakeningof
theN-S SSTgradientdueto enhancedvarmingalongthe equatorandwestof the
datelinerelativeto othersites. However,we find no evidenceof increasd variability in
the centralPacific, suggestinghattherehasnot beenanincreasan centralPacific style
ENSOevents Finally, we showthatthe salinity responseo climatechangemaybevery

patchywithin the basin.

Usinga new ~90 year coral Mn/Ca record from the central Pacificnvestigate
variability and trends in tropical Pacific trade windBirst, we demonstrate strong
association between westerly wind anomalies and coral skeletal Mmi&h recorded
all of themajor historical El Nifio events of thetQOentury. In this new long Mn/Ca
record, wefind a reduction in the amplitude and frequency of Mn/Ca pulsaseen
1893 and 198Xuggesting a decrease in westerly wind anomalies in the western

equatorialPacific Ocean.
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Finally, we use a sedimergcord from Bainbridge Crater Lake, Galdpagos
Archipelagoto assessariability in the eastern tropical Pacific ovitie past ~6 thousand
years. Based on results from letegm monitoringof the lakewe propose new climate
interpretation of the sediment recamdd find further evidenceeduced mieHolocene

ENSOvariability anda ramp up of ENS®ariability startingaround1775 cal. years BP.
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INTRODUCTION
1.1Significance

Understanding the effects of climate champ the El NineSouthern Oscillation
(ENSO) is crucial for regional climate predictions, because ENSO events drive intense
floods, droughts and temperature anomalies all over the world. However, despite the
importance of ENSO to climate on a global scaleservational and model products
disagree regarding the trends in the tropical Pacific (Vecchi et al. 2008); therefore, it is
still unclear how the tropical Pacific Ocean and ENSO will be impacted by climate
change.Determining the expected range ofute ENSQrelated variability is especially
important here in the Southwest, where water resources are particularly vulnerable and
strong ENSGrelated droughts exacerbate the already depleted water sUjbyay.
network of highresolution coral and lake rets from across the equatorial Pacific
developed in this work provide insight into the response of this system to past changes in
radiative forcing, and may thus help constrain predictions for future change within the

tropical Pacific.

1.2 Background

1.2.1 - Variability within the tropical Pacific and hypotheses for the future
Approximately every & years, the strong easterly trade winds within the tropical

Pacific Ocean weaken and anomalously warm temperatures stretch across the basin,

heralding an El Nio event (e.qg., Figure 1). Because these temperature anomalies alter

atmospheric circulation patterns far outside the Pacific, El Nifio events (and their cold
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wate counterparts, La Nifa eventsfect climate worldwide, driving intense floods,
droughts ad temperature anomalies.

Two main responses to greenhouse gas (GHG) forcing over the tropical Pacific
have been proposed, one in which the-easit zonal seaurface temperature (SST)
gradient strengthens and one in which the zonal gradient weakargo Ehe similarities
of these patterns to those that develop during ENSO events, these responses have been
referredtoa® L a -Ni §ad anldi kiskds respactfyaly. There have been
numerous mechanisms proposed to explain these two quibsitgopesponses within the
tropical Pacific. Differential latent heat flux responses, atmospheric stability and cloud
feedbacks have been invoked to explain the El MKeresponse to warming in the
tropical Pacific. For instance, enhanced evapora@meping of SSTs in the western
Pacific relative to the eastern Pacific may lead to a reduced SST gradient (Wallace 1992,
Knutson and Manabe 1995). Similarly, a reduced SST gradient may result from
differential shortwave and longwave cleadver feedbacksvith negative clougover
forcing over the west (Ramanathan and Collins 1991, Meehl and Washington 1996,
Meehl et al. 2000), and positive cleadver forcing over the east (Klein and Hartmann
1993, Meehl and Washington 1996, Meehl et al. 2000)s reponse maylsoresult
from a reduction in the strength of the Walker circulation and increased atmospheric
stability as a result o& greater change in atmospheric water vapor content relative to
precipitation under GHG forcing (Held and Soden 2006)contrast, Clement et al.

(1996) invoke ocean dynamics to explain the response of the tropical Pacific to uniform

warming, suggesting that anomalous upwelling offsets warming in the eastern equatorial
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Pacific and results in an increased SST gradient. Magmriments incorporating
natural solar and volcanic forcing changes over the past 1000dgaosstratéhat
heating forced by increased solar activity and/or decreased volcanic anotivieypast
haveresuledin an increased SST gradient within theciic (Mann et al. 2005).

However, it is likely that the response of the tropical Pacific to GHG forcing will
be quite different from its response to natural forcing over past millennia. Some suggest
that the O6ocean t her monsigniarasponse to bndonr faang may
(Liu 1998, Seager and Murtugudde 1997), with differential latitudinal heating (with more
warming in the extratropics) counterbalancing this cooling on longer timescales (Liu
1998, Seager and Murtugudde 1997). Theretbese two proposed responses of the
tropical Paciikfeiéc v($oiEdle @&N)iNfimhh g not be mutuall
may operate on different timescales. Furthermore, DiNezio et al. (2009) suggest that a
reduction in the strength of the Walker ciiation does not require a significant change in
the zonal SST gradient, suggesting the ocean and atmosphere may decouple under future
warming.

Changes in mean state of the tropical Pacific may in turn modulate the strength,
frequency, and spatial patteshENSO events (e.g., Federov and Philander, 2068 et
al., 2009 Li et al., 201). Decadal changes in the strength and frequency of ENSO
events, withsome of the strongest events of the instrumeatalrd during the last couple
of decades, suggestthinterannual variability in the tropical Pacific is closely tied to the
background state (e.g., Federov and Philander, 2000). Further, the recent prevalence of

ENSO events with maximum anomalies in the central Pacific (central Pacific or El Nifio
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Modoki events, Figureld), suggests that the spatial pattern of ENSO events may also be
influenced by the background state and greenhgasdorcing (e.g., Yeh et al., 2009).
However, whether such decadal variations in the strength, frequency and spatial patter
of ENSO reflect forced changes or the response to noise in the nonlinear &gtem

Wittenberg 2009, Yeh et al., 201i%)still a matter of considerable debate.

50°E 100°E 150°E 160°W 110°W

Figure 1: (a) December ERSST v2 SST anomaly (°C) averaged over the past three major
El Nifio events: 1972, 1982, and 1997 and (b) December 2009 ERSSTv2 SST anomalies
(UC), where the 6x6s06 mark the locations
the Republic of Kiribati (Maiana and Onotoa), and the Galapagos (Bainbridge Crater
Lake).

1.2.2 - The balance of evidence
Climate model simulations disagresgarding trends within the tropical Pacific

(e.g.,Yeh et al., 2012)making it difficult b addresfiow the basin will respond fature

0]
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climate chang Although most coupled glabclimate models (CGCMsnd
atmospheric models (with simplified oceasapgest aifl Nifio-like response to GHG
forcing (Collins et al. 2005, Meehl et al. 2007, Vecchi and Soden 2007, Vecchi et al.
2008 Guilyardietal. 2012, slab ocean models with engplified atmosphere (e.g., Cane
Zebiak Model) suggest a La Nifike response Model simulations also disagree greatly
regarding future variability within the tropical Pacific (Meehl et al. 2@ilyardietal.
2012 Kim and Yu2012 Stevenson et a2012), suggesting that the relationship between
mean state and variability is still not well understood. Although there is an emerging
consensus that the tropical Racwill experience enhanceshuatorial warming and a
shoaling of the thermoclinenderfuture greenhouse gas forci(igu et al., 2005;
Guilyardi et al. 20096 astineau and Soden, 20@¥Nezio et al., 2009Collins et al.
201Q Widlansky et al., 200)3multimodel comparison studies suggest that the most
likely response of the tropical PaciSST gradient will be one of no change (Collins et
al. 2005, Liu et al. 2005, Guilyardi et al. 2009

Due to the disagreement among climate model projections for the tropical Pacific,
recent research has turned to historical observatioassess thesponse of the basin to
20"-century warming However, historical products disagree regarding the trend in the
SST gradient (Vecchi et al. 200Beseretal. 2010, with the magnitude angign of the
trenddependenbn the seasorK@rnauskat al. 2009)and time period (Liu et al. 2005)
analyzed.Further observations that suggest the SST gradient has strengthened (Cane et
al. 1997, Hansen et al. 2005, Hansen et al. 2K86)auska®t al. 2009 An et al., 2011

appear to be at odds with the weakenihthe Walker circulation inferred from SLP
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observations (Vecchi et al. 2006, Zhang and Song 2006, Bunge and Clarke 2009
Tokinaga et al., 20)3jiven that the ocean amatimospherare strongly couplenh the
tropical Pacifi(Bjerknes 1969) Further,although SLP anomalies suggest that there has
been a weakening of the Walker circulation, there is no clear corresponding trend in
zonal wind anomalies (e.g., Wu and Xie, 2003, McVicar et al., 008

Because historical climate record is too short and uneddaletermine the range
of natural variability or to desern the response otithygical Pacific Oceato
anthropogenic forcing,igh-resolution proxy records from theasinare needed to
determine the effect of anthropogenic forcinglo& background ate of the tropical
Pacific andhe strength of ENSOHowever, there have been few direct tests of these
hypotheses using proxy records, and most that have addressed this issue have relied on
the translation of the ENS€@lated SST anomaly through the asphere, often to
remote areasutside of the tropical PacificDue to the nonlinear nature of these
atmospheric teleconnections, the relationship between ENSO and these proxy records
may change through time, muddling their interpretatibarther,althaughlong lake and
treering records provide a means to assess millennial to centennial variability in the
tropical Pacific, theiannual at besesolution is typically too low tdecipher changes in
ENSOvrelated variance from changes mean state or determuw these trends may vary
seasonallyAs many of these proxy records may only record EN&@&ed anomalies in
a certain season, the integration of the climate signal in theseesmltion proxies may
also result in a seasonal biaalthough typically much shorter in length, records from

annually banded corals provide a means to obtairasmnally resolved records of
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surface ocean conditions at the time of their growatid may thus provide direct proxy

records for past changesthe tropical Paciti. In this work we capitalize on the

advantages of highesolution records from both corals and lakes at sites across the
equatorial tropical Pacific (Figure 1) to assess changes in the background state and ENSO

variability in response to changesnatual and anthropogenic forcing.
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PRESENT STUDY

Presented here are four studies that utilize climate model simulations and a
multiproxy network of paleoclimate records from across the equatorial tropical Pacific
Ocean to address changes in mean statd=dISO variability within the basin. Each
publication is presented in appendixand isformatted as required likie specific
journals. All articles are coauthored, and | am senior author on all four manuscripts.

In the first Appendix (Awe use a simgl model of howclimate isrecorded irthe
coral skeleton to convert historical climate data and climate model simulations into
synthetic cor al records (fAipseudocomal so) .
only assess climate model projectidosthe tropical Pacific, but also address
uncertainties in the historical climadatag climate model simulations arlde coral
paleoclimate records. Modeling pseudocorals with historical data, we demonstrate that
this simple model is able to captuhe variability and trend observed in the network of
coral records over the ?@entury. We then use the model to assess the magnitude of the
observed coral trend and tredative contribution of sea surface temperature and salini
to this trend, importarmemaining questions in corpaleoclimatology Finally, we
compare pseudocorals modeled froistorical simulation®f coupled general circulation
modelswith the observed coral networkVe find major discrepancies in tlubserved
and simulated trends ithe tropical Pacific, and find that these discrepancies may be

attributed (at least in part) toncertainties in the observed and modeled salinity.field
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These resultemphasize the need for additional proxy reconstructions of salinity and
U*%0sy (Apperdix B).

In Appendix Bwe usereplicatedrecordsirom the Republicof Kiribati andthe
centralLine Islandsto asses@0"-centuryvariability andtrendsin SSTandsalinityin the
centraltropical Pacific We usethesenewrecordsalongwith the previousy published
recordfrom PalmyraAtoll (6°N, 162°W, [Nurhatietal. 2009;2011a],to addresshe
spatialfingerprintof warmingwithin the basinin termsof changesn theE-W SST
gradientacrosghedateline(betweenl73°Eand160°W)andthe N-S equatoral SST
gradient. We alsocapitalizeon the differentialimpactof easterrPacificandcentral
Pacifictype ENSOeventsat thesesitesto addresgrendsin thesetwo typesof ENSO
events. First,we demonstrat¢hat Sr/CaSSTvariationsarehighly reprodudble between
two coral recordsfrom Kiribati, despitebeingseparatethy over400km. We find that
theSr/CaSST] 0,and 0 recordsirom thesesitessuggesawarmingand
fresheningrendsuperimmsedon stronginterannuabndlow-frequencyvariations
relatedto ENSOandthe modesof PacificdecadalSSTvariability. Further,thecoral
recordssuggestthatthewarmingat Kiribati (173-175°E)mayhavebeengreaterthan
furthereastat Jarvis(160°W), resultingin anapparenstrengthenin@f the SSTgradient.
In contrastthewarmingtrendis similarin magnitudebetweenlarvisnearthe equator,
and Palmyraat 6°N, suggestinghattherehasnot beena strongenhancemendf warming
alongthe equatoror changdn the N-S SSTgradient. We alsofind no detectablencrease

CPvariability associateavith CPtype ENSOeventsoverthe 20" century. Finally, we
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showthatcoral| 0 reconstructionsuggesthatthesalinity responséo climate

changemaybevery patchywithin the basin.

In the third Appendix (C) wenvestigatevariability and trends itropical Pacific
trade windgdo assess thresponse of the Walker circulatimmwarming Despite the
importance of trade wind strength and direction as fundamental components of ENSO
and the Walker circulationjgtorical observations of tropical Pacific winaise limited
anddisagree on longerm trends In this work, we use a new ~90 year coral Mn/Ca
record from Tarawa Atokind zonal wind data from the ®2@entury reanalysis projetd
demonstrate a strong association between westerly wind anomalies and coral skeletal
Mn/Ca. This ~90 yearoral Mn/Ca record captures the major historiglaNifio events
of the 20" century, includingseveralstrongevents that are underestimated or absent in
historical SST and wind dataset3 his record therefore provides the first long
reconstruction of &rde winds in the ENSO active region of the tropical Pacifie find
areductionin Mn/Ca variability resuting from a decreasghe amplitude and frequency
of Mn/Ca pulses within this 9@ear recordsuggestin@g decrease in westerly wind
anomalies intlie western equatorial Pacific Ocdaetween 1893 and 1982

In the final Appendix (D), we use a sediment record from Bainbridge Crater Lake,
Galgagos Archipelago to put the2@enturychanges into the context of variability
observed over the pasd. $x thousand yearslt has been proposed that the kind of
laminations preserved in the Bainbridge sediment record may provide a record of El Nifio
events of different intensities (Riedinger et al. 20@2yvever, current hypotheses for

how the ENSO eventsapreserved in the lake sediment record have not been directly
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tested. In this work, we monitored the local climate and limnologdlyeofaketo

determine how seasonal to interannual climate variability gets recorded in the sediment
record. Based on relssifrom longterm monitoring, we propose a new climate
interpretation of the sediment recortihe Bainbridge sediment recopdovidessupport

for a reduced midHolocene ENSOhetween-61064000 cal. years BP), followed by a
stepwise increase in ENSO \atrility starting around 2500 cal. years BP. Taken

together, the Bainbridge sediment record and other available ENSO reconstructions from
the tropical Pacifibasinsuggesthatthe tropical Pacific zonal SST gradiemtakened
andENSOrelated variabilitystrengthenedround 1775 (x 19®al. years BP The

Bainbridge sediment record suggests that ENSO variability remained high until ~900
years BP, when sedimentation rate slowed and ENSO variability at the lake decreased as
the tropical Pacific zonal SSTagtient strengthened. Over the past 900 years, the
sediment record suggests that La Nika conditions dominated between 4600 BP

and between ~350 BP and 0 BP (19%0gn gypsum precipitated in the lalkend wetter,

El Nifio-like conditions dominated &ft 0 BP(1950) The resultof this study suggest a
strong connection between the strength of the zonal SST gradient andrEld&0

variability within the tropical Pacific.
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Abstract

The response of the tropical Pacific Ocean to future climate change remains highly
uncertain, in part because of the disagreement among observations and coupled general
circulation models (CGCMs) regarding™6entury trends. He we use forward models

of climate proxies to compare CGCM simulations and proxy observations to addfess 20
century trends and assess remaining uncertainties in both proxies and models. We model
cor al oxygen i s 0%)dnpa 28siteclirabaPpcifis nietworloas a (indar
function of sessurface temperature (SST) and-sedace salinity (SSS) obtained from
historical marine observations (instrumental data) and a multimodel ensembl&-of 20
century CGCM output. When driven with instrumentaladéiom 1958 to 1990, the
forward modeled corals (pseudocorals) capture the spatial pattern and temporal evolution
of the El NifieSouthern Oscillation (ENSO). Comparison of the linear trend observed in
corals and instrumental pseudocorals suggests thatetie in corals between 1958 and

1990 results from both warming (60%) and freshening (40Bhm 1890 to 1990, the
warming/freshening trend IBGCM pseudocorals weaker than that observeddarals.

Corals display a moderate trend towards a reducedl 28ST gradient and decreased
ENSOvrelated variance between 1895 and 1985, whereas CGCM pseudocorals display a
range of trend patterns and an increase in ElS&ed variance over the same period.
Differences between corals and CGCM pseudocorals msg filam uncertainties in the

linear bivariate coral model, uncertainties in the way corals record climate,
undersensitivity of CGCMs to radiative forcing during th&' 2@ntury, and/or biases in

the simulated CGCM SSS fields.
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1. Introduction

Despite themportance of ENSO to global climate variability, we still lack a clear
understanding of howanthropogenic climate change will affect the background state of
the tropical Pacific and the amplitude and frequency of ENSO efe=gtsVecchi et al.
2008]. Instrumental records disagree regarding-2éntury SST trends in the tropical
Pacific [e.g.,Vecchi et al2008], and CGCM projections of future ENSO behavior differ
widely [e.g.,Meehl et al. 2007]. Comparison of tropical proxy climate records with
CGCM output over the 20 century provides a way to assess CGCM simulations and
constrain predictions for future changes in the background state of the tropical Pacific

and the frequency of ENSO events.

Proxy climate records provide an archive of climataalality, but their spatial

and temporal coverage is limited, they often reflect a response to a multivariate climate
signal, and they may exhibit variance that is unrelated to climate. These proxy limitations
add uncertainty to inverdeased methods foreconstructing past climate variability.
Forward modeling of proxy records offers a complementary approach that may curtail the
above uncertainties for several reasons. First, it only requires the prediction of the proxy
variable. Second, it can be buijyan the established dependence of the proxy variable on
environmental controls. Finally, it provides a means to directly compare CGCM data and
proxy records. For example, previous studies have developed forward models-for tree

ring width and isotope compiion [e.g.,Roden et al. 2000; Vaganov et al.2006;
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TolwinskiWard et al2010] and have used these models to study changes in-proxy

climate relationships over time [e.@nchukaitiset al,, 2006].

The dependence of coral isotopic compositiai®@.m) On environmental
conditions is well established and the sigiwahoise ratio in this proxy is high [e.g.,
Fairbanks et al 1997]. Forward modeling @f*Oc.ra thus has considerable potential to
analyze variations and trends in the tropicatiffc surface ocean climate. For instance,
Brown et al.[ 200 6] coupl ed a | i'fogg basedion ST iaralt e
s e a wa%® e aj.)i with an isotopenabled CGCM to compare model output with
three IndePacific coral records between IP&nd 2000. A subsequent stu@ydwn et
al.,2008] wused SST and precipitation from

with ENSO variance reconstructed from akdlocene corals.

We build on the work oBrown et al.[2006, 2008] by comparing obs/ed

*®0c0rar With that predicted by a linear bivariate model driven by"-2éntury

instrumental data and CGCM output. Using a network of 23 coral records spanning the

mc

(

IndoPaci fic, we first compare | eadi FQoapatter

a n d°O.dla modeled from instrumental data. We refer to these formaodd e "*@.gy U
records as pseudocorals, asBiown et al.[2008]. We then drive the model with each
component separately to diagnose relative importance of salinity anperature

vari att’@ms iWe Uuse the model 6s ability

tempor al p%@.4.ittoe determine avhethér a more sophisticated treatment of

(0]
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U0coral is Necessary. Finally, we comparethafentury trends in gals and CGCM

pseudocorals and assess the uncertainties in this intercomparison.
2 . Forward Model of coral u

Prior experiments and obser it i denpe nhdasv e
linearly on calcifi@®tatont he mpiemaEpsegiamat
et. all1953], the | atter a result of net fre
at mosphere. Furt he® moarei ahlii Imet ysgerd @ weiisrv godr d & |
corals is offsetumrwowmthsstuoWaltere gamd,i Wa cochs
1972]. We the]lr?JeJr\gmreianb)idleilte)d as anomaly tim
average over the fulld90ancidy%®)Ss.0 pkddowse( 1
measurement deGrandelmiodi? O 6 ] and the net
affect st PT ogprodr t i onately via evapoCaltd on a
and Fajri&®mls bank,s 1239741, k., fesotm mage.d Thi
yielded the f&'®l.pavnivalgi m®@del for

10 QAYYYOYY'Y @ ,
whernwas speci fi esdc aflerpou.ghS DR sriegressi on est
TabA-S1tLeGrande gn®0DGH Mi. d t; bWes esdp eocni fti heed eax p e
anchebretical dependence of oxygen i sotopi
carbonate fBHpstadiimomndaP) 28lg, , which hasudeed o
cor al gebhwams. [[et.20a0,d;¢ @it er ¢ an d2 QSclhgnhi. de t al

204] . Al though the sl ope ef. 1t00it304 r @1 GCi a't
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indi vi dEabhnsi2ee0s0qd([,. ,studies that synt hesi z
sl opelds. 20f(1Bvams e260t0 OF 130..,228d 4/ UCLO L Gh.sadt e s,
2004]) , close toOtBRE@ali bGrgogami sesPoped ¢/ sl
0.02) &/ UGu®gorraetlhae i DN hi p.
3. |l nput datasets

We tested the forward model using SST ar
(SST: E RSn®iTtvh2 , a n d2 (RCee4y]n,0 | BRNSISIThv 2e0tD 841, . ,Kapl a
ext Kadl pnle98lal . RagineIRe@@3]Ja]] . SSCar tSSGD Aa nd
Giez@08], Cart odarG@GAn2Be&toda)l7. ,We t hen ran th
with SST amdtessufyomi mulationschbsemrvenpa
reflect thleemtamge var i2dbi lity, trends, and
suite of [ARMEe.moldeeéBG@aivj) yardi20®019]al . We used

observeud actredsiS8T and SSS from th&bnédarest

each cor al site. The | atitude/l ongitude gr
to 5 x 5 (e.g., Kaplan ext.v2); when neces
usibngxk averaging. Easch imen twalsy amsheuwad d cyo raavl
anal ysi s. To assess the reitti.ves ewhdadrba

were also modeled using SA8%2ahdr S&8K5| sepmbe

tested) .

4. Comparison of observed and pseudocoral n
The observational targettdb.wamomaldataseor

spanning O 90D Wfi Athler Ve8t20h0AS1]TabAdhl i lee
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all.2009], we nditbhrsoetr ideest rb etcearuns et rtehned sl ownegr e
interest. We used singul ar® vcaolvuaer i daenccoem pnoast
determine the spatiotempor al patterns of

"® net woré«scommaon tthi mel 9i9r0t rowalt,hel 958t r ume
189®M®90 for the CGCM®OverThadnaobe PLNESI2¢ e swlaos
used to identify significant eigenvectors
confidencethevwhit ewheoiese fl oor represents
were no spatial structure.

Two significant ei gepvebtservedmemgdadi hied
~30 and ~17% of the vari-408006, pees pectteeel vy
the pattern of these eigenvectors as the
observational net wo3k). reBlpeecde wveell gr (tFrn gmua
eigenvectorl19y@rpermieod,89d@x pl ai niilneg BN ow a st
the second eigenvector and explained 17% o
were also significant and explained the | e
net wor kA-S2)TabVeri max rotati oln ©d mgdree nstisg n(
had no marked effect on ENSO or the trend.

We examined whether instrumental and CGCM pseudocorals captured the leading
modes of variability in the observed coral network. To do this, we compared the spatial
and temporal patterns of ENSId the trend between networks over contemporaneous

time intervals (see Supplementary Methods 1.1).
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We then compared observed coral and CGCM pseudocoral trends in-ENSO
related variance and tr op'icenary [afeiechldtal.c @ me a
2007] (FigureA-2, see Supplementary Methods 1.2). To calculate the mean state trend
(Figure A-2, x-axis), we correlated the spatial expression of ENSO with the spatial
pattern ofthe 0c ent ury trend. We ref-ei kféhdspatia t he |
pattern of the trend correlated positively with the pattern of wattase ENSO [after
Meehl et al.2007]. We then calculated the change in ENSO variabiligx{(g) as the
ratio of ENSQrelated interannual variability between the last laafl first half of the
analysis period, such that a ratio greater than one indicates an increase ireEN&D
variability. We performed sensitivity analyses for the mean state and E&l&ed
variance calculations using randomly selected subsetsesf($or mean state error) and

years (for variance error) from the original data set.
5. Results
5.1 Pseudocorals derived from instrumental observations

Wi t h one exception (Carton GOA SSS pS €
instrument al p siefudoacnarlayl sr ewaast edi gmo t he EN
cor al net wor-k990epent h-&@a ,1 O BIyllube)e. Compari s
the ENSO PC correlation fields illustrate
spati al patteirini tof EWESIO tAeSrdF)aper Wo df qumd | &
pseudocorals generated with both SST and

significantly from the observed cor al fiel
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SODA vs. SST aand &SESTvaANIOBApPVYA-S)SSS (Tabl e

Instrumental pseudocorals also captured the observed trend between 1958 and 1990
(Table A-S2). The relationship between the observed and pseudocoral trend PCs was
strongest for the pseudocoral networks that wedsleled with both SST and SSS.
Significant relationships between the observed and pseudocoral trend PCs existed despite
differing superimposed interannual variability (i.e., the time evolution of the trends),
indicating strong consistency of the undentyilinear trends. After isolating the linear
trend with a linear regression, the residuals were normally distributed around a mean of
zero for all instrumental pseudocoral networks. The observed coral trend residuals also
displayed a zero mea@= 0.477,df=32, P=0.684), despite being positively skewed by
the superimposed interannual anomalies. These results indicate that the linear trends,
estimated from regression through the trend PCs, were a good fit to the underlying
secular trend.

We focused ourraalysis on the linear trend component as an approximation of the
secular trend. This 0 wlned was signéicard in alloccorad n e g ¢
networks.  Additionally, the RMSE between regression fields of observed and
pseudocoral linear trendsgressed on SST and SSS were indistinguishable from zero. In
both observed corals and pseudocorals, the regression fields suggested that this linear
trend reflects increasing SST throughout most of the tropicatRasbific. SSS played an
important role inthe trend regionally, particularly in the western and southwestern
Pacific. Thus, the addition of SSS improved the ability of the model to capture the full

magnitude of the observed coral trend between 1958 and 4901 6 7 &/ decade,
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A-la). Thisimprovement cannot be explained simply by the addition of another
component to the model, as the mean trend of 100 pseudocoral networks modeled with
SST and noise with the same variance and lag 1 autocorrelation as SSS was similar to
that observed in the 3 only pseudocoral networksO(. 1 0 5 N 0.018 ald
Although the magnitude of the coral trend was still about 20% larger than observed in
any SST and SSS pseudocoral networks (maRof 1 3 8 a / d e c &IheSlf),the gur e
difference between the obsedrand pseudocoral trend slopes was not significant. The
mean difference between the observed and pseudocoral trend at the 23 coral sites was
also not significantly different from zero, suggesting that the linear bivariate model also
captured the trendsbeerved at the 23 coral sites. Based on the relative amplitude of the
trend in SSSnly and SSTonly pseudocorals and that observed over the -1998
period, approximately 40% of the coral trerd.Q45t0-0 . 0 72a/ decade) was
by salinity and apmximately 60% of the trend@.098to-0 . 11 a/ decade) was
by temperature.
5.2. Pseudocorals derived from CGCM output

Several studies have established that AR4 CGCMs generally simulate the spatial
pattern of ENSO, albeit excessively locked ttwa-year periodicity [e.g.Guilyardi et
al., 2009]. We focused here on trends in the tropical Pacific mean state and in ENSO
related variability because these are harder to constrain using instrumental records alone.
As observed in corals, all CGCM pseadral networks contained a significant linear
trend towar d “®walues beteegra890vard 1890. The linear trend

residuals were normally distributed with a mean of zero, indicating again that the linear
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trend was a good approximation of thedarlying secular trend. However, the slope of
the I inear trend (a/decade) in al/l CGCM
in corals between 1890 and 1990 (Fighdb). Site by site comparison suggests that
this discrepancy may result from weakirends in the central western Pacific in the
CGCM pseudocorals than observed, particularly at Maiana and Jarvis Islands.

We also found that corals and CGCM pseudocorals disagreed regarding 20
century trends in tropical Pacific mean state and ENS&ed variance (Figuré-2).
Corals displayed a reduction in ENS$@ated variance and a moderate El Niike mean
state trend. In contrast, CGCM pseudocorals displayed a range of mean state trends and
suggested an increase in variance over this samm®dper Although HadCM3
pseudocorals displayed a trend pattern that was most similar to that observed, HadCM3
pseudocorals also showed a much larger reduction in ENBE@d variance than
observed, and the trend in HadCM3 pseudocorals over this period weals @v
0. 043a/ dec &d)eand sénsitiyel to ¢he selection of sites in the underlying
network. When the network included mainly ENSénsitive sites, HadCM3 displayed a
stronger La Nifidike trend pattern (as in projections of future chanljiedhl etal.

2007]).

6. Discussion

Our model captured the spatial and temporal pattern of ENSO and the linear trend
observed in corals from 1958 to 1990 andnden st r at e Jaocorg. themdtresulthr e U
from both warming and freshening. These results are consistent with observational

studies showing freshening in the tropical Pacific [€Cgavatte et al. 2009;Nurhati et

ps
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al., 2009]. None of the CGCM pseudwal networks captured the magnitude of the
trend, the change in mean state, or the change in ERIB@d variance observed in the
coral network overthe 18909 90 per i o d .0 trant was weakgrant CGECM U
pseudocorals than observed, and wheasls displayed a moderately El Nifike

trend in the Pacific, there was little agreement among CGCMs regarding the spatial
pattern of the trend. Finally, the corals displayed a reduction in EfB@&d variance
between the first and last half of tlamalysis period, whereas CGCM pseudocorals
generally displayed an increase.

The discrepancies between observed and CGCM pseudocoral trends may stem from
uncertainty in the observational coral records, the CGCM output (SST and SSS), and/or
the way we tranglte CGCM output into coral records. Results from sensitivity analyses
of the trend pattern suggest that network biases stemming from the site locations and/or
time period analyzed are unlikely to have caused this discrepancy, as none of the
randomly seleted subsets from the CGCM pseudocoral networks overlap with any of the
subsets from the observed coral network. Also, the effect of subsampling on the resulting
patterns was generally small (see error bars in Fige2e Finally, it is unlikely that the
bivariate linear approximation of the proxy system was the primary cause of the
discrepancy, as instrumental pseudocorals were able to capture the interannual variability

and trend observed in corals between 1958 and 1990.

Although not significant, the ngaitude of the trend was lower in the instrumental
pseudocorals than in real corals. This discrepancy appears strongest at sites where

instrumental observations are limited (e.g., at the Maiana site), suggesting that these
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gridded instrumental data prodsatay underestimate SSS and/or SST trends. On the
other hand, the discrepancy between observed and pseudocoral trends could be caused by
biologically-mediated kinetic isotope effects that may occur in corals under unusually
stressful conditions.  Althougkarlier work demonstrated isotopic excursions with
extremely slow growth ratedvicConnaughey1989], we have found no relationship

bet ween ext e’fiCsoventhe rangetokgroath absetved in the corals studied

here.

To determine whether the observaddeled trend discrepancy could be attributed to
SST or SSS, the trefi€NSO pattern andMESO variance analysis was repeated with
GCCM temperature and salinity separately at each of the 23 coral sites @igure
colored symbols). The results suggest that SSS played an important role in the simulated
trend pattern. The discrepancy betweerlcand CGCM pseudocoral trends may
therefore be driven by differences in the salinity recorded by corals and that simulated by
CGCMs. A salinity bias in the coral records, due perhaps to local effects or the way SSS
is recorded in corals, is not likelydlsource of the discrepancy because: (1) the
agreement of <cor al records on a r®gional
are minor, (2) the addition of SSS improves the agreement between instrumental
pseudocorals and observations, and (8rumental pseudocorals and observed corals

agree closely.

On the other hand, CGCM SSS often displayed different mean state and ENSO

related variance trends than observed for temperature (AgRye Further analyses
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revealed that the discrepancyweén observed corals and CGCM pseudocorals may be
caused by biases in the CGCM representation of the hydrological cycle. First, while
instrumental SST and SSS displayed a negative relationship throughout most of the
tropical IndePacific (FigureA-3a), aeexpected from temperatudgiven tropical

convection, all but one CGCM analyzed here displayed positiveSSS®Icorrelations in

the eastern and central equatorial Pacific (Figw®2). The average CGCM correlation
pattern, wei ght eydocaptre tropieal cimatd eafiabilgwGjeaker | 1 t
et al.,2008], displayed a region of significant positive S§3S correlations in the

central to eastern tropical Pacific (Figure8b). A similar pattern was observed in the
unweighted composite. Seahrthe magnitude and direction of SSS trends simulated by
these CGCMs were very different from instrumental SSS trends and from each other
(cancelling each other in many regions of the composite) (FAxBed, FigureA-S2).

Thus, biases in the SSS treamt variability at the 23 coral sites (Figuxe3d) may
contribute to the discrepancy between observed and CGCM simulated coral trends over

the 20" century.
7. Conclusions and future work

A linear temperatureand salinityd r i v e n ni®g.gchptufedthe spatial
and temporal pattern of ENSO and the linear trend observed in corals between 1958 and
1990. T h'80 trand gbaervedvnecorals had substantial contributions freim bo
general warming (~60%) and regional freshening (~40%). When we drove this proxy

model with CGCM output, we found differences between observed and simulated coral
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trends over the 2bcentury. Our work highlights potential biases in CG&ulated

SSS felds, suggesting that the response of the tropical hydrological cycl&-wepury

climate forcing needs to be further investigated to improve our understanding of the

evolution of tropical Pacific climate. Discrepancies between coral and CGCM trends

may also result from variance in the observed coral dataset that is unexplained by the
linear bivariate model . Further®gnvestiga
tracks climate, and coupling the proxy model presented here with isenaéd climate

models, will provide useful tools to explore these discrepancies.
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FigureA-1. (a) Magnitude of the tr aimgelirbrope ( a.
regression through the trend PC) in corals (far left) and in instrumental pseudocorals over

the 19581990 period. Error bars denote + 1 standard deviation. (b) As in (a) for the

trend in corals and CGCM pseudocorals over the 1I330 period
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FigureA-2. Change in mean state-dxis) and ENS@elated variability (yaxis) [after

Meehl et al.2007] within the Pacific (120°E to 80°W) between 1895 and 1985 in corals
(black asterisk) and CGCM (SST & SSS) pseudocorals (black symbols). Thelsymb

mark the mean and error bars denote the 95% confidence interval of 1000 independently
subsampled variance ratios and 50 independentlyssuypled pattern correlations.

Colored symbols represent analysis of CGCM SST (blue) and SSS (red) at thd 23 cora
sites. The full CGCM SST field was also analyzed, and the results were similar to that
observed at the 23 coral sites. (Note: for CGCMs with no SSS symbol, SSS did not
display a significant trend component)
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FigureA-3. Left side: Correlation of SSTBnd SSS from 1958 to 1990 over the tropical
Indo-Pacific in (a) instrumental SST and SSS: ERSSTv2 and SODA and (b) the 7

CGCMs analyzed here (weighted averageght side SSS trend (PSU/decade) from

1958 to 1990 in (c) SODA SSS and (d) the 7 CGCMs (weighd  a v e r E@p) . The
trends (a/decade) over this period were al
significant correlation (a), trend values (c), or gridboxes for which the mean value in the

7 models was significantly different from z€fmd) at the 95% confidence level. The

models were interpolated to a common 2x2 degree latitude/longitude grid resolution and
weighted based on their ability to capture tropical climate variabilityi¢tlel

Variability Index (MVI); Gleckler et al.2008] prior to averaging and significance

testing. (see Figur&-S2for individual model patterns).
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S1. Supplementary methods:
S1.1. Forward mo dobdemwed coéalcenparidoosc or al 6

To assess the ability of each pseudocoral network to capture thpaif
variability in the observed coral network, we compared the spatial and temporal pattern
of ENSO and the trend. First, we obtained the spatial expression of the significant modes
o f *Owariability by correlating the PCs with the SST and SS8dieWe then
regressed the linear trend onto the fields to determine the magnitude of the trend (in
°Clyear and PSU/year) throughout the Rlacific. We calculated the root mean square

error (RMSE) between the observed and pseudocoral correlation aestsieq fields as:

\/% (Coeftobs)i_ Coeﬁpseudp)z 8 N (Al)’
Ci=1 -

where coeff represents the correlation coe
grid boxes indexed bl In each case, we projected the ENSO PC and linear trend onto

the corresponding SST and SSS fields, with ERSSSISZ and SODASSS used as

default fields for the other variable in SST or SSS only pseudocoral networks. Second, to
determine whether the psuedocorals captured the temporal evolution of ENSO and the
trend observed in the corals, we regressed the pseudocoral PCs on the obserdéd PCs.

the pseudocorals captured the evolution of ENSO and the trend through time, a
significant relationship with a slope near unity would be expected. Finally, we used an
analysis of covarianceZpr, 1999] to compare the slope of the shared linear trerldel

observed and pseudocor al networks (a per d
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the magnitude of the trend could be attributed to discrepancies in certain regions of the
tropical IndePacific, we also compared the magnitude of the trend slopact coral
site. A simple test was used to determine if the mean difference between the observed

and pseudocoral trend at the 23 sites was significantly different from zero.
S1.2. Mean state and ENS@®elated variance

We compare ZBcentury trends inmean state and ENS@lated variance,
following an approach similar to that bfeehl et al [2007] [aftervan Oldenborgh et al
2005; Yamaguchi and Noda?2006]. First, we higipass filtered the ENSO PC by
convoluting an 1dyear normalized hamming windowittv the ENSO PC to isolate the
interannual variance. Because this filtering process removes 5 years from either end of
the record, the following analyses were performed between 1895 and 1985. We
determined the spatial expression of ENSO and the tretie @bral sites by regressing
the highpass filtered ENSO PC and linear trend onto the observed or pseudocoral
records at the 23 coral sites. We calculated the mean state change in the tropical Pacific
(x-axis) as the correlation between the ENSO andhtitend regression coefficients at
the 14 Pacific coral sites (80%M20°E). A positive correlation coefficient indicates
spatial similarity between the trend and t
Nifio-l i ke 0 t Meehlcet al.,2007]t &late that this terminology is used only to
refer to the spatial pattern of the trend, with no inferences for the underlying dynamics.
Finally, we calculated the change in ENSO variabilihagys) as the ratio of the standard

deviation of the higipass filtered ENSO PC in the last 45 years (:2985) to the
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standard deviation of the filtered ENSO PC in the first 45 years {1899) of the
analysis. A ratio of 1 indicates that there was no change in the standard deviation of the

ENSO PC (ENS@elatal variance) between the first and last 45 years of the analysis.

To assess the sensitivity of the EN&&ated variance and mean state trends to
the underlying network and time period covered by the analysis, we performed sensitivity
analyses by randomlgelecting subsets from the original data set. First, we randomly
selected thirty years from the first and last 45 years of thegagh filtered ENSO PC
and calculated the standard deviation ratiaxXis) for each subset. We then assessed the
sensitivty of the mean state trend to the underlying network of coral sites by randomly
selecting twenty sites from the full 2&e network for SVD analysis. For each subset,
we selected the ENSO and trend PCs from the consecutive leading significant principal
components (PCs-3) and the mean state trend was calculated as above. We defined the
trend as the PC that displayed theggat est sl ope (b) when regr ¢
as the remaining PC that displayed the strongest relationship with (instrumental or
modeled) Nino 3.4 SSTs. We excluded the subset from the mean state calculation if
ENSO and the trend were not separated independent PCs (observed in a few GFDL
cm2.1 subsets). We performed further sensitivity tests by varying the number of subsets
analyzed (between 10 and 1000), by performing the variance calculation on the full 100
year period (before filtering the BYO PC), by varying hamming window length, and by
changing the criteria for selection of the PCs (e.g., the number considered, statistics for
selection, and whether significance was required). Varying these input criteria did not

influence the interpretatn of the results. Therefore, we selected the most conservative
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approach, where significance of the PCs was required, the ENSO PC was filtered with an
11-year normalized hamming window to maintain only variability up to 10 years, and the
largest number obubsets that maintained independence of the samples was used to

guantify sensitivity (1000 subsets of time and 50 subsets of sites).
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TableA-S1: S| o p@srsoa| itrhiet Wi rel ati onship
Schmidt 2006) for the regions containing coral records used in this analyiisf al,
2009].

Regi on Latitul Longit U Sl opdl)( +
Tropical Pac 55 1 8 7TW tldeB 027 +0. Q06
Chiriqui, Panama 7°N 82°W Linsley et al., 1994

Urvina Bay, G 0°Ss 91°W Dunbar et al., 1994

Jarvis Island 0°S 160°W Tudhope et
Mai ana Atol |, 0U N 1 7(BE Urban 2@&t00a
Double Reef, Guam 13°N 144°E Asami etal., 2005

Bunaken Island, Indonesia 1°N 124°E Charl e30@2
South Pacifi 5S 2 8 7W tldE3 0. 4%0. 028
Moorea, French Polynesia 17°S 149°W Boi seal9es8
Rarotonga, Cook Islands 21°S 159°W Linsl ed0®a
Palmerston, Cdolslands 18°S 163°W Tudhope et
Savusavu Bay, Fiji 17°S 178°E Bagnat @066
Espiritu Santo, Vanuato 15°S 167°E Qui nn 1819 64
New Caledonia 22°S 166°E Qui nn 1919 84
Abraham Reef, Australia 22°S 153°E Druffel and Griffin, 999
Bramble Cay, Papua New Guinea 9°S 144°E Col e, in p
Houtman Abrolhos, Australia 28°S 113°E Kuhneri99es®
I ndi an Oceart 23 2M 120 8 & 0. 1L60. Q014
Bali, Indonesia 8°S 115°E Charl e30@2
Mahe, Seychelles 4°S 55°E Charl es9@1
Mentawai, Sumatra 2°S 99°E Abr am 2e0t0 8a

La Reunién 21°S 55°E Pfeiff2z004
Ifaty, Madagascar 23°S 43°E Zinke20049
Malindi, Kenya 3°S 40°E Col e 2000 II
Tutia, Tanzania 8°S 39°E Ba ranle tt, i n2 OJ
Zanzibar, Tanzania 6°S 39°E Bar n2e0tpts, B ar '1

al ., in

(a/ PSU,
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TableA-S2: Statistics for the regression of the observed coral ENSO PC (PC2) and the
observed coral trend PC (PC1) with the pseudocoral ENSO and trend PCsheltiere
indicates significance at the 95% confidence level and bold italics represent significance
at the 99% confidence level.

Pseudocoral network

% variance

R2

input datasets explained F slope

SST sss | ENSO | Trend | ENSO Trg’” E('\)'S Trend | ENSO | Trend Egs Trend
ERSSTv2| SODA | 51.4%] 14.9%| 0.497 | 0.445] 30.7 | 24.8 | <0.001] <0.001| 0.667 | 0.862
ERSSTv2 | CartonGOA | 53.6% | 16.6%| 0.488 | 0.317| 29.5 | 14.4 | <0.001| <0.001| 0.701| 0.751
ERSSTv3| SODA | 51.7%| 14.2%| 0.487 | 0.444| 295 | 24.7 | <0.001| <0.001| 0.651 | 0.871
HadISST | SODA | 47.2%| 14.4% | 0.427 | 0.365| 23.1 | 17.8 | <0.001| <0.001| 0.605 | 0.743
'é‘;"(f'\‘/izn SODA | 44.1%| 14.3%| 0.457 | 0.650| 26.1 | 57.6 | <0.001| <0.001| 0.695| 1.07
ERSSTv2 52.7% | 17.9% | 0.474 | 0.333| 27.9 | 15.5 | <0.001| <0.001| 0.788| 0.833
ERSSTV3 52.9% | 16.9% | 0.464 | 0.272| 26.7 | 11.6 | <0.001| 0.0a18 | 0.766 | 0.763
HadISST 47.6%| 17.3%| 0.375 | 0.344| 18.6 | 16.3 | <0.001| <0.001]| 0.688 | 0.802
';‘;"(f'\fz” 42.0% | 18.7%| 0.438 | 0.400| 24.1 | 20.7 | <0.001| <0.001| 0.824 | 0.869

SODA | 40.1%| 40.1%| 0.433 | 0.148| 23.7 | 5.37 | <0.001| 0.0272| 1.80 | 0.772

CartonGOA | 20.1% | 44.2%| 0.04% | 0.115| 1.41 | 4.02 | 0.244 | 0.0538| 1.61 | 1.29
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TableA-S3: Root mean square error (RMSE) between the observed and pseudocoral
ENSO correlation fields, calculated as:
\/E}ﬁj‘. (coeffgi- COEff ouay )2 g N
Ci=a1 =

, Where coeff represents the correlamoefficient (r) and N is the number of grid boxes

(). In each case, the ENSO PC was projected onto the SST and SSS fields corresponding
to the input for the pseudocoral network, with ERSS®&I and SODASSS used as

default fields for the other variabile SST or SSS only pseudocoral networks. Values in
bold indicate RMSEs which were less than the 950th lowest RMSE of 1000 random time
series correlated with the underlying SST or SSS field (i.e., the two fields were not
s_ignificantly different at the 95%1).

Pseudocoral network

SST SSS
ERSSTv2 SODA 0.211 0.224
ERSSTv2 CartonGOA 0.202 0.222
ERSSTv3 SODA 0.221 0.231
HadISST & SODA 0.232 0.260
Kaplan ext.v2 SODA 0.232 0.246
ERSSTv2 0.202 0.231
ERSSTv3 0.215 0.238
HadISST 0.316 0.382
Kaplan ext.v2 0.232 0.253
SODA 0.237 0.180
CartonGOA 0.302 0.415
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Figure A-S1. (a) Correlation of the ENSO PC observed in corals over the-1998
period (b, Bo.moeto)d fromieach calstiee (c)iSame as in (a) but for

the highpass filtered ENSO PC from corals over the 18900 period (d). (e)
Regression coeffici en t%cf.records with the lineargrend s s i o n
over the 19581990 period, estimated from lineeggression of the trend PC (f). (g)

Same as in (e) but for the linear trend over the 188D period (h). The ENSO PC (b)

and linear trend (f) from pseudocorals modeled with both SST and SSS are shown in gray

for comparison.
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Figure A-S2. (left) Corredtion of SST and SSS and (right) the SSS trend (PSU per
decade) between 1958 and 1990 over the tropicalRaabific in (a) Observational SST
and SSS: ERSSTv2 and SODA, (b) GFDL cm 2.0, (c) GFDL cm 2.1, (d) NCAR CCSM3,
(e) NCAR PCM1, (f) GISS eh, (g) GIS&r, and (h) HadCM3. Only significant
correlations and trends are shown.



64

Supplemental references:

Abram, et al. (2008) Recent intensification of tropical climate variability in the Indian
OceanNature Geosciencedoi:10.1038/ngeo357.

Asami, R., etl. (2005), Interannual and decadal variability of the western Pacific sea
surface condition for the years 178000: Reconstruction based on stable isotope
record from a Guam coral, Geophys. Res. Oceadd(C5),
doi:10.1029/2004JC002555.

Bagnato, S et al. (2005), Coral oxygen isotope records of interdecadal climate variations
in the South Pacific Convergence Zone regaochemistry Geophysics
Geosystems, doi:10.1029/2004GC000879.

Barnett H.B., et al., Unpublished data.

Barnett H.B., (2006)20th Century climate variability in the tropical Indian ocean from a
new network of coral oxygen isotope chronologies, M.S., Dept. of Geosciences,
University of Arizona.

Boiseau, M., et al. (1998), Atmospheric and oceanic evidences of El Nifio Southern
scillation events in the south central Pacific Ocean from coral stable isotopic
records over the last 137 yedPsleoceanographyl3(6), 671685.

Charles, C. D., et al. (1997), Interaction between the ENSO and the Asian monsoon in a
coral record of tropa@l climate,Science2775328), 925928.

Charles, C.D., et al. (2003), Monsewaopical ocean interaction in a network of coral
records spanning the 20th centularine Geology201, 207%222.

Cole, J. E., et al. (2000), Tropical Pacific forcing of deds&5ST variability in the
western Indian Ocean over the past two centuBegnce287(5453), 617619.

Cole, J.E., et al., Unpublished data.

Druffel, E. R. M., and S. Griffin (1999), Variability of surface ocean radiocarbon and
stable isotopes in treouthwestern Pacifid, Geophys. Res. Oceat§4C10),
2360723613.

Dunbar, R.B., G.M.Wellington, M.W. Colgan, and P.W. Glynn (1994), Eastern Pacific
Sea Surface Temperature since 1600 A.D.: The d180 Record of Climate
Variability in Galapagos Coral®aeoceanography9, 291315.



65

Kuhnert, H., et al. (1999), A 20gear coral stable oxygen isotope record from a-high
latitude reef off western Australi@oral Reefs18(1), 1-12.

Linsley, B. K., et al. (1994), A corddased reconstruction of intertropic@nvergence
zone variability over Central America since 1707Geophys. Res. Oceans
99(C5), 99779994.

Linsley, B. K., et al. (2000), Decadal sea surface temperature variability in the
subtropical South Pacific from 1726 to 1997 ARzjence290(5494), 11451148.

Pfeiffer, M., et al. (2004), Oceanic forcing of interannual and multidecadal climate
variability in the southwestern Indian Ocean: Evidence from a 160 year coral
isotopic record (La Reunion, 55 degrees E, 21 degre@apceanography
19(4), doi:10.1029/2003PA000964.

Quinn, T. M., et al. (1996), New stable isotope results from ayg&@Bcoral from
Espiritu Santo, Vanuat@Geophys. Res. LetR3(23), 34133416.

Quinn, T. M., et al. (1998), A multicentury stable isotope record from aCGeedonia
coral: Interannual and decadal sea surface temperature variability in the southwest
Pacific since 1657 ADRaleoceanographyi3(4), 412426.

Tudhope, A.W., et al., Unpublished data.
Urban, F. E., J. E. Cole, and J. T. Overp&00), Influene of mean climate change on

climate variability from a 15%ear tropical Pacific coral recordNature
407(6807), 989993.

van Oldenborgh, G.J., S.Y. Philip, and M. Collins (2005), El Nifio in a changing climate:
a multtmodel study©Ocean Scj.1, 81 95.

Yamaguchi, K., and A. Noda (2006), Global warming patterns over the North Pacific:
ENSO vs. AOJ. Meteorol. Soc. JpyB4(1), 221 241, doi:10.2151/jmsj.84.221.

Zar, J.H. (1999), Comparing Simple Linear Regression Equation&iastatistical
analysis 4" ed., pp. 366876, Prentice Hall, Upper Saddle River, New Jersey.



66

Zinke, J., et al. (2004), ENSO and Indian Ocean subtropical dipole variability is recorded
in a coral record off southwest Madagascar for the period 1659 to 98B,
Planet. Sci. Lett2281-2), 177194.



67

APPENDIX B

ENHANCED EW TEMPERATURE GRADIENT ACROSS THE DATE LINBVER
THE 20" CENTURY INFERRED FROM CENTRAL PACIFIC CORAL RECORDS

To be submitted to the professional journal: Paleoceanography



68

ENHANCED EW TEMPERATURE GRADIENT ACROSS THE DATE LINEOVER
THE 20" CENTURY INFERRED FROM CENTRAL PACIFIC CORAL RECORDS
Diane M. Thompson, Julia E. ColslexandeW. Tudhope

Abstract

Dueto thefar-reachingeffectsof tropical Pacific seasurfacetemperature§SSTs)on
globalclimate,accurateegionalclimateprojectionsrequireanunderstandingf the
influenceof anthropogeniclimatechangeon the backgroundconditionandvariability in
thetropical Pacific. However,globalclimatemodelsandinstrumentatlimatedata
disagreaegardingobservedandfuturetrendswithin the basin. PairedSr/Caand] 0
recordsfrom coralsmaybeusedto reconstrucSSTand, 0  (salinity), extendingthe
limited instrumentabataseandoffering anindependenineango assesshethermaland
hydrologicalresponséo climatechange.However,alimited numberof long paired
(Sr/Caand] 0 coralrecords particularlyfrom the equatoriakcentralPacific,currently
limits the ability to asses$ow-frequencyvariability or long-termtrendsin the
backgroundstate. Here,we presennewreplicatedSr/CaSST)] U,and] 0
recordsfrom the Republicof Kiribati (OnotoaandMaianaatolls)andcentralLine Islands
(Jarvisisland)andusetheserecordsalongwith the publishedrecordfrom Palmyraatoll,
northernLine Islands[Nurhati etal. 2011]to asses€0"-centuryvariability andtrendsin
SSTandsalinityin the centraltropical Pacific Further,we userecordsfrom thesesites
to assesshangesn the E-W SSTgradientacrosghe dateline (betweenl73°Eand
160°W)andthe N-S SSTgradientbetweertheequatorand5°N. We find thatSr/CaSST
variationsarehighly reproduciblebetweertwo coresfrom Kiribati, while weaker

correspondencleetweertherecordsfrom Jarvisislandmaybe attributedto agemodel
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uncertaintyor diagenetialterationof thereplicatecore,which will beaddresseth future
work. We limited our analysisto recordsthatcorrelateto local andregionalSSTs. We
find thattheSr/CaSST] 0,andl 0 reconstructionérom OnotoaMaianaand
Jarvs displaystronginterannuabndlow-frequencyariability thatis stronglyrelatedto
the El Nifio-SoutherrOscillation(ENSO)andPacificdecadalSSTvariations,
particularlythatassociateavith easterrPacifictype ENSOeventsandthe Pacific
DecadalO<tillation (PDO). The coralrecordssuggesthatthe centraltropical Pacific
becomesvarmerandfresherduringpositivephase®f the PDO, resultingin aweakening
of the E-W andN-S gradients. Superimposedn this interannuato decadalariability in
theserecordss a generalwarmingandfresheningrendat thesesites. Along with the
recordfrom Palmyraatoll (6°N), theserecordssuggest slight strengtheningf the E-W
SSTgradientandlittle changein the N-S gradientoverthe 20" century.Finally, although
thecoral| 0 reconstructionsuggesthatthetropical Pacifichasgenerally
freshenedthe salinity responséo climatechangemaybe spatiallyheterogenousTaken
togethertheseresultsareconsistentvith arampup of the globalhydrologicalcycleand

astrengtheningf thezonalSSTgradientin response&o anthropogenievarming.

1. Introduction

The stateof thetropical PacificOceanplaysalargerolein globalclimatethrough
its impacton atmosphericirculation[e.g.,Rasmussen and Carpente€d82 Trenberth

1998;Seageretal. 2005;Liu and AlexandeR007 B u | i [ 20¥2GrafeahdZanchettin
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2017. Thus,accurateegionalclimateprojectionsrequireanunderstandingf the
influenceof anthropogeniclimatechangeon the backgroundcconditionandvariability in
thetropical Pacific. Despiteuniform warming to the basin,variability and/orthe strength
of thezonalandmeridionalgradientamaychangean responséo changesn the strength
of theWalkercirculation[Vecchietal. 2006;Bungeand Clarke 2009]andupwellingin
theeasterrPacific[Clementetal. 1996]or alongtheequatorLiu etal. 2005;DiNezioet
al. 2009;Karnauskas and Cohe2013. Changesn ENSOrelatedvariancemayin turn
influencethe backgroundstatewithin the basinthroughchangesn thefrequencyand
spatialpatternof ENSOevents. For exampletherecentprevalencef ENSOeventswith
maximumanomaliesn the centralPacific,socalledEl Nifio Modoki or centralPacific
(CP)type ENSO,suggestshatENSOanomaliesnaybecomemorestronglytied to the
centralPacific[Yehetal. 2009].

However,detectionof changdn thetropical Pacificoverthe pastcenturyhas
beenlimited by the sparsenatureof historicalobservationsandthe presencef strong
naturalvariability on interannuato decadatimescales.As aresult,availale SSTdata
productsdisagreaegardinghetrendoverthehistoricalperiod[e.g.,Vecchietal. 2008,
Deseretal. 2010]. Coupledglobalclimatemodels(CGCMs)similarly disagree
regardingtrendsoverthe historicalperiod[ Thompsoretal. 2011;Yehetal. 2012]and
underfuture anthropogenievarming,althoughthe modelsgenerallysuggesaweakened
zonalSSTgradientundercontinuedanthropogenidorcing [Meehletal. 2007; Guilyardi

etal. 2012].
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By extendinghelimited historicalobservationshigh-resolutioncoral
paleoclimataecordshavegreatlyimprovedour understandingf interannua[Coleetal.
1993;Tudhopeetal. 2001;Evansetal. 2002;Cobbetal. 2003]to decadalariability and
trends[Urbanetal. 2000;Cobbetal. 2001;Ault etal. 2009; Nurhatietal. 2009;2011a]
within thetropical Indo-Pacific. Numerousstudieshavedemonstratethatthe stable
oxygenisotope(d*®0) compositionof the coral skeletonis arobustproxy for variability
within thebasinasit is relatedto thetemper#ure andisotopiccompositionof seawater
d*®0s. (andthussalinity) atthetime of growth[Fairbanksetal. 1997]. This featureof
corald*®0recordsis advantageoufor reconstructingpastENSOvariability from corals
[e.g.,Coleetal. 1993],astheatmosphereandoceanaretightly coupledon interannual
timescale§Bjerknes1969]; however, changes i*Os,, may confoundthe interpretation
of low-frequencytemperaturevariability andtrends. In contrasttheratio of Srto Cain
the coralskeletorhasbeenshownto bea morestrict proxy for SSTvariability [Becket
al. 1992;Alibert and McCulloch1997],althoughsomework suggestshatit maybe
particularlysusceptibléo growthrelatedeffects|Groveetal. 2013]anddiagenetic
alterationde.g.,Sayanietal. 2011]. Nonetheless;apitalizingonthedualdependence
of d*®0 ontemperatur@ndd*®Os,, anumberof studieshavedemonstratethatrobust
reconstructionsf temperatur@andd*®Os,, variability canbe developedrom pairedSr/Ca
andd*®0 reords[e.g.,McCullochetal. 1994;Gaganetal. 1998;Hendyetal. 2002;
Kilbourneetal. 2004;Linsleyetal. 2006;Cahyarinietal. 2008]. SuchSr/CaSSTand

dlSOSWreconstructiontrom coralsmaybeusedto assesboththethermaland
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hydrologicalrespnseof thetropical Pacificto climatechangge.g.,Nurhatietal. 2009;
2011al].

Despitethe potentialfor pairedSr/Cad'®0 recordsfrom coralsto reconstruc6ST
andsalinity variability within the basin,therearestill alimited numberof recorddong
enoughto assestow-frequencyvariability andtrendswithin thebasin. Further,long
Sr/CaSSTandd*0, reconstructiontiaveonly beendevelopedor onesitewithin the
centralto easterrPacific[Nurhatietal. 2011a],a critical regionfor assessigtrendsin
zonalgradientsandENSOrelatedvariability. Nurhatietal. [2011a]demonstratéhat
stronginterannuabariability associatedavith both classicakasterrPacific(EP)andCP
type ENSOeventsarerecordedn SSTandd'®0s, reconstructedrom coral Sr/Caand
d*®0 from Palmyraatoll in the centraltropical Pacific (6°N, 162°W). Consistentvith
previousstudiegUrban etal. 2000;Cobbetal. 2001;Ault etal. 2009],theyalsofind
strongdecadakariability in bothrecords. Theyfind that SSTs reconstructedrom coral
Sr/Caatthis siteis stronglytied to centralPacific variability associateavith CPtype
ENSOeventsandthe North Pacificgyreoscillation(NPGO)[Di Lorenzoetal. 2008],
while reconstructed'®0s,,is morestronglytied to easternPacificvariability associated
with ENSOandthe PacificDecadalOscillation[Mantuaetal. 1997]. Superimposedn
the strongvariability observedat this site, theyalsofind awarmingandfresheningrend
thatis consistentvith arampup of the global hydrologicalcycle [Held and Soder2006]
anda slowdownof the Walkercirculationwithin the basin[e.g.,Vecchietal. 2006];

In thiswork we usereplicatedrecordsfrom the Republicof Kiribati andthe

centralLine Islandsto asses@0"-centuryvariability andtrendsin SSTandsalinityin the
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centraltropical Pacific Whenconsideredogetheralongwith the previouslypublished
recordfrom PalmyraAtoll (6°N, 162°W, [Nurhatietal. 2009;2011a],thesenewrecords
canbeusedto addresshe spatal fingerprintof warmingwithin the basinin termsof
changesn the E-W SSTgradientacrosghedatelineandthe N-S equatorialSST
gradient. Thedifferentialimpactof easterrPacificandcentralPacifictype ENSOevents

atthesesitesalsoallowsusto addresgrendsin thesetwo typesof ENSOevents.

2. Studyarea

We presenteplicatedcoral d*20 and Sr/Carecordsfrom the Republicof Kiribati
(OnotoaandMaianaAtoll) andthecentralLine Islands(JarvisAtoll) (TableB-1). These
sitesspan~25degeeslongitudeacrosghe equatorialPacific,andthereforediffer not
only in theirmeanconditions butalsoin theirresponséo ENSOrelatedinterannual
variability (FigureB-1). ThecurrentE-W gradientacrosghe datelinebetweenJarvisand
theRepulhic of Kiribati (OnotoaandMaianaAtolls) is approximatelyl.5-2°C,while the
N-S gradientbetweerPalmyra(at 5°N) andJarvisat the equatoiis ~1°C. Thesegradients
weakenduringmostEl Nino events asJarviswarmsmorethanOnotoaor Palmyra
duringafi ¢ a n o BR EENanb @vent. Typical EPENSOanomaliesat Jarvisarearound
1.8°C, comparedo anomalieof ~0.40.5°Catthe othersites. In contrastthesesites
warmacomparablemountduringa CP ENSOevent,with anomalieof around0.9to

1.4°C (FigureB-1).
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3. Methods
3.1 Coralsampling

Coresof massivePoritesspp.coralswerecollectedfrom shallowreefsoffshore
of Maiana(1995),0notoa(2003)andJarvis(1999)atollsusinganunderwatehydraulic
drill (TableB-1). Theresultingcoreswere halvedandslabbedor furtheranalysis. X-
ray imagesof the slabswereusedto visualizethe annualgrowthbandsandto identify
optimalsamplingpathsalongthe apexof corallite fans down thprimary growth axis of
thecoral (FiguresB-2-4). Furtherexaminatiorof the coralslabsunderhigh
magnificationwasusedto assessentimeterscale architectural structure, particularly the
angle of the corallites with respect to the core. Samples were collected along transects
running parallel to the growtttirection of individual corallites, and areas of suboptimal
sampling, where corallites grew at an angle relative to the coral3dlmhg et al
2013], were notedCoral powdersweredrilled continuouslyat 1 mmincrementsalong7
mm wide samplingpathsdownthe OnotoaandJarvisl coralslabsusinganautomated
SherlineCNC benchtopverticalmilling systemto obtainapproximatelymonthlyresolved
records(giventypical annualextensiorratesof 1-2 cm). Maianacoralslabsweredrilled
manuallyfor d*®0 analysigUrban etal. 2000];in sectionswvhereresamplingof these
slabswasnecessarysamplesveredrilled with theautomateanilling systemparallel to
the originalsamplingpathof Urban etal. [2000] (FigureB-3).

Scanning electron microscope (SEivhages of samples from the top and bottom
of Jarvis 2 were used to assess the presence of alteration or diagenesis of the coral

material. SEM imagesof the bottomof the Jarvis2 coreweretargetedon regionsof
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unusualgeochemicabehaviorandrevealthatin theseregionsthe surfaceof the coral
aragonitenasbeenaltered(FigureB-5). Thepresencef largecold (higherSr/Caand
d"®0) anomaliesn this sectionof coreis consistentvith the presencef secondary
material[Allison 1996;Enmaretal. 2000;Allisonetal. 2007;Sayanietal. 2011].
Extremecold anomaliesn the Jarvis2 coralrecordaround18691872and1898were
excludedfrom all statisticalanalysis. Further trendanalysegresentedherefocusonthe

20"-centuryportion of the coral record,which showsno signof alteration(Figure B-5).

3.2 Geochemicahnalysis

3.2.1Elementaknalysis

Elementalnalyseaitilized aJY Optima2C inductivelycoupledplasmaatomic
emissionspectrometefl CP-AES) at the University of Arizona. Splits (0.350.45mg) of
homogenizeaoral powdersampledrom eachcorewereacidifiedin 2ml of 5%trace
metalgradeHNO; to obtainatargetdilution of the unknownsamplesolutionof ~80ppm
calcium. We measuredheratio of strontium(407.77nm) to calcium(393.37nm)in
thesediluted coralsampleonthe ICP-AES. A referencesolutionwasmeasuredbetween
everysampleto removelow-frequencydrift in theratiosobservedhroughoutindividual
runs,following the methodoutlinedby Schrag[1999]. Approximatly every60 samples
throughoutarun, we measurea dilution seriesof 5 gravimetricallycertified high purity
standard¢HPS)to correctfor variationsin the Sr/Caratio with CaconcentratioffSchrag
1999]. We analyzedeplicatesof anin-housecoralstandardsolutionalongwith these

matrix standard$o monitorlong-terminstrumentadrift. Thelong-termanalytical
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precision( 1 w3gs0.0305mmol/molfor the high purity standard$0.33%RSD)and
0.044mmol/molfor thein-housecoral standard0.49%R3D). Theaveragemethod
detectionimit (MDL) of the ICP-AES was0.029mmol/mol. TheMDL wascalculated
basedon 7 replicatecoral powdersampledracketedy blanksandthe5 HPS:

D00 oi
wheretisthe St u d evalteatthe 99% confidencdevelfor six degree®f freedom
(n-1,t=3.14)andsis the standardieviationof Sr/Caratiosin thesevernreplicateU.S.

Environmental Protection Agency997].

3.2.2 Stable isotope analysis

Stableisotopeanalyse®f sampledrom Jarviswerecompletedon aVG ISOCARB
automatecreparatiorsystemintegratedvith aVG ISOGASPRISMII isotoperatio
massspectrometeat the ScottishUniversitiesEnvironmentaResearciCentre(SUERC).
All otherisotopicanalysesvereperformedon aVG OptimaDual Inlet isotoperatio mass
spectrometewith acommonacidbathatthe University of Arizona(Onotoa)or
Universityof Colorado(Maiana;[Urban etal. 2000]). Analytical precisionof the d*20

measurementeportecherefrom all instrumentss +0.08a ( 1 0 ) .

3.3 Chronolay development
Theagemodelsfor theserecordswerebasedon theidentificationof the seasonal
cycleandmajorhistorical El Nifio eventsin thed'®0, d*C andSr/Caseries. The

chronologyfor the Jarvis1 corewasbasedsolelyon the Sr/Cavariations,asd*®0 and
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d"*C measurementsereonly obtainedat ~annualresolutionfor this core.Linear
interpolationbetweerthe agemodeltie pointswasusedto obtainmonthlygeochemical
time series. Minor adjustmentg @ year)to the original chronologyweremadebasecdn

comparisorof theresultinggeochemicaseriesto HadISST1.1SSTs(18711999).

3.4 Sr/CaSSTcalibration

SST observations from the coral sites are virtually absent for most oftreegtury
[Woodruff et al2005]. Duea lack ofin situtemperature data from our coral sites and
overalllimited set of historical temperatuodservationgor the central tropical Pacific
we use gridded SST products to develop our SB86@ calibratbn. We test the
sensitivity of theSr/CaSST calibration(FiguresB-6-8) to thechoiceof SSTproducts:
HadISST[Rayner et a] 2003, HadISST3Kennedyetal. 2011]),ERSSTv2 Emith and
Reynolds2004] ERSSTv3[ Smith et al.2008, NCEPreanalysigKalnay et al., 1996
andIGOSS[Reynoldstal. 2002]).As previouslysuggestefiCorrege 2006],we found
thatthe choiceof SSTdatasehada largeeffecton theslopeof the Sr/CaSST
relationship(x axis, FiguresB-6-8). Forexampleat Onotoathesloperangedrom -
0.0399t0 -0.0683mmmol/mol°C* usingOLS and-0.0696to -0.0992mmmol/mol°C™
usingRMA overthe 1950-1999calibrationinterval. Similarly largerangesof slopes
wereobservedat MaianaandJarvisacrossSSTproductsMaiana:-0.0337to -0.0648
mmmol/mol°C*for OLS and-0.0763to -0.114mmmol/mol°C* for RMA overthe
1950-1993calibrationinterval; Jarvis:-0.0434to -0.0539mmmol/mol°C* for OLS and-

0.0739to -0.0917mmmol/mol°C™* for RMA overthe 1950-1998calibrationinterval).
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We alsoexploredthe effectof differentpre-processingtrategiesincludingmonthlyraw,
monthlyanomaliesandannualseriesandfoundsimilar resultsamongresolutionsand
betweerraw andanomalyseries. Theonly exceptionto this wasthatof annualseres
overtheshortcalibrationperiodbeginningin 1982,asthe samplesizeof the calibration
setwasverysmall. Finally, we utilized differentcalibrationperiods(beginningin 1982,
1950, andcorestartdate;andenddatescorrespondingo eitherthe commonperiod
endingin 1993or thefull periodcoveredoy eachrecord). We settledon anintervalthat
beginsin 1950whendatacoverageexpanddo obtainthelargestpotentialcalibration
samplesize;calibrationresultswerenot sensitiveto theenddate. Finally, we explored
diversemethodqweightedleastsquaregWLS], ordinaryleastsquareg3OLS], and

reducedmajoraxisregressiofRMA)).

ThecoraltbasedSr/CaSSTreconstructionpresentediereweregeneratedby
calibratingthe Sr/Carecordfrom eachsitewith SSTfrom the neares2°x 2° gridbox of
ERSSTv3kdatasefSmith et al.200§ usingweightedleastsquaregWLS) linear
regressiofjThirumalai et al 2011]. Following the maximum likelihood estimation
(MLE) method ofYork et al [2004], ths method accounts for thmcertaintyin the
regressiorestimateassociatedvith theanalyticalprecisionof the Sr/Cameasurements
( 1 @.0305mmol/mol)andtheestimated error standard deviation of the SSTise
WLS method was chosen for calibratios garorsin Sr/CaandSSTmay produce
considerabldiasin theregressiorestimatewith OLS regressiorjSolowandHuppert
2004]. Althoughresultsfrom calibrationwith ERSSTv3lSSTsarepresentedheresothat

absoluteSSTvaluescouldbereconstructedhe variability andtrendsof reconstructed
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Sr/CaSSTwerevery similarwhenthe HadiSSTv3SSTanomalydata[Kennedyet al.
2011]wereused.Theotherdataproductsdo notincludeerrorestimatesyhich are
requiredby the WLS regressioimethod. Nonethelesswve alsocalculatethe meanand
standardleviationof the slopeof the Sr/CaSSTrelationshipobtainedusingRMS and
WLS with all SSTproductsandintervalstested(N=14)to testthe sensitivityof the
resultsto thecalibration. OLS regressionmesultswereexcludedrom this analysisas
theydo notaccountor errorin bothdatasetswhich may producesignificantslopebiases

[Solowand Huppert2004].

3.5 d*®0,,, reconstruction

We reconstructi®Os,, from the pairedSr/Caandd'®0 recordsat eachsite by
removingthe Sr/CaderivedSSTcontributionto the d"® 0o values following the

centeringmethodof Cahyarinietal. [2008]:

/Y 10 10 Tr— YHE O YWE @
where¥ 0 isthe] 0 anomalycalculatedromthe] 0 andSr/Ca
anomalies], istheregressiorslopeofthe] 0 -SSTrelationshipandf isthe

regressiorslopeof the Sr/Ca SSTrelationship. This methoddiffers from thatof the
original methodologyto reconstructi*®O,, developedy McCullochetal. [1994] and
Gaganetal. [1998]in thatit removegheinfluenceof theinterceptof the d**0-SSTand

Sr/CaSSTrelationshipsywhich aresuscepble to site-specificoffsets.This method
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producessimilar resultsto thatof Renetal. [2002], which usesthefirst derivativeof the
Sr/Caandd'®O recordsto removetheintercepts.We defing as-0. 2 N 0. 03
on the experimental and theoretical relationship betiveein andtemperatur@bserved
in carbonates and particularly wsliudied coral genera [e.gpstein et al 1953;Evans
et al, 2000;Juillet-Leclerc and Schrdt, 2001;Ren et al 2002;Lough et al, 2004]. We
define the slope of the Sr/&EET relationshig ( for eachsitebasednthelocal

calibrationbetweerSr/CaandERSSTv3HSSTsasdescribedabove.

3.6 Uncertaintyestimation

Uncertaintyin the absolutevaluesandtrendsreportecherearecalculatedbased
onthecontributionof analyticalprecision.errorin theSr/CaSSTand] 0-SST
relationshipsanderrorin thetrendregressiorestimatgafter Nurhati etal. 2011b].
Uncertaintyin theabsolutevaluesof| 0 is basedon analyticalprecision,andthe
uncertaintyin the] 0 trendsis calculatedoy quadraticallyjcombiningthe

uncertaintyassociatedavith analyticalprecisionandthetrendestimate:

where,, isthe( 1 anplyticalprecision(0.08a ) and,, istheslopeerrorof thecoral
1 0 trend. Errorin absoluteSr/CaSSTvaluesarecalculatedrom the analytical

precsionof theSr/Cameasurement§  , errorin theintercept(, andslope ,, )

of the S-CaSSTcalibration,andthe meanSr/Ca("Y#0 dasfollows:

aluc
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As theinterceptof the Sr/CaSSTrelationshipdoesnot affectthe Sr/CaSSTtrenderror,
the Sr/CaSSTtrenderroris calculatedby quadraticallyjcombiningthe errorfrom

analyticalprecision(, y in unitsof °C),theSr/CaSSTslope(, ,andthetrend

estimatg,, asfollows:

wherethe uncertaintyin thetrendassociateavith the Sr/CaSSTslope(, represents
thedifferencebetweerthe SSTtrendscalculatedwith the minimumandmaximum
Sr/CaSSTslopes. Theerrorin the SSTvariability is evensmaller,asreconstructed
Sr/CaSSTvariability is only affectedby the errorfrom analyticalprecision(with the
errorfrom the slopeandinterceptcontributingequallyto all valuesin therecord).
Uncertaintyin thetrendsin the Sr/CaSSTgradientbetweertwo sitesis calculatedrom

theirjoint errorsandthe errorin thetrendestimate(,

Finally, uncertaintyin the] 0 valuesreconstructedrom centerectorall 0 and
Sr/CaSSTis calculatedrom theanalyticalprecisionof boththe Sr/Caand] 0
measurements » and, in unitsof & ) andtheslopeof the] (-SSTand

Sr/CaSSTrelationshipsf Qf ) [Cahyarinietal. 2008}
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Theuncertaintyofthe] 0 trendis calculatedby quadraticallycombiningthe errors

associatedheanalyticalprecision(, y» and, inunitsof a ) theSr/CaSSTslope

(, ,the] 0-SSTslope(, theandthetrendestimatg,

As above theuncertaintyin thetrendassociateavith the Sr/CaSSTslope(, and

1 0-SSTslope(, representshedifferencebetweerthetrendscalculatedwith the
minimumandmaximumslopes. Finally, theerrorin| 0 variability is obtainedfrom
combiring the errorassociatedavith analyticalprecisionof the Sr/Caand] 0

measurements.

To assessheeffectof individual yearsonthetrendsreportedhere,we also
performatrendsensitivityanalysis. Onehundredrendanalysesvereperformedon each
record,with two yearsrandomlyremovedfor eachiteration. Themeanandstandard

devationof thetrendmagnituck in the 100iterationsis reportedherefor comparison.

Therelativelylargeuncertaintyvalues(3.5-5°C) associateavith reconstructing
absoluteSSTsreportedhereareconsistentith otherstudiedNurhatietal. 2011]and
reflectthe cumulativeerrorassociatedavith analyticalprecisionandthe Sr/CaSST

relationship(slopeandintercept). In contrastuncertaintiesn reconstructingelative
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variability andtrendsaremuchsmaller(~0.3-0.4°C)andsupportthe useof thesedatato
addres20"-centurychangesn trendandvariability. All uncertaintiesirelistedin Table

B-3.

4. Results
4.1Replication of coral Sr/Ca aihd 0 variaions

We use replicate cores from the Republic of Kiribati (Onotoa and Maiana atolls)
and Jarvis island to test the reproducibility of the observed Sr/Ga andvariations.
Onotoa and Maiana atoll are separated by about 400 km, and the cordarivanisland
were collected ~100 meters apart. All cores were collected from sites bathed by open
ocean conditions to minimize the influence of feedile processes. We found strong
agreement between the Sr/Ca‘andd recordsfrom OnotoaandMaiana atolls (Figure
B-9), with significantpositivecorrelationsobservedetweerall recordsfrom thetwo
sites(TableB-2) andabsolutemeanvaluesthatagreewithin error(TableB-3). The
1 UOand 0 recordsfrom Maianadisplayedstrongrnegativeanomalieghan
OnotoaduringmanystrongEl Nifio events particularlythoseof thelate 20" century
(e.g.,198283and1991-92), suggesting strongetrENSOGrelatedhydrologicalresponse
atthis site. Theaverageabsolutedifferencebetweerreconstructedsr/CaSSTsat Onotoa
andMaianais 0.58°Coverthe 19121993periodof overlap,whichis lessthanthe
uncertaintyin thereconstructe®r/CaSSTsat thesetwo sites(TableB-3), andwithin 2 {

of theanalyticalprecisionof the Sr/Cameasuremenis termsof SST(0.77°C). SST
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observationslsosuggesthatsomeof this differencemaybe attributedto atrue mean
SSTdifferencebetweerthesesites(e.g.,0.2°C differencebetveenOnotoaandMaianain
IGOSSSSTSs). Theremaindeiof theobservedsr/CaSSTdifferencebetweernhesesites
(0.378°C)is within the 1 (errorof the Sr/Cameasurement®.386°C).

Despitethe closeproximity of thetwo Jarvisrecordstheagreemenamongthese
recordss relativelyweak. Nonethelesshe Jarvisrecords(FigureB-10) aresignificantly
correlatedo eachother(TableB-2), with anaverageabsolutedifferencein reconstructed
Sr/CaSSTsof 2.06°C overthe 1867-1999periodof overlap(or 1.92°Coverthe1912
1993period). AlthoughconsiderablyargerthanthedifferencebetweertheKiribati
coralrecordsthis differenceis still within errorof theabsoluteSr/CaSSTvalues(Table
B-3).

TheJarvisl recordalsodisplayedittle correspadencewith theKiribati coral
recordsandlocal andregionalSSTindices(TablesB-2, B-4 & B-5), suggestinghata
climatesignalmaynotbereliably reconstructedrom the Jarvisl coralrecord. Thelow
agreemenbetweerthe Jarvisl recordandotherregionalrecordsmaybe attributedin
partto largeuncertaintyin theagemodelfor this recordwhich stemsfrom alack of high-
resolution U and] 0 measurementsom this core,whicharestill currentlyin
development. Seasonatyclesin isotoperecordsfrom theseequatoriakitesgreatlyaid
agemodeldevelopmentascoralsfrom thesesitesdisplayonly faint annualdensity
bandingandmoderateSr/Caseasonality.The possibilityof secondarlteration,evenin
suchayoungcoral,alsomustbe assessedsingSEM imagege.g.,Sayanietal. 2011].

All furtheranalyseexcludethe Jarvisl recorduntil thesessuescanberesdved.
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4.2 CoralSr/CaSSTreconstruction

StrongcorrelationdhetweerSSTandSr/Cameasuredn the Onotoa,Maianaand
Jarvis2 coressupportgheinterpretatiorof theseSr/Carecordsn termsof local SST
variability (TableB-4). CalibratingtheseSr/Carecordswith local ERSSTv3ISSTsover
the periodof besthistoricaldatacoveragg1950) usingWLS regressiorjYorketal.
2004, Thirumalai et al 2011] to reconstruct absolute SH&8T values, we obtain the

following relationships between SST andaldsr/Ca:

YYY poedpu p8B Y YHO ®w (Jan1950 Dec1998,r=-0.56)
YUYY PPH W P W YHO ® (Jan1950Dec1993,r=-0.543)
YY'Y PTHPUL p P p YO O (Jan1950Dec1999,r=-0.67)

Theslopeof the Sr/CaSSTrelationshipat thesesitesfalls in theupperendof therange
of slopesthathavebeenreportedfor Poritessp.corals[Corrége 2006]. This maybe
attributedto the choiceof WLS regressiorto accountfor errorin both the Sr/CaandSST
measurementsisthe slopeof the Sr/CaSSTrelationshipwasgreaterat all siteswhenthe

WLS methodis usedoverthe commonlyappliedOLS regressior{FiguresB-6-8).

Thestrengthof the Sr/CaSSTtrendat thesesitesis sensitiveto the slopeof the
Sr/CaSSTrelationshipwhich differs dependingon the SSTproductchosenFiguresB-
6-8). Totesttheinfluenceof the Sr/CaSSTrelationshipateachsiteontheobserved
variability andtrends we calculatedhe meanandstandardleviation of the Sr/CaSST
slopeateachsite. Usingresultsfrom the RMS andWLS regressiorof all SSTproducts

andall time periodsanalyzedN=14),we find a meanandstandardieviationof the slope
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of -0.089+0.0104nmol/mol°C* at Onotoa,-0.095+0.015mmol/mol °C* at Maiana,

and-0.0919+0.0179nmol/mol°C* at Jarvis.

4.3 Corall 0,Sr/CaSSTand, 0 variability

Thegeochemicatecordsfrom JarvisandKiribati displaystronginterannuato
decadabariability tied to ENSOandlow-frequencyariationswithin the Pacificbasin.
The] 0,Sr/CaSSTand] 0 recordsfrom OnotoaMaianaandJarvis2 all display
significantnegativecorrelationswith easterrPacific (Nifio 3.4) SSTs,consistentvith
warm,wet conditionsat thesesitesduring El Nifio eventg(TableB-5). With the
exceptionof Onotod 0 , theserecordsalsoaresignificantlynegativelycorrelated
with the EI Nifio Modoki index (EMI, [Ashok etal. 2007]. However,thecorrelationwith
the EMI wasweakerthanwith Nifio 3.4 SSTsin all casessuggesting strongeresponse
to easterrPacificENSOeventsat thesesites(or strongervariability associatedvith those
events). TheSr/Caand] 0 recordsfrom Kiribati, andthe] U and] 0 records
from Jarvis,correlatepositivelywith the NPGOindex[Di Lorenzoetal. 2008],andall
records(with theexceptionof Onotog U ) correlatenegativelywith indicesfor the

PDO[Mantuaetal. 1997;Kaplanetal. 2000]

4.420"-centurytrends

Overthe19121993intervalcommonto therecordsthe Sr/CaSST
reconstructionfrom Onotoa Maiana,andJarvisislandsindicatethat significantwarming

occurredat thesesites. Onotoawarmedby 1.35+0.385°CMaianaby 0.656+0.281°Carnd
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Jarvisby 0.53710.44°Metweenl912and1993. UsingthemeanSr/CaSSTslope,we
find similar warmingtrendsof 1.2+0.34°Cat Onotoa,0.75+0.32°Cat Maiana,and
0.4+0.33°CatJarvis. All 3corall 0 recordsalsodisplaya significanttrendtowards
morenegative(depleted)valuesoverthisinterval, consistentith warmingand/or
fresheningTableB-3). Thenegativé 0 trendobservedn the MaianaandJarvis2
recordss largerthancan be explainedby (Sr/Caderived)SSTalone,suggestinghat
fresheninchascontributecto the] 0 attrendatthesesites. The] 0 series
reconstructedrom the pairedSr/Caand] U recordsat MaianaandJarvisthusdisplay
significant negativetrendsof -0.306+ 0.098a and-0.228+ 0.119a , respectively.
Thesetrendssuggest fresheningof ~1.13+ 0.098PSUat Maianaand0.84+ 0.119PSU
atJarvislsland,basedn the empiricalrelationshipbetweeft 0 andSSSfor the
tropical Pacific[Fairbanksetal. 1997;LeGrandeand Schmid2006]. In contrastno
significanttrendin| 0 wasobservedat OnotoaAtoll.

The Sr/CaSSTreconstructionfrom the OnotoaandMaianasuggest warming
of ~0.7-1.4°C(x0.3-0.4°C),whichis greatetthanthewarmingof ~0.5°C (+0.4°C)
observedurthereastat Jarvisisland. As aresult,thecoral Sr/CaSSTreconstructions
suggeseitherno changeor a slight strengtheningf the E-W SSTgradientacrosshe
datelineof ~0.2-0.8°C (x 0.5-0.6°C) betweeril912and1993(FigureB-11). In contrast,
thewarmingtrendobservedat Jarvisisland(~0.5+£0.4°C)is comparabldo thatobserved
atPalmyraAtoll (~0.4+0.26°C)[Nurhatietal. 2009;2011a],suggestingo significant
changdn theN-S equatorialSSTgradientoverthe 19121993period(-0.12+0.63°C;

FigureB-12). Calculatingthe gradienttrendsandtheerrorestimateof thetrendfrom the
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meananderrorof potentialcalibrationslopesat eachsite,we find thatthe gradienttrends
werenot sensitiveto the calibrationslopeuncertainty. Thecoral Sr/CaSST
reconstructionstill suggesno changeor aslight strengtheningf the E-W SSTgradient
of ~0.40.8°C(z 0.5°C)(FigureB-13) betweeril912and1993,andno significantchange
in the N-S equatorialSSTgradient(-0.014+0.4°C;FigureB-14) overthis period. Note
thatin all casesthe sensitivityof thetrendmagnitudeto theyearsincludedin the
analysiswvasfar lessthanthe overalltrenduncertainty(Table B-3), suggstingthatthese
resultsarenot sensitiveto thetime periodcoveredanalysis

Capitalizingon the strongcoherencéetweerthe OnotoaandMaianaSr/CaSST
recordswe producea compositerecordfor the Republicof Kiribati coveringthefull
20"-centuy. Thisrecordsuggestswarmingof 1 + 0.5°Cbetweer1900and1998,
comparedo awarmingof 0.79+£0.4°Cat Jarvis. Consistentvith the 19121993trend,
theserecordssuggesta slight strengtheningf the E-W SSTgradientacrosghe dateline,
althoughthe uncertaintydoesnot precludea stablegradient(-0.21+0.65°C)(FigureB-
15). Thetrendsat Palmyra(0.23+0.26°C)andJarvis(0.79+0.4°C)overthefull 20"
centuryshowa slight weakeningof the N-S SSTgradientof -0.55+0.51°C(Figure B-16).
In no casedo we reconstrucaweakeninge-W gradientacrosghe datelineovereither
the shortercommonintervalor thelonger(full-century)interval.

Whencombinedwith otherpublishedrecordsthe] U reconstructionfrom
thiswork suggesthat the salinity trendis highly patchyin thetropical Pacifc(FigureB-
17). Wefind thatthemagnitudeofthe] U trendatthesesitesis sensitiveto the

Sr/CaSSTcalibrationmethodutilized, which variesgreatlyamongpublishedrecords
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(FiguresB-18-20). Here,we applyacommoncalibrationapproacho all published
records(WLS regressioragainstt RSSTv3l5STsoverthe 19721992intervalcommon
to all records) andfind considerablepatialvariability remainsn the magnitudeof the

1 0 trendoverthe19721992period(FigureB-17).

5. Discussion

This studypresentshreeSr/Caand U recordsfrom thecentralLine Islands
andthe Republicof Kiribati, expandinghe networkof coratbasedSSTand] 0
recorstructionsfrom the equatoriakropical Pacific. We usethesereplicatedrecordsto
asses$b.1)thereproducibilityof coral Sr/Cameasurementsom thesesites,(5.2) the
relationshipbetweerSr/Cavariationsandlocal SSTandthe sensitivityof the SST
reconstructionio calibrationmethodology(5.3) the connectiorbetweervariationsin the
coralrecordsandregionalclimate,and(5.4) climaticimplicationsof 20"-centurytrends

inSST] 0 andequatorialPacificgradients.

5.1 Reproducibilityof coral Sr/Ca

Recentwork hasbroughtinto questionthe reproducibilityof coral Sr/Ca
variationsamongcloselyspacedoralcores[e.g.Linsley et al. 2006;Calvo et al, 2007;
Pfeifferetal. 2009;Groveetal. 2013]. Theamplitudeof variability [ Pfeifferetal.
2009],ENSOsignal,andlong-termtrends[ Groveet al. 2013]maydiffer between

replicateSr/Carecords. Thesediscrepancieamongreplicatecoralrecordsmaybe
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attributedto differencedn thegrowthresponsef theindividual coralsto changesn SST
[Felis et al, 2003; 2004Groveetal. 2013]. Nonethelessapplicationof a
dendrochronologgpproacho replicatecoresfrom the GreatBarrier Reef[Hendyet al.
2002]andNew Caledonigd DelLongetal. 2007;2013]hasdemonstratedighly
reproducibilityamongcrossdatedcores with differencean reconstructe®r/CaSST
acrosgeplicateNew Caledoniacoresthatwerelessthanthe analyticaluncertainty
[DeLongetal. 2007;2013].

In thiswork, we furthertestedthe reproducibilityof coral Sr/Cameasurements
from replicatecoresfrom JarvisandKiribati (OnotoaandMaianaatolls). Despitebeing
separatedby a distanceof ~400 km, we find strong agreement betweenMiagana and
Onotoa Sr/Ca records, with absolute values that differ by an average of only 0.58°C. This
difference is much less than the uncertainty of the reconstructed absolutSSiCa
values themselves (TabB3) and well within the range expected framalytical
uncertainty and real SST differences. The replicate Sr/Ca records from Jarvis Atoll were
also significantly, but weakly, correlated with one another, with an average absolute
difference of ~2°C in the reconstructed SK&E3T. The weak corrpendence between
replicate records from Jarvis Island may be attributed to chronologicataintgin the
Jarvis 1 recordsubannuallyesolved U andl 0 recordsarecurrentlybeing

developedo improvethe agemodelfor thisrecord.
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5.2Sr/CaSSTrelationship

ThereportedrelationshipbetweerSr/CaandSSTvariesgreatlyamongpublished
recordswith slopesrangingfrom -0.04to -0.09mmol/moC* anda meanvaluearound
-0.06mmol/moldC* [Corrége2006andreferencesvithin; Nurhatiet al. 2009;DeLong
etal. 2007]. Much of this discrepancynaybedueto differencesan the calibration
approactemployedn thesestudies particularlywith respecto the SSTdatausedto
calibratethe Sr/Cameasurement{Correge2006]. Consistentvith this previouswork,
the Sr/CaSSTrelationshipthatwe derivehereis sensitiveto the calibrationapproach.
The Sr/CaSSTrelationshipis sensitiveto the choiceof SSTproductandto the choiceof
theregressiommethod(FiguresB-6-8). Independentf the SSTproductselectedyve find
thatOLS regressiorconsistentlyreturnsshallowerslopesof the Sr/CaSSTrelationship
thaneitherRMA or WLS methodgbothof which accountfor errorin SSTandSr/Caand
producerobustestimate®f the uncertaintyof the slope). Althoughthe applicationof
RMA regressions becomingmorewidespreade.g.,Shenand Dunbar1995;Quinnetal.
1998;Quinnand Sampson2002;DeLongetal. 2007;Nurhati etal. 2009;2011a],most
publishedSr/CaSSTreconstructionbaveusedOLS regressiorior the calibrationof the
Sr/Cathermometer.The slopeof the Sr/CaSSTrelationshipseportecherefor Jarvis,
OnotoaandMaianacoralrecords(-0.069to -0.109mmol/motdC?), calculatedrom WLS
regressioragainstt RSSTv3btherefordie ontheupperendof thereportedcalibration
equationdrom theliterature[seeCorrege2006], but aresimilar to thatreportedoy

Nurhatietal. [2009] usingRMA regression.
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Theseresultsemphasize needfor a unified approactio calibratingSr/Ca
meaurementsvithin the coral paleoclimatecommunity,andsuggesthatusingthe mean
of therangeof potentialcalibrationslopesin theabsenc®f local in situ SSTdatamay
improvetheagreemenamongrecords. If asinglemethodis chosenthe Sr/CaSST
slopesfor two differentrecordsmayfall on oppositeendsof thefairly wide rangeof
potentialvalues Jeadingto differencedn thereconstructedecords. We find thatthe
differencein Sr/CaSSTtrendoverthe 19121993periodbetweerOnotoaandMaianais
reducedusingthe meancalibrationapproachsuchthatthetrendsarewithin errorof each

otherwhenthe meancalibrationslopeis used.

5.3Corall 0, Sr/CaSSTand] 0 variability

Thegeochemicatecordsfrom JarvisandKiribati displaystronginterannuato
decadalariability tied to ENSOandlow-frequencyPacificvariations,asobservedn the
Palmyraatoll recordgNurhatietal. 2011a]. However,in thePalmyrarecords SST
variability is tied to centralPacificvariability, while salinity variability correlateswith
the easterrPacific. Our newrecordscorrelateto variability in boththe easterrandcentral
tropical Pacific. With theexceptionof the] 0 reconstructiorfrom OnotoaAtoll, all
of ourrecordssignificantly correlatewith Nifio 3.4 SST,the ENSOModoki index (EMI),
thePDOandtheNPGO(TableB-5). Theserecordsclearlytrackthefull rangeof ENSG
relatedandlow-frequencyvariability amongthe modesthatinfluencethesesites(Figure

B-1 & B-21, TableB-7). Thesereconstructionprovideadditionalsupportfor significant
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decadalariability in thetropical Pacific,asobservedn othefl 0 [e.g.Ault etal. 2009]
andSr/Cafe.g.DeLongetal. 2007;Nurhatietal. 2011a]recordsfrom the basin.

In contrasto PalmyrawhereSr/CaSSTreconstructionsorrelatebestwith
centralPacificvariability, our geochemicatecordsaremorestronglyrelatedto eastern
Pacificvariability, asindicatedby the strongercorrelationswith Nifio 3.4 SSTsandthe
PDO. Ourdatasuggesthatthe centraltropical Pacificis warmerandfresherduring
positivephase®f the PDO,asobservedrom 19251946and1977%1998[Mantuaetal.
1997],althaughthecorall 0 reconstructionsuggesgreatemuncertaintyin the
decadakalinity responsé€TablesB-5 & B-7). Theabsencef astrongNPGOsignature
in our coralrecordsmay beattributedto the weakinfluenceof this modeon SST
variablity atoursites;thePDOinfluenceis strongerat our sites(FigureB-21). As a
result,thechangen Sr/Ca, 0 and] 0 associateavith changesn thePDOare
largerthanobservedvith changesn the NPGO(TableB-7).

Overallvariability is largerat JarvisthanattheKiribati sites,becausét is more
sensitiveto variability emanatingrom easterrPacificupwelling. This largervariability is
evidentin thegeochemicatecordswhereregressiorslopesthe changeassociatedvith
changesn theindices)tendto besteepefor Jarvis(TableB-7). TheJarvisSST
reconstructiorsuggestshatthe EP ENSOeventsof 1983and1986wereparticularly
strongatthis site, with anomalieof up to 4.2°C. Theseanomaliesaremuchlargerthan
observedn theIGOSSSSTdatase{~2.5°C). Anomaliesof similar magnitudg(4.3°C)
inthe] 0 recordandtheabsenc®f alterationin thetop sectionof core,supportthe

interpretatiorof theseanomaliesasan ENSGrelatedreductionin upwellingat this site.



94

Further,secondaryaragoniteypically found alteredmaterialresultsin anomaliesn the
oppositedirection(resultingin a cold bias)[e.g.,Sayanietal. 2011]. Theseyearsalso
displayedbelowaveragegrowthrate(10-14 mm/yearvs. meanof 20 mm/year),as
commonlyobservedduringENSOrelatedheatstresgseelLoughand Cooper2011and
referenceherein]. Nonethelesghereis no evidenceof nonlinearityin the Sr/CaSST
relationship suggestinghatthe growthresponseo thesewarmanonaliesdid notimpact
the Sr/CaSSTcalibration.

As aresultof thestrongfingerprintof the PDOat Jarvis,the E-W andN-S SST
gradientsalsodisplaystronglow-frequencyariability tied to the PDO. Both the E-W
andN-S gradientsareweakerduringa postive phaseof thePDO (19251946and197 7
1998)(FiguresB-11-16, TableB-6), asJarviswarmsrelativeto Onotoa,Maianaand
Palmyra. An abruptshift in the strengthof the SSTgradientsvasobservedwith the shift
from positiveto negativePDOin 1946.The E-W andN-S SSTgradientsalsoweaken
duringa positivephaseof theNPGO(e.g.,19751979,19871990)(FiguresB-11-16,

TableB-6), butto amuchlesserdegree.

5.4 Corakderivedtrendsin tropicalPacificSST] 0 andgradients

5.41 CoralderivedSSTtrends

Recentclimatemodelingwork suggestshatanthropogenievarmingmaybe
enhanceadn the centralPacific[ Xie etal. 2010]andalongthe equatorfLiu etal., 2005;
DiNezioetal. 2009;Gastinealtand Soden2009; Widlanskyet al., 2013]. However the

availableinstrumentabdataproductsdisagreewith respecto the magnitudeandevensign
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of thetemperaturérendsthroughouthe basin,particularlyin the easterrequatorial
Pacific. While enhancedvarmingin the centralandeasterrPacificis observedn the
ERSSTv3ldatasettheHadlSSTv1 datasetlisplayscoolingin the centralandeastern
Pacific. As aresult,the ERSSTv3ldatasesuggestsa weakeningf the equatoriaE-W
SSTgradientacrosghe dateline(betweernl73°Eand160°W), while theHadISSTv1
datasesuggesta strengthening@f the gradientdrivenby coolingin the east. Further,in
contrasto aweakeningof the N-S SSTgradientexpectedasaresultof enhanced
equatorialwarming,bothdatasetslisplaya strengtheningf the N-S SSTgradient
betweerthe equatorand6°N.

To addresgheseuncertaintiesn theresponsef the E-W andN-S SSTgradients
to warming,we usethe Sr/CaSSTreconstructionsrom JarvisAtoll (160°W) alongwith
thosefrom the Republicof Kiribati (173-17%E) andPalmyraAtoll (6°N) to reconstruct
changesn the E-W andN-S SSTgradientsrespectively. Thesecoralrecordssuggesa
strengthenin@f the E-W temperaturgradientof ~0.2-0.8 (£0.520.58)°C andno change
in the N-S equatoriatempeaturegradient(-0.012+ 0.63°C) overthe 19121993period
commonto all of the coralrecords. Althoughthe strengthof thewarmingtrendat
individual siteswassensitiveto the slopeof the Sr/CaSSTrelationship(FiguresB-6-8),
we find similar resuls in the E-W andN-S gradientsoverthe 19121993periodwhenthe
meanSr/CaSSTrelationshipwasusedat eachsite. Nonethelessysinga stackedecord
from theKiribati to assessrendsoverthefull 20"-century(1900-1998),we find thata
signatureof enhancecequatorialarmingemergesrom the noiseof thereconstructed

Sr/CaSSTtrends while the observedstrengtheningf the E-W SSTgradientis not
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significantoverthe 20"-century.Additional recordsfrom the centraltropical Pacificare
neededo confirm the significanceof thesetrends.Moreover,our recordsendin the
1990s,andassessinthefull extentof Pacifictrendsin awarmingworld requiresthatwe
bring theserecordsup to presenwith newcores.

Nonethelessn no casewasaweakeningf the E-W equatorialSSTgradient
implicatedby the coral Sr/CaSSTreconstructionsrom thesesites. Thus,althoughall
sitesdisplayedsignificantwarmingtrends the patternof warmingwasmaostsimilar to
thatobservedn the HadlSSTdatasetwith warming enhancedn the westrelativeto the
east. This apparenstrengtheningf the E-W temperaturg@radientacrosshedateline
betweenJarvislslandandthe Republicof Kiribati if significantmaybedrivenby a
changean the backgroundstatein the basn, eitherdueto awestwardmigrationof the
westernPacificwarmpool (WPWP)[Delcroix and Picaul998;Liu andHuang 2000;
HuangandLiu, 2001;Cravatteetal., 2009 associateavith aweakeningof the
equatoriakradewinds|e.g., Tokinaga et al2013 or throughthe oceanthermostat
mechanisnjClementetal. 1996], by which upwellingcounterghewarmingin the
easterrportionof the basin.

Ontheotherhand,thechangean the E-W gradientmaybeassociateavith a
changan ENSOitself, specificallyanincreasen CPENSOeventgYehetal. 2009],
whoseanomaliesarecenterechearOnotoaandMaiana. To addresshetherincreased
CPENSOeventscouldbe causingheincreasinggradientwe analyzedhe varianceof
thehigh-pasdiltered records(usingan 11-year normalized hamming windgw 20-year

movingwindows(FigureB-22). As Jarvisexperiencetargetemperatur@anomalies
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duringbothEPandCP ENSOeventsjts reconstructe®T variances higherthanthatat
Kiribati. TheJarvisrecorddisplayslower varianceduringthe 1920-60s,a periodwhen
ENSOwasknownto berelativelyweakfrom otherENSO-sensitiverecords. After the
1960s thevarianceof the Jarvisrecordincreaseslramaticallyin responséo thelarge
ENSOeventsobservediuringthelate 20" century. In contrastOnotoaandMaiana
displayverylittle changen interannuabariability overthis period. Thereforethe E-W
gradienttrendcannotbe attributedto anincreasen CP ENSOeventsasthereis no
evidencefor anincreasan CPvariancerelativeto theeastin thecoral Sr/CaSST

reconstructions.

5.42 Coralderived 0 trends

Availablesalinity productsdisagreeegardingthe magnitudeandevendirection
of thetrendovertheinstrumentaperiod(FigureB-17). Aswith SST,these
discrepanciemaybe attributedto the paucityof historicalclimatedatafrom the
equatorialPacific. Here,weuse¢ 0 reconstructedrom pairedcoralSr/Caand] 0
to assessalinity trendswithin thebasin.We find thatalthoughthe coral reconstructions
generallysuggesthatthe basinis fresheningn responséo anthropogenievarming the
magnitudeof the] 0 responsés highly spatiallyheterogeneousithin thetropical
Pacific. Corall U reconstructionérom MaianaandJarvisdisplaysignificanttrends
towardslighter values,suggestin@ fresheningrendbetweenl912and1993,whereaso
significanttrendis observedat OnotoaAtoll. Thefresheningrendsobservedat Maiana

andJarvisareconsistentvith the wet-getwetterpatternassociateavith the strengthening
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of theglobalhydrologicalcycle [Held and Soder?006] andthe shift in precipitation
associateavith aweakenedValkercirculation[Vecchietal. 2006;Zhang and Song
2006;Bunge and Clark@009. Increaseddvectionof low salinity watersfrom the
WPWP[e.g.Delcroix and Picautl998;Liu andHuang 2000;HuangandLiu, 2001;

Cravatteetal., 2009 mayalsocontributeto thefresheningrendatthesesites.

Wefind tha themagnitudeof the] 0 trendatthesesitesis sensitiveto the
slopeof the Sr/CaSSTrelationship(FiguresB-18-20), which depend®nthe SST
productandcalibrationmethodologyutilized. Theseresultsprovidefurtheremphasigor
the needfor a unified approacho Sr/Careconstructiorwithin the coral paleoclimate
community. Applying a unified approacho calibratingthe availablemonthly Sr/CaSST
recordsfrom thetropical Pacific (WLS regressiorof Sr/CaagainsERSSTv3SSTsover
1972-1992periodcommonto all records)we find thatalthoughthe] 0
reconstructiongienerallysuggestresheningacrosghetropical Pacific consistentvith
theincreasen the globalhydrologicalcycle[Held and Soder2006],the salinity trends
arestill spatiallyheterogeneou@hompsoretal. 2011;FigureB-17). Differencesn
analyticalmethodsandthe absencef a commonstandarcamonglaboratoriedor the
measuremertdf Sr/Camay contributeto thediscrepancieamongtheresulting 0
reconstruction$Correge2006;Hathorne et al2013. Ontheotherhand,giventhe
heterogeneityf the salinity trendoverthe historicalrecord(FigureB-17) andthe
extremelylimited datacoveragdor long-termvariability [Delcroix et al 2011] the
potentialfor a spatiallyheterogeneousalinity respons to climatechangecannotbe

dismissecandneeddo befurtherinvestigated.The paucityof salinity observationshat
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contributeto thesehistoricaldataseteiddsconsiderableincertaintyto the assessmeruf
historicalsalinity trends,emphasizinghe needfor additionalpairedcoral Sr/Caand

1 0 recordsfrom thetropical Pacificto addressalinity trends. Additional coral

1 0 reconstructionsnayhelpconstrainthe anthropogeni€ingerprintof salinity

changewithin the basin.

6. Corclusions
We usereplicatedrecordsfrom the Republicof Kiribati andthe centralLine

Islandsto assesshereproducibilityof Sr/Carecordsfrom thesesitesandtheir
relationshipwith SST. Pairedwith| 0 recordsfrom thesamecores,we then
recorstructSSTand| U andusethesenewrecordsto asses@0" centuryvariability
andtrendsin SSTandSSSin the centraltropical Pacific. We find thatSr/CaSST
variationsarehighly reproduciblebetweerntwo coresfrom Kiribati, despitebeing
separatedby over400km. After accountingor the observedlifferencein SSTbhetween
thesetwo sites(~0.2°C), thedifferencein reconstructe®r/CaSSTs(0.58°C) is within
the precisionof the Sr/CameasurementsAlthoughwe alsofind agreemenbetveen
replicaterecordsfrom Jarvisisland,the agreemenits muchweakerthanobserved
betweertheKiribati recordsdespitebeingseparatedy only ~100meterswith amean
differenceof ~2°Cin reconstructe®r/CaSSTs. This differencemaybe attributedto
uncertaintiesn the Jarvisl record,which alsodisplaysweakcorrespondenceith local

andregionalSSTs. SEMimagingof the skeletonandhigh-resolutionisotoperecords
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from this corewill bedevelopedn futurework to improvethe agemodelfor thisrecord
andscreerthis recordfor diagenesis.

TheSr/CaSST] U,and 0 recordsrom OnotoaMaianaandJarvis2
coresdisplaystronginterannuabndlow-frequencyvariability thatis stronglyrelatedto
ENSOandPacificdecadalSSTvariations. Althoughtherecordsdisplaysignificant
correlatimsto both centralandeasterrPacific variability interannuabnddecadal
timescalestherecordsaremorestronglytied to easterrPacificvariability (EP ENSOand
PDO,respectively).Thecoralrecordssuggesthatthe centraltropical Pacificbecomes
warmerandfresherduring positivephase®f the PDO, resultingin aweakeningf the E-
W andN-S gradientsbetweerthesesites. Theshiftin the PDOfrom a positiveto
negativephasean 1946is stronglyrecordedn the SSTgradientbetweernthesesites. The
SSTgradientsalsoweakersignificantlyduring a positivephaseof the NPGO,butto a
muchlesserdegreghanassociatedavith shiftsin the PDO.

Superimposedn thevariability in theserecordswasa warmingandfreshening
trend,exceptat Onotoawheretherewasno significanf 0 trend. TheSr/CaSST
reconstructionsuggesthatthe warmingat Kiribati mayhavebeengreaterthanfurther
eastat Jarvis,resultingin anapparenstrengtheningf the SSTgradient. In contrastthe
warmingtrendis similarin magnitudebetweenJarvisnearthe equatorandPalmyraat
6°N, suggestinghattherehasnot beena strongenhancemendf warmingalongthe
equatorandchangdn the N-S SSTgradient. We find no cleartrendin interannual
variability within the centralPacific,suggestinghattherehasbeenno detectablencrease

in CPtype ENSOeventsoverthe2d" century. Coral| 0  reconstructionérom



101

MaianaandJarvissuggest fresheningrendat thesesites,while no significanff 0
trendwasobservedat Onotoa. Along with otheff 0  reconstructionérom the
tropical Pacific,theserecordssuggesthatthe salinity responséo climatechangenaybe
very patchywithin the basin.

Ourresultsarelimited in thattheyendduringthel 9 9 @ridsomeof thelargest
responseto awarmingworld mayarguablybe seensincethattime. Moreover,our
analysisof the gradientonly considersa limited zonalextentacrosghe dateline(172ET
160W).Additional recordsfrom equatoriakitesin the easternmod®acificwould add
greatlyto this analysisaswould coresthatextendto presenfrom all sites Additional
pairedSr/Caand] 0 recordsfrom coralswould improveour understandingf the

thermalandhydrologicalfingerprintof warmingin thetropical Pacific.
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FigureB-1: (a) AverageSSTsover the 19002011 periodfrom the ERSSTv3b dataset,

(b) CompositeeasterrPacific El Nifio (EP) pattern,calculatedasthe averageof the DJF
SSTanomalyfrom 5 EP events (196%6, 197273, 197677, 198283, 199798), (c)

same as in (b) for central Pacifid Nifio (CP) pattern,calculatedfrom 6 CP events

(1968 69, 199091, 199495, 200203, 200405, 200607 [Ashok et al 2007). The

0x 6s06 mar k oftolr eoral santpled fiora (west to eabtgiana Atoll, Onotoa

Atoll, and Jarvis Island and the circle denotes the location of the Palmyra Atoll coral
record [Cobb et al., 2003; Nurhati et al., 2009; Nurhati et al. 2011a]. The mean SST at the
coral sites was: 27.24°C at Jarvis; 28.66°C at Maiana; 28.82°C at Onotoa; and 28.03°C at
Palmyra. EP ENSO events were associated with anomalies of: 1.79°C at Jarvis; 0.42°C at
Maiana; 0.41°C at Onotoa; and 0.54°C at Palmyra. In contrast, CP ENSO events were
assocated with anomalies of: 1.3& at Jarvis; 1.23°C at Maiana; 1.14°C at Onotoa; and
0.91°C at Palmyra.
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Mill break: patched with ONO5

-

Onotoa

Onotoa
2003-5

2003-6

FigureB-2: Positive Xray images oPorites spcoral slabs frontwo cores collected
offshoreof Onotoa Atoll, Republic of Kiribati in 2003. Geochieal analyses were
performed on samples from core 6 milled at 1 mm increments along transects following
optimal growth features (indicated in yellow). Analyses of samples from core 5 (right)
were used to patch the mill break in core 6 that occurred dooifegtion.
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Maiana
1995 2-3

FigureB-3: Positive Xray images oPorites spcoral slabs frontore 23 collectedat

Maiana Atoll, Republic of Kiribati in January, 1995. Geochemical analyses were
performed on samples previously milled at 1 mm increments along theinpditteged in
yellow (Urban et al. 2000). Where necessary, additional powders were drilled parallel to

the original sampling path.



118

FigureB-4: Positive Xray images oPorites spcoral slabs frontore 99-1-2 collected

offshoreof Jarvis Atoll in 1999.Geochemical analyses were performed on samples from

milled at 1 mm increments along transects following optimal growth features (indicated

in yell ow). Sampling ended where the cora
banding pattern was observedtfweorallites oriented perpendicular to the slab).
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FigureB-5: Comparisorof Jarvis2 surfaceswith andwithout alteration.(a-d) Scanning
ElectronMicroscope(SEM) imagesof unalteredsurfacesearthetop of the coreand(e-
h) SEM imagesof alteredsurfacesnearthe bottomof the core
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FigureB-6: Sensitivity of the 26 century Onotoa Sr/GSST trend (1900.998) to the
Sr/CaSST calibration using the available SST products (symbols) and Ordinary Least
Squares (OLS), Reduced Major Axis (RMA), or Wegghtinear Regression (WLS)
regression. For each product, the regression was performed with monthly anomalies over
the 19821999 and 1950999 period¢NCEP & IGOSS: 1982999 only). Similar

results were also obtained with raw and annual series and eviettltheriod of overlap.
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FigureB-7: Sensitivity of the 26 century Maiana Sr/G8ST trend (191:1994) to the
Sr/CaSST calibration using the available SST products (symbols) and Ordinary Least
Squares (OLS), Reduced Major Axis (RMA), or Weighteddar Regression (WLS)
regression. For each product, the regression was performed with monthly anomalies over
the 19821993 and 1950993 period¢NCEP & IGOSS: 1982993 only). Similar

results were also obtained with raw and annual series and overl theriodl of overlap.
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FigureB-8: Sensitivity of the 26 century Jarvis 2 Sr/G&ST trend (190€1998) to the
Sr/CaSST calibration using the available SST products (symbols) and Ordinary Least
Squares (OLS), Reduced Major Axis (RMA), or Weighted LiriRegression (WLS)
regression. For each product, the regression was performed with monthly anomalies over
the 19821998 and 1950998 period¢NCEP & IGOSS: 1982998 only). Similar

results were also obtained with raw and annual series and over theridl pf overlap.
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Sr/Ca-SST
anomaly (°C)

FigureB-9: Onotoa(solid) andMaiana(dotted)d*®0, Sr/CaSST,andd'®0Osw. Trends
over19002000andthe 19121994 periodof overlapareshownin black.Sr/CaSSTwas

reconstructedrom Sr/Caandthelocal S’/CaERSSTv3BNLS calibration.

8180 anomaly (%a)

8180y, anomaly (%)
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Sr/Ca-SST

anomaly (°C)

FigureB-10: Jarvis2 (solid) andJarvis1 (dotted)d'®0, Sr/CaSST,andd*®Osw. Trends

overthefull record(18501999for Jarvis2 and1867%1999for Jarvisl) andthe1912
1994 periodof overlapamongcoralrecordsareshownin black.Sr/CaSST was

reconstructedrom Sr/Caandthelocal S//CaERSSTv3BWVLS calibration. Alteredareas

of theJarvis2 record(highlightedin gray)wereexcludedrom all analysegresented
here.
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FigureB-11: (top) Sr/CaSSTreconstructedrom Onotoa(red), Maiana (reddashedjand
Jarvis2 coral Sr/Ca(usingthe ERSSTv3BNLS calibration).(bottom)SSTgradient
acrosghedateline calculatedasthedifferencebetweerreconstructeSTfrom Jarvis2
andOnotoaandMaianaAtolls, Republicof Kiribati. Thetrendlines suggesan
increasings-W gradient.
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FigureB-12: (top) Sr/CaSSTreconstructedrom Jarvis2 (blue)andPalmyra(red) using
thelocal SI/CaERSSTvV3BWLS calibration.(bottom)N-S SSTgradientcalculatedasthe
differencebetweerPalmyraandJarvis2 Sr/CaSSTs,with thetrendline indicatingan
insignificantdecreasén the N-S gradient.
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FigureB-13: (top) Sr/CaSSTanomaliegeconstructedrom Onotoa(red), Maiana(red
dashedpndJarvis2 coral Sr/Causingthe meanslopeof the Sr/CaSSTrelationshipfrom

sensitivityanalysis (bottom)SSTgradientacrosghe dateline calculatedasthe

differencebetweerreconstructeSTfrom Jarvis2 andOnotoaandMaianaAtolls,

Republicof Kiribati. Thetrendlinessuggestanincreasinge-W gradient.
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Palmyra Sr/Ca-SST (°C)

N-S SST difference

FigureB-14: (top) Sr/CaSSTanomaliegeconstructedrom Jarvis2 (blue)andPalmyra

(red)usingthe meanslopeof the Sr/CaSSTrelationshipfrom sensitivityanalysis.

(bottom)N-S SSTgradientcalculatedasthe differencebetweerPalmyraandJarvis2
SrlCa-SSTs,with thetrendline indicatingno significantchangen the N-S gradient.
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FigureB-15: (top) Sr/CaSSTreconstructedrom the stackedRepublicof Kiribati records
(red),andJarvis2 coral Sr/Caoverthe 1900-1998period(usingthe ERSSTv3BNLS
calibration).(bottom)SSTgradientacrosshe dateline calculatedasthedifference

betweerreconstructe&STfrom Jarvis2 andtheKiribati stack.Thetrendline suggests
aninsignificantincreasen the E-W gradient.
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FigureB-16: (top) Sr/CaSSTanomaliegeconstructedrom Jarvis2 (blue)andPalmyra
(red)overthe 1900-1998period(usingthe ERSSTv3BWLS calibration).(bottom)N-S
SSTgradientcalculatedasthe differencebetweenPalmyraandJarvis2 Sr/CaSSTs,with
thetrendline indicatinga slight weakeningof the N-S gradient.
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FigureB-17: Trendsoverthe 19721992periodin d*®0, reconstructedrom paired
coral Sr/Caandd*0O (symbols)andhistorical SSSfrom (a) SimpleOceanData
Assimilation(SODA) version2.1.6[Carton and Giese008], (b) Carton GOA Beta 7
[Carton et al. 2000} and(c) Delcroix [Delcroix et al.2011. d'Os, wasreconstructed
from coralsat (from eastto west): Christmag Nurhati etal. 2009], Fanning[Nurhati et
al. 2009],Jarvisisland(this work), Palmyra[Nurhati etal. 2009;2011a],Onotoaatoll
(thiswork), Maianaatoll (thiswork & Urban etal. 2000], Vanuatu[Kilbourneetal.
2004],andNew CaledonigDeLongetal. 2012].
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FigureB-18: Sensitivity of the 28 century Onotoa*®Os,, trend (19062000) to the

Sr/CaSST calibration using the available SST products (symbols) and Ordinary Least
Squares (OLS), Reduced Major Axis (RMA), or Weighted Linear Regression (WLS)
regression. For each product, the regression was performed with monthly anomalies over
the 198-1999 and 1950999 period¢NCEP 19821999 only). Similar results were also
obtained with raw and annual series and over the full period of overlap (not shown).
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FigureB-19: Sensitivity of the 20 century Maianai'®Os, trend (19121994) to the

Sr/CaSST calibration using the available SST products (symbols) and Ordinary Least
Squares (OLS), Reduced Major Axis (RMA), or Weighted Linear Regression (WLS)
regression. For each product, the regression was performed with monthly anomalies over
the 19821938 and 19501993 periods (NCEP 198993 only). Similar results were also
obtained with raw and annual series and over the full period of overlap (not shown).
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FigureB-20: Sensitivity of the 28 century Jarvis 210y, trend (19061998) to the

Sr/CaSST calibration using the available SST products (symbols) and Ordinary Least
Squares (OLS), Reduced Major Axis (RMA), or Weighted Linear Regression (WLS)
regression. For each product, the regression was performed with monthly anomalies over
the 19821998and 19501998 periods (NCEP 198998 only). Similar results were also
obtained with raw and annual series and over the full period of overlap (not shown).
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FigureB-21: Regression of SST (ERSSTv3®mith et al.2008 with indices of Pacific
decadal variability: (a) Pacific Decadal Oscillation (PDO) index from 1900 to 2012
[Mantua et al1997] and (b) Negative NPGO index from 1950 to 2@iA forenzo et

al. 2008].T h e 0 x 6 s dlocatiens (westctaeashlhiana Atoll, Onotoa Atolland
Jarvis Island and the circle denotes Palmyra Atdidbb et al, 2003;Nurhati et al,
2009;Nurhati et al 2011a]. The slope of the regression (change in temperature per unit
change in the index) at the coral sites is 0%26or the PDO and 0.2Z forthe-

NPGO at Jarvis; 0.168 for the PDO and 0.13& for the-NPGO at Maiana; 0.17&

for the PDO and 0.13%C for the-NPGO at Onotoa; and 0.13@ for the PDO and

0.177°C for the-NPGO at Palmyra
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FigureB-22: (top) Varianceof the high passfilt eredSr/CaSSTrecordsirom Onotoa
(red),Maiana(reddashedpandJarvis2 (blue)in 20 yearmovingwindows (bottom)E-W
differencein high-frequencyvariance.
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TableB-1: Coralsitesfrom which Sr/Carecordsweredevelopedn this study. The
lengh andresolutionof d*?0 recordspreviouslydevelopedrom thesesamecoralcores
arealsonotedalongwith the original referencgwhereapplicable).

Site Latitude | Longitude Corald®®0 Reference

Kiribati/Gilberts

MaianaAtoll 0°55'N 173°02'E 18401995; 6/yr | Urbanetal.

core95-2-3 2000

OnotoaAtoll 1°52'S 175°34'E 18702002; 12/yr

cores03-5 & 03-6
Jarvislsland

Core99-1-2 0°022'S 160°02'W | ~2yr

Core99-2-4 0°022'S 159°59W 18501999; 10/yr
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TableB-2: Correlationbetweercoralgeochemicahnomalyrecords Anomalieswerecalculatedor eachseriesoverthefull
record. Italcs,bold andbold italics denotesorrelationcoefficients(r) thatweresignificantat the 95%,99%and99.9%
confidencdevel, respedtely.

Coral Onotoa| Onotoa| Maiana| Maiana| Jarvisl | Jarvisl | Jarvis2 | Jarvis2 | Palmyra | Palmyra
record Sr/Ca | d® | SriCa | d“O Sr/Ca | d“®o* Sr/iCa | d*o Sr/Ca d*o
[Nurhati | [Nurhati
etal. etal.
2011] 2011]
Onotoa 1 0.661 [ 0.505 | 0.651 0.264 0.124 0.365 0.554 0.361 0.617
Sr/Ca
Onotoad'®0 1 0.344 | 0.475 | 0.211 | 0.173 | 0.316 | 0.487 | 0.331 0.518
Maiana 1 0.691 0.209 0.262 0.328 0.528 0.335 0.493
Sr/Ca
Maianad"°0 1 0.381 | 0.335 | 0.410 | 0.648 | 0.307 0.550
Jarvisl 1 0.874 0.350 0.446 0.057 0.312
Sr/Ca
Jarvisl 1 0.315 0.542 0.056 0.465
dlBO*
Jarvis2 1 0.738 0.33 0.428
Sr/Ca
Jarvis2 d°0 1 0.449 0.649
Palmyra 1 0.607
Sr/Ca
[Nurhati et
al. 2011]
Palmyra 1
d*o
[Nurhati et
al. 2011]

*Annual series
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TableB-3: Meanabsolutevaluesandthe magnitudeof the 20" centurytrend (1912
1993)of coral Sr/CaderivedSST,d"®0 and(centered*®0s, usingthe ERSSTv3b
WLS calibrationandtheir associatedincertainty( 1 @a)culatedafterNurhatietal.
[2011b].Sr/CaSSTtrendscalculatedusingthe meanSr/CaSSTslopearealsoshown
for comparisorn parenthesesMeanandstandardieviationof 100iterationsof the
trendanalysis gachwith 2 yearsrandomlyremovedfrom therecord,arealsoshown
to demonstratéhe sensitivityof thetrendanalysisto the yearsincludedin the

analysis.
Sr/CaSST(°C) d°0( &) O (3 )
Mean absolutevalues
Onatoa(19002002) 28.57+ 4.63 -4.74+ 0.08 6.8E4+0.08
Maiana(19121994) 28.57+ 3.58 -4.57+0.08 0.0027+0.08
Jarvis1 (1867.251999.25) 25.97+ 12.07 -4.56+ 0.08 0.0072+0.08
Jarvis2 (1850-1999.67) 27.07+ 3.74 -4.63+0.08 -0.0342+0.08
20"-centurytrends
1.35+0.385 0.0844+0.111
Onotoa (1.2+0.34) -0.186+ 0.08
. 0.656+ 0.280
Maiana (0.75% 0.32) -0.442+0.08 -0.306+ 0.098
. 0.537+0.442
Jarvis2 (0.4%0.33) -0.334+0.08 -0.228+0.119
. . -0.82+ 059
Jarvis2- OnotoakE-W gradient (-0.81+ 0.48)
. . . -0.15+ 0.52
Jarvis2- MaianaE-W gradient (-0.37+ 0.46)
-0.12+0.51

PalmyraJarvis2 N-S gradient

Onotoa
Maiana

Jarvis2
Jarvis2- OnotoaE-W gradient
Jarvis2- MaianaE-W gradient

PalmyraJarvis2 N-S gradient

(0.014+ 0.42)

20"-centurytrend sensitivityanalysis

1.3%4+0.04

0.651 + 0.026

0.541 + 0.07
-0.822+0.068
-0.140+ 0.026

-0.121 + 0.07

-0.185+ 0.0096
-0.439+0.014
-0.33%+0.009

0.0845+ 0.006
-0.307+ 0.009
-0.229+0.01
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TableB-4: Correlationbetweerncoralgeochemicaandlocal SSTanomalyrecords.
Anomalieswerecalculatedor eachseriesoverthefull record,andcorrelatedvith SST
anomaliesrom thenearesgrid box of HadISST(18711999.92 [Rayner et al 2003),
HadISST3(18542013.5,[Kennedyetal. 2011]), ERSSTv3(18542008.92 [ Smith et
al., 2008), andNCEPreanalysig1981.832012;[Kalnay et al., 1999 overthe periodof
overlap. Italics, bold andbold italics denotecorrelationcoefficients(r) thatwere
significantat the 95% 99%and99.9%confidencdevel, respectively.

HadISST3
(18711999.92)  (185420135)  (1g54500g.9p) (1981.832012)
Onotoa (19062002)
Sr/Ca -0.592 -0.512 -0.596 -0.740
d*®o -0.454 -0.397 -0.494 -0.450
Maiana (19121994)
Sr/Ca -0.547 -0.386 -0.556 -0.648
d*®o -0.479 -0.392 -0.552 -0.672
Jarvis 1 (1867.25199.25)
Sr/Ca -0.324 -0.250 -0.332 -0.223
d'fo* -0.226 -0.228 -0.282 0.128
Jarvis 2 (18501999.67)
Sr/Ca -0.486 -0.418 -0.488 -0.670
d**o -0.494 -0.595 -0.507 -0.855

*Annual series
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TableB-5: CorrelationbetweercoralgeochemicadndregionalSSTanomalyindices:Nifio 3.4 SSTanomalies,ENSO
Modoki index [Ashok et al. 2007North Pacific gyre oscillatiofNPGO) index [Di Lorenzo et & 2008],and thePacific
Decadal Oscillation (PDO) inddrom Mantua et al[1997]andKaplan et al[2000]. Italics, bold andbold italics denote
correlationcoefficients(r) thatweresignificantat the 95%, 99% and99.9%confidencdevel, respectively

Record Nifio 3.4SSTa Modoki Index NPGOindex PDO index Kaplan PDO*
(1871.041997.46)  (18702012.42) (19502012.75) (20002012.75)  (18571991)
Onotoa (19062002)
Sr/Ca -0.504 -0.411 0.226 -0.315 -0.485
d*o -0.530 -0.298 0.155 -0.273 -0.332
d"*Og -0.179 0.036 -0.0322 -0.033 0.129
Maiana (19121994)
Sr/Ca -0.471 -0.443 0.275 -0.241 -0.324
d*o -0.526 -0.296 0.205 -0.279 -0.391
d"*Og -0.423 -0.141 0.101 -0.224 -0.325
Jarvis 2 (18501999.67)
Sr/Ca -0.525 -0.369 0.0078 -0.379 -0.399
d*®o -0.550 -0.436 0.262 -0.275 -0.457
d**Og -0.106 -0.150 0.329 0.102 -0.214

*Annual series
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TableB-6: CorrelationbetweernSSTgradientindicescalculatedrom coralgeochemicatecordsandregionalSSTanomaly
indices:Nifio 3.4 SSTanomalies, ENSOModoki index [Ashok et al. 2007North Pacific gyre oscillatiofNPGO) index Di
Lorenzo et al2008],and thePacific Decadal Oscillation (PDO) indévom Mantua et al[1997]andKaplan et al[2000].
Italics, bold andbold italics denotecorrelationcoefficients(r) thatweresignificantat the 95%,99% and99.9%confidence
level, respectively.

Record Nifio 3.4SSTa Modoki Index NPGOindex PDO index Kaplan PDO*
(1871.041997.46)  (18702012.42)  (19502012.75) (20002012.75)  (1857%1991)
E-W gradient
Jarvis2- Onotoa 0.310 0.058 0.108 0.206 0.225
Jarvis2- Maiana 0.397 0.092 0.128 0.303 0.340
N-S gradient
Palmyra Jarvis2 -0.470 -0.112 -0.123 -0.405 -0.481
E-W variability gradient
Jarvis2- Onotoa 0.134 0.008 0.042 0.234 0.540
Jarvis2- Maiana 0.144 0.111 -0.030 0.408 0.611

*Annual series
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TableB-7: RegressiometweercoralgeochemicaandregionalSSTanomalyindices:Nifio 3.4 SSTanomalies,ENSO
Modoki index [Ashok et al. 2007North Pacific gyre oscillatiofNPGO) index [Di Lorenzo et al2008],and thePacific
Decadal Oscillation (PDO) inddxom Mantua et al[1997]andKaplan et al[2000].

Record Nifio 3.4SSTa Modoki Index NPGOindex PDO index Kaplan PDO*
(1871.041997.46)  (18702012.42)  (19502012.75) (20002012.75)  (1857%1991)
Onotoa (19062002)

Sr/Ca(mmol/mol) -0.0443 -0.0663 0.0139 -0.0204 -0.350
d®o( &) -0.133 -0.138 0.0272 -0.0508 -0.623
d"®0g,( &) -0.034 0.0126 -0.0041 -0.0046 0.170

Maiana (19121994)

Sr/Ca(mmol/mol) -0.0396 -0.0736 0.0220 -0.0148 -0.199
d®o( a) -0.175 -0.193 0.0633 -0.0666 -0.983
d®0g,( &) -0.108 -0.0703 0.0242 -0.0411 -0.646

Jarvis 2 (1850199.67)

Sr/Ca(mmol/mol) -0.0678 -0.0935 0.0008 -0.0349 -0.369
d®o( &) -0.195 -0.308 0.0633 -0.0664 -1.26
d®0g,( &) -0.0276 -0.0758 0.0614 0.0195 -0.402

*Annual series
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APPENDIX C

20"-CENTURY VARIABILITY IN TRADE WIND REVERSALS INFERRED FROM
Mn/Ca IN A WESTERN PACIFIC CORAL

To be submitted to the professional jour@&tophysical Research Letters
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Mn/Ca IN A WESTERN PACIFIC CORAL

Diane Thompsoh Julia Colé? and Glen Shén
'Department of Geosciences, University of Arizona
“Department of Atmospheric Sciences, University of Arizona

3Proposal Exponent, Seattle ANV

Abstract

Zonal wind strength and direction are fundamental components of the EBNiitbern
Oscillation (ENSO). Historical observations of tropical Pacific winds are limited, and
existing datasets disagree on ldegnm trends, emphasizing the needifeiependent data
to assess the response of zonal winds to climate change. Earlier work usipega 17
dataset from Tarawa Atoll suggests that Mn/Ca in corals neaifaesy lagoons record
westerly winds associated with El Nifio events. We compare ge&0Mn/Ca record
from Tarawa with 28-century reanalysis zonal wind and demonstrate a strong
association between westerly winds and Tarawa coral Mn/Ca. The Mn/Ca record also
captures several strong historical events that are underestimated or absemtin

data. A reduction in Mn/Ca variability within this-§@ar record suggests a decrease in
westerly winds in the western equatorial Pacifitiis reduction in Mn/Ca variability is
consistent with a reduction in the frequency of westerly windsimvthe 28 century
reanalysis, and suggests either a strengthening of the trade winds or a change in the

frequency or location of ENS@lated westerly wind anomaliegdditional Mn/Ca
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records extending to present are needed to replicate this recaydantdy longterm

trends.

1. Introduction

Global climate models predict slowdown of the Walker circulation with
greenhouse gas forcing as a result of increased atmospheric stability and a reduced zonal
SST gradientYecchi and Sode2007;Meehl et al2007]. However, detection of this
expected weakening of the Walker circulation over the past century is limited by the
short, imperfect observational record. Trends in reanalysis daté&eats¢t al2011;Li
and Rer2012], radiation fluxesG@hen et al2002], and sea leveMerrifield 2011;
Merrifield and Maltrud2011] suggest a strengthening of the zonal winds and Walker
circulation since the early 1990s. In contrast, historical sea level pressure, cloudiness,
precipitation, mixed layer temperature, ahdrmocline tilt data suggest a reduction in
zonal winds associated with a weakening of the Walker circuldfiengnd Xie2003;
Vecchi et al2006;Power and Smithi2007;Deser et al2010;Power and Kociub2011;
Tokinaga et al2012]. Some studiesggest that discrepancies among datasets may be
attributed to biases in the reanalysis data caused by changes in the type, frequency and

spatial resolution of the observations [eWy and Xi€2003;Tokinaga et al2012].

Discrepancies among historicaing data sets highlight the need for an
independent method to assess zonal wind trends in the equatorial Pacific. The Mn/Ca
ratio in corals from islands with weficing lagoons may offer a proxy for westerly wind

anomalies within the tropical Pacifi€lfen et al, 1992] and thus provide clues regarding
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changes in the zonal wind strength. Westerly winds preferentially occur prior to and
during El Nifio events, when the sea level pressure gradient is reduced, zonal winds are
anomalously westerly and the trog@l Pacific warm pool is extended eastward [é&/g. et

al., 2003;Vecchi and Harrison2000;Eisenman et al2005;Seiki and Takayah2007].
These wind bursts initiate downwelling Kelvin waves that propagate eastward and play
an important role in thenset and maintenance of El Nifio conditions [&/gcchi and
Harrison 2000;Lengaigne et al2002;Federov2002;Lengaigne et al2003;Eisenman et

al. 2005;Seiki and Takayab007]. Thus, westerly wind events are strongly tied to both
the background sta of the tropical Pacific (including zonal wind strength) and ENSO
related variability within the basin [e.dzedorov2002;Seiki and TakayabR007].

Trends in the occurrence and strength of westerly winds may therefore provide insight

into changes indth ENSO variability and mean state.

In a short coral core from Tarawdhen et al[1992] found that Mn/Ca was high
during El Nifio events, when zonal winds within the tropical Pacific were weak, and
conditions around Tarawa were warm and wet. They peoftad westerly winds trigger
strong physical mixing within the westward facing lagoon, releasing Mn from lagoonal
sediments enriched in Mn relative to the overlying water column. This remobilized Mn,
dissolved in seawater, is then incorporated into akeletons on the nearby fringing reef
(FigureC-1). The resolution of the coral records and mixing time of lagoonal waters
onto the reef precludes the ability to reconstruct individual wind burst events that occur
over a few days. Nonetheless the eleda@ncentration of Mn in seawater resulting from
frequent westerly wind anomalies and bursts prior to and during EIl Nifio events are

captured in the Tarawa coral Mn/Ca record. Mn/Ca in corals from islands with west
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facing lagoons, such as Tarawa Atoll, ntlagrefore provide a record of westerly wind
anomalies associated with El Nifio ever@hgn et al 1992] and improve our

understanding of interannual variability and trends in tropical Pacific zonal winds.

Despite the promise of this method, the assmridietween wind anomalies and
coral Mn/Ca has not been applied beyond thgdat coral record from Tarawa Atoll
[Shen et a] 1992]. The paucity of wind observations and the minute concentrations of
Mn in corals at sites remote from continental or voicanfluences (e.g. 28 7nmol/mol;
Shen et a).[1992]) has limited robust calibration and widespread application of this
proxy. The recent development of thd"a@entury reanalysis (20CR) data s&bfpo et
al., 2011] allows us to further test the reaship between coral Mn/Ca and westerly
wind anomées. In this work we uselang (~90 year) Mn/Ca record from Tarawa and
20CR zonal wind data to demonstrate a robust relationship between zonal wind
anomalies and coralMnCa . Co mp ar i *§0ofrom the sante carecandawith
ENSO SST indices adds weight to the connection of Mn/Ca and EI Nifio conditions. We

discuss implications for trends in zonal winds within the basin.

2. Tarawa coral record

Cores from a massiveorites spcolony were collected in 198%0 on the
southwest fringe of Tarawa Atoll (Figu@1, 1°N, 172°E)Cole et al [1993] presented
a mo n'fChrécgrd filom this material that correlates strongly with rainfall, SST, and
largescale ENSO indicesThecurrent study uses the saowe materiahnd adopts the

U*C-based age model from the earlier woHkere, we present a record of Mn/Ca
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produced on a graphite furnace atomic absorption spectrophotq@E#AS) following

the method oShen and Boylg1988 andShen et al[1992]. Due to the large sample

sizes required to detect trace concentrations of Mn in the coral skeleton, a quarterly
resolved record of Mn/Ca variations was developed from this core and compared to the
mo n t KO record. X-ray image of the annual bands were used to sample the core at
approximately quarterly resolution using a miniature band gettiough this sampling
approachwasideal for capturing the Mn/Ca signalj$ important to note that the

accuracy of this sampling metthanay result in some variability in the temporal coverage
of the Mn/Ca data between yeaiach sample was washed and deathed before

being crushed, sieved and cleaned with ultrasonic agitation in peroxide, reducing media
and acid solutions. 7dhg sanple aliquots were then dissolved in Hjl@nd cobak

APDC coprecipitation in 1.5 ml polyethelyne microcentrifuge vials was used to isolate
the transition metalseeShen and Boylf988] andShen et al[1991] for further details

on the methodology)A Hitachi model 29000 GFAAS was then used to measure Mn/Ca

in the dissolved sample aliquots.

3. Zonal wind

We use the suite of available data sets to assess zonal wind variability and trends
around Tarawa. Consistent with previous work [&\g1,and Xie2003], we found
considerable disagreement among the various wind products over the instrumental period
in the 10° x 10° region centered on Tarawa atoll {@°S, 1662176°E, FigureC-Sla).
Much of this uncertainty stems from the limited number of zonal wbs®rvations

surrounding Tarawa, particularly before 1950 (Figh#2b). Although these products
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generally agree on the timing of El Nifielated westerly wind anomalies, the magnitude

of this interannual wind variability varies greatly among the prad{ligureC-Sla).
Furthermore, biases in the historical wind speed data as a result of changes measurement
methods through time complicate the analysis of zonal wind trendsHesymentier et

al., 1989;Cardone et al 1990]. As a result, these datasaso disagree regarding the

zonal wind trend in the region surrounding Tarawa. Observations from Comprehensive
OceanAtmosphere Data Set (COADS)Itz et al 1985] display a positive zonal wind

trend, suggesting a weakening of the easterlies, widlbitorical gridded data and

reanalysis products suggest a strengthening of the easterlies surrounding Tarawa (a

negative trend).

We use quarterly and annually averaged zonal wind data from fheeRury
reanalysis projectGompo et al.2011] to exjore the relationship between zonal wind
anomalies and Mn/Ca concentrations in the-y8@r long core from Tarawa atoll. We
al so compar e t®0 fronhtkesame coee@md ENSO SSToindides (Nifio
3.4 and the El Nifio Modoki (EMI) indeXAEhok ¢al., 2007) to further assess the
connection between coral Mn/Ca and EI Nifio events. Annual averages of each series
were calculated over the Apillarch period to preserve tropical climatology and ENSO
events. We then compare trends in westerly windsseesterly bursts over the20
century inferred from the Tarawa Mn/Ca record and thewly 20CR zonal wind data.
Westerly wind anomalies were defined as any positive 20CR zonal wind values, and
westerly wind bursts were defined as westerly windsedtgr than 5 m/s that lasted for

at least 2 days [aftétartten, 1996]. Trends in both westerly wind anomalies and bursts
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in the 6hourly 20CR dataset were analyzed to address changes in both tHevetort

wind events and persistent anomalies assatiaith EI Nifio events.

4. Results

4.1 A 90year record of El Niflo-related westerly winds

Mn/Ca in the Tarawa coral ranged from-8@2 nmol/mol between 1893 and
1982, with an average of 34.2 + 10.2 nmol/mol. ConsistentSVign et al[1992], we
find tha Mn/Ca is high during the major El Nifio events of th& 2entury (FigureC-
1b), when zonal winds in the region are anomalously westerly (positive zonal wind
anomalies, Figur€1c), and | ocal conditit8mns are warm .
anomalies, Figur€-1a). Quarterly and annual (ApMarch) Mn/Ca correlates
signi fi cBOn(quarterly:w0133) N=857P<0.001; annual:ss-0.42, N=88,
P<0.001) and with ERSSTv3b Nifio 3.4 SST anomalies (quarterly:27, N=357,
P<0.001; annual: s¢0.27, N=88P=0.013), despite the fact that Mn/Ca tracks only the
warm phase of ENSO. It also correlates with zonal wind anomalies from the 20CR
project in the 10° by 10° gridbox surrounding Tarawa (quartes®.24, N=357,
P<0.001; annual:g0.43, N=88P<0.001) Quarterly Mn/Ca also displays a significant
correlation with the EMI (quarterly:¥0.15, N=88P=0.005; annual:&0.12, N=88,
P=0.28), but the association is much weaker than with Nifio 3.4 SSTs, suggesting that
Tarawa Mn/Ca primarily records westeviynd anomalies associated with classical
eastern Pacific El Nifilo events. To test specifically for correspondence in the El Nifio

event signal among these records, we also performed a weighted rank corrgkation [
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1999; afteiSalama and Quadd.982;Iman ard Conover,1987] to test for a correlation
among the largest values of each timeseries. High annual Mn/Ca values correlate
significantly with high annual zonal wind values (westerly wind anomatie6,43,
n=88, P<0.001) and with extreme (negative) ahntfal values (= -0.28, n=88,

P<0.01).

There is also a strong event by event correspondence in the strength of the Mn/Ca,
zonal '@iaml&ST response during the major historical El Nifio events defined by
Quinnetal.] 197 8, 1987] Oeeanic Nifoy/Indék QONA Bhanth running
mean of ERSST.v3b SST anomalies in the Nifio 3.4 rediai)leC-S1, FigureC-1).

To compare the strength of the El Nifio signal among datasets, we calcukteck&
(normalized data where Z=p0O) / ) f wa corl Hatase® @20CR zonal wind, and

the Nino3.4 and EMI SST indicesingthe mean and standard deviation of the period of
overlap among records (1893-:7982.75). We ranked each event as follows: (1) very
weak events: Z=0:8.84 (~7080th percentile)(2) weak events: Z=0.88.99 (~8085%),

(3) moderate events: Z=1.2 (~8590%)), (4) strong events: Z=1.216 (~9095%), and

(5) very strong events O 1.6 (0 ~95%), and
defined by NO-Arédsént) ad@EQuinrg et & [29F8, 1987] historical

records Quinn et al, [1978]: 17261976;Quinn et al, [1987]: 15251987). Although the
historical El Nifio events were generally stronger as defined here tkannn et al.,

[1978, 1987] or in the NOAA ONI, théarawa Mn/Ca record captured some of the

strong historical El Nifios that were underestimated or absent within the 20CR zonal wind
dataset (1911912, 1917, 1932933, 19631964, 19681969 & 19761977). The 1917

and 19321933 events were also absent friima Nifio 3.4 and EMI SST indices,
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suggesting that wind anomalies in these years may not have triggered a basinwide event.

In contrast, only one weak to moderate El Nifio event (11%53}) was absent from the

Mn/Ca record. The Mn/Ca record also suggestdifih conditions were observed at

Tarawain1946 947, consi stent with war fiOrecerd condi t
[Cole et al, 1993]. These results provide strong support for the interpretation of Tarawa

coral Mn/Ca as a proxy for El NiA@latedwesterly winds.

4.2 20"-century westerly wind trends

A reduction in the amplitude and frequency of Mn/Ca pulses occurs in the Tarawa
record over the 1893982 period (Figur€-1b), suggesting a reduction in westerly wind
anomalies. This change has proelll@ decrease in the overall Mn/Ca variance over the
record (FigureC-2a), with highest Mn/Ca variability observed in the earl§} 2éntury.
The observed decrease in ENSated Mn/Ca variability over the $@entury,
calculated as the ratio of the stiard deviation of the higpass filtered Mn/Ca series in
the last half of the record to that of the first half of the record, is very similar to the
observed decrease inENSOe | at ed variability i#fOthe netwo
records over the J0century [Thompson et al2011] (ratiun/ca(i9oe1976)= 0.87;
ratioy 1 8 o (-19855750.89; ratiQ 1 s o (-1996501.02). A similar miecentury reduction in
variance was also observed in the zonal wind reanalysis, although zonal wind variance
returns to edy 20" century levels after 1980 (Figu&2b). This increase in zonal wind
variance in the late J0century corresponds to frequent westerly wind bursts (westerly
wind anomalies > 5m/s over 2 days) that occurred during the strong El Nifio events of

19821983, 19911992 and 19972998 (red line in Figur€-2c, [Harrison and Vecchi
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1997;Lengaigne et al2002]. The presence of high Mn/Ca variability during the early
20‘“-0entury, when westerly wind anomalies were frequent within tie@®ly) 20CR
datase(black line in FigureC-2c), but burst events were rare (red line in Figthzc),
suggests that Tarawa coral Mn/Ca is sensitive to persistent westerly wind anomalies,
rather than to just strong shdisted burst events. The frequency of all westerly wind
(zonal wind > 0) displays a negative trend over the fll @ntury (18722 0 0 7-, b =

0.201, ns; Figur€-2c).

5 Discussion

Consistent with previous work, we find considerable disagreement among
instrumental and reanalysis zonal wind data in terms of both the strength of interannual
variability and the magnitude awlitection of the trend in the region surrounding Tarawa
Atoll. Over the full period of coverage, COADs winds suggest a weakening of the
easterly winds, while the historical gridded data and reanalysis products suggest a
strengthening of the easterliestls region. These discrepancies may reflect the limited
number of observations, particularly prior to 1950, and they emphasize the need for an

independent evaluation of tropical Pacific zonal wind trends.

Mn/Ca in corals from wesdtcing lagoons refle westerly wind anomalies
associated with El Nifilo events, and may therefore weigh in on tropical Pacific zonal
wind trends. We demonstrate that Mn/Ca in gy88r record from Tarawa atoll is
significantly related to 20CR zonal wind anomalies, with stqpogjtive Mn/Ca values

and westerly wind anomalies during the major historical El Nifio events. Additionally,
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the coral Mn/Ca record from Tarawa atoll recorded events that were either absent or
underestimated within the zonal wind reanalysis. These sguaivide strong support

for the link between EI Niftoelated westerly wind anomalies and Tarawa coral Mn/Ca.

Manganese in corals may also respond to variations in atmospheric, volcanic or
runoff-related input of Mn to the oceans, or variations in thagtreof upwelling or
advection of Mrdepleted waters [e.gShen and Boy]el988;Shen et a] 1991;Alibert et
al. 2003;Carriquiry and Villaescusa201(Q. However, these factors vary little at this
small, remote equatorial atoll. For exami@egen et b [1992] calculate that the
atmospheric dust flux of Mn associated with the El Ni@lated precipitation at Tarawa
would only lead to a Mn anomaly of around 20%, compared to anomalies of over 50% in
the coral Mn/Ca record. Further, this estimate wasdas rainwater Mn concentrations
from Bermuda Jickells et al.1984;Church et al, 1984] and is thus likely a conservative
estimate, given that rainwater Mn concentration is typically orders of magnitude smaller
at remote marine sites [e.gwimoto etal., 1985, 1987]. As deep waters near Tarawa are
depleted in Mn relative to the surfachen et al] 1992;Slemons et al2010], a
reduction in equatorial upwelling may contribute to anomalously high Mn/Ca during El
Nifio events. Nonetheless, upwelingy i at i on(shr€) swmadt of the d

[Wyrtki1981] and would amplify the windriven Mn/Ca signal during El Nifio events.

This 90year Mn/Ca record suggests that there was a decrease in westerly wind
anomalies in the western equatorial Paditween 1893 and 1982. As westerly wind
anomalies preferentially occur prior to and during El Nifio events, when the tropical
Pacific warm pool is extended eastwayd [et al.2003;Vecchi and Harrison2000;

Eisenman et al 2005], this is consistent thia reduction in El Nifioelated variance
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over this period. These results suggest a strengthening of the (predominantly easterly)
zonal winds around Tarawa over the 19882 period, as the frequency and impact of
westerly wind anomalies are tied to theeckground state of the tropical Pacific and zonal
wind strength Fedorov2002;Seiki and TakayabR007]. Zonal wind anomalies from the
20CR dataset also show a reduction in variance over this period; however, zonal wind
variance returns to strong earl§/2century levels during the late 1980s and 1990s.
Nonetheless, a decrease in the frequency of westerly winds ovef'tcer®0ry (1900

2000) was observed in the 20CR datalset-1.2, N=100=0.038). Future studies are
required to replicate this Mn/Ca record to capture the large events of the'laten®lry

and assess full 3bcentury trends in westerly windadditional Mn/Ca records from
westerly facing lagoons on otheopical Pacific atolls may be used to assess whether
these trends reflect a change in the location of westerly wind bursts that precede El Nifio

events.

6 Conclusions and future work
The ~90year Mn/Ca record from Tarawa atoll presented here supportsrearli
contentions that Mn/Ca in coral skeletons near sfigshg lagoons provides a proxy for
westerly winds. In the presence of large discrepancies among historical wind products,
coral Mn/Ca records may provide key insights into variability and trend isttength
of zonal winds within the tropical Pacific. This-98ar Mn/Ca record from Tarawa atoll
suggests that wup to 1982, prior to the onset
variability weakened at this site. However, subsequent strong BleéVénts (1982983

& 1997-1998) may have brought the zonal wind variance back to edPtg@ttury
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levels. Nonetheless, the frequency of westerly winds in the 20CR dataset also shows a
decline through the end of the™6entury, suggesting a potentiiengthening of the

mean zonal winds within the basin that warrants further investigation. Additional Mn/Ca
records extending through the latd"agentury from islands with westerly facing lagoons
are needed to replicate this proxy record and furttsssas28-century westerly wind

trends. By adding Mn/Ca to the suite of coral tracers measured for paleoclimate
reconstructions, we can expand our view of past ENSO variability to include westerly

winds, along with the more commonly reconstructed variaffl&ST and salinity.
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FigureC-1: (inset) Google Earth image of Tarawa atoll, Republic of Kiribati (1.4°N,
173°E) showing the location of coral core collection (star) and the westward facing
lagoon with Mn enriched sedimenWesterly winds (black arrows), associated with El
Nifio events, remobilize Mn from these sediments. Mn enriched seawater may then be
transported to the nearby fringing reef and incorporitiedthe coral skeleton (white
arrow) . &°0 and (beMnICg recprds)froniithe Tarawa atoll coral and (c)
Zonal wind (m/s) from the 2bCentury Reanalysis project (20CR) in a 10 x 10 degree
gridbox surrounding Tarawa atolLpmpo et al 2011],where red shading denotes
historical El Nifio eventpQuinn et al.1978;Quinn et al. 1987; NOAA Oceanic Nifio
Index (ONI)])
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FigureC-2: (a) Mn/Ca variance in 2@ear moving windows, (b) 20CR zonal wind
variance in 26year moving windows, and (c) 20CResterly winds (éhourly 20CR

zonal wind >0, gray), 20CR annual westerly wind frequency (black), and 20CR annual
westerly wind burst frequency (red, westerly winds > 5 m/s lasting for 2 days [after
Hartten 1996]).
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FigureC-Sl1: (a) Annual zonal wind amaalies (m/s) in the 10 x 10 degree region-4§
166-176E) surrounding Tarawa atoll, and (b) number of COADS observations per month
in this 10° x 10° region (note: number of observations peaked at 913 in February 1944).
Zonal wind anomalies were calciddtrelative to the full period of coverage in each wind
product: 28-c ent ur y r e an &dmpcset a 2011fi RAER Randlysi§

[Kalnay et al., 1996], Comprehensive Océemosphere Data Set (COADS) [Slutz et al.,
1985], Weare marine climate atfd&'eare et al 1980], andAtlas of Surface Marine Data
1994 (da Silvaet al.,, 1994].
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