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Abstract

Models and observations disagree regarding sea surface temperature (SST) trends in the
eastern tropical Pacific (ETP). We present a new Sr/Ca-SST record that spans 1940-2010
from two Wolf Island corals (northern Galapagos). Trend analysis of the Wolf record shows
significant warming on multiple timescales, which is also present in several other records and
gridded instrumental products. Together, these datasets suggest that most of the ETP has
warmed over the 20" century. In contrast, recent decades have been characterized by
warming during boreal spring and summer (especially north of the equator), and subtropical
cooling during boreal fall and winter (especially south of the equator). These SST trends are
consistent with the effects of radiative forcing, mitigated by cooling due to wind forcing
during boreal winter, as well as intensified upwelling and a strengthened Equatorial
Undercurrent.

1 Introduction

Broad evidence suggests that the mean state of the tropical Pacific Ocean has changed
throughout the 20™ century in response to rising greenhouse gas concentrations (Karnauskas
et al.;;2009; Yeh et al., 2009; Collins et al., 2010; DiNezio et al., 2010; Capotondi et al.,
2015). Warming is clear over most of the basin, but attempts to relate warming to particular
mechanisms have yielded competing conceptual models. The “weaker Walker” model holds
that atmospheric warming produces greater increases in water vapor relative to precipitation,
causing reduced vertical vapor transport (Held and Soden, 2006). Via the Bjerknes feedback,
this would slow the easterly trade winds, weakening oceanic circulation and upwelling and
leading to warming across the tropical Pacific (Vecchi and Soden, 2007; Collins et al., 2010;
Cai et al., 2015). Alternatively, the ocean dynamical thermostat (ODT) model suggests that
the eastern and western Pacific should experience differential warming: increased upwelling
in the east should strengthen the zonal sea surface temperature (SST) gradient and the Walker
circulation, amplifying the trades and damping warming in the eastern and central Pacific
(Clement et al., 1996). A third model posits that evaporative heat loss should be more
efficient in areas of low humidity or strong winds, thus predicting greater equatorial warming
relative to the subtropics and in the western relative to the eastern Pacific (Vecchi et al.,
2008; DiNezio et al., 2009; Xie et al., 2010).

Evaluating these hypotheses is difficult because observations remain ambiguous regarding
the nature and direction of SST trends in the eastern tropical Pacific (ETP) (DiNezio et al.,
2009; Sayani et al., 2011; An and Im, 2013; Abram et al., 2016). In-situ (e.g., Wolff, 2010),
instrumental (Deser et al., 2010b), and proxy records (Tierney et al., 2015) do not agree on
the climatic history of the region, and models reproduce SST patterns poorly (Vecchi et al.,
2008).

Paleoclimate data can help overcome the region’s paucity of instrumental climate records.
Previous work has leveraged data from the Galapagos archipelago, where geochemical
records from corals extend the observational baseline provided by in-situ data beginning in
the mid-1960s (Wolff, 2010). However, highly variable SST associated with EI Nino
challenges.coral survival. In particular, the extreme 1982-83 EI Nifio event caused coral reef
mortality of up to 97% (Glynn et al., 2015). Thus, despite a long history of coral
paleoclimatology in the Galapagos, existing records stop in 1982 (e.g., Shen et al., 1992;
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Dunbar et al., 1994; Guilderson and Schrag, 1998) and do not show modern trends (Cole and
Tudhope, 2016).

As aresult, SST trends in the Galéeagos are still debated. While some studies suggest neutral
or cooling SSTs during the late 20" century (Wolff, 2010; Karnauskas et al., 2015b), others
show a stepwise SST increase following the 1976 Pacific climate shift (Guilderson and
Schrag, 1998) or even suggest that warming began before the 20™ century (Conroy et al.,
2009).

Here, we present a new SST reconstruction that spans 1940-2010 from two Wolf Island
corals, in the northern Galapagos archipelago (Fig. 1). Our record is the first from Galépagos
to bridge the 1982-83 event. Together with other coral, instrumental, and satellite-based
gridded datasets, we use this record to investigate 20" century SST trends throughout the
ETP. The spatial patterns of recent trends allow us to assess the mechanisms controlling the
trajectory of the tropical Pacific’s response to climate change.

2 Data and Methods
2.1 ETP climatology and oceanographic setting

The Gal&pagos archipelago lies 1000 km west of South America (Fig. 1). The large southern
islands sit atop the Galapagos platform (Fig. 1b), which impedes the eastward-flowing
Equatorial Undercurrent (EUC), inducing upwelling of cold, saline water, particularly from
July-September (Kessler, 2006). Wolf (Wenman) Island is approximately 150 km north of the
main Galapagos platform; it experiences less topographic upwelling and has a climatology
more characteristic of the surrounding ocean (see supporting information; Sweet et al., 2007).
Wolf Island corals have recovered from the 1982-83 and 1997-98 El Nifios to a greater extent
than those in the southern islands (Glynn et al., 2015).

The pattern of ETP SSTs (Fig. 1a; Supporting Information S1) reflects a seasonal interplay
between atmospheric and oceanic dynamics, integrating the cooling effects of upwelling and
warming from off-equatorial and atmospheric sources (Toggweiler and Dixon, 1991; Zhang
and McPhaden, 1995; Fiedler and Talley, 2006; Kessler, 2006). From June-December,
increased winds drive cooling via equatorial upwelling; combined with strengthening of the
South Equatorial Current and North Equatorial Countercurrent, this causes warming north of
the equatorial front and cooling to the south (Fig. S1; Julian and Chervin, 1978; Lukas, 1986;
Wallace et al., 1989; Strub et al., 1998; Johnson et al., 2002; Kessler, 2006). SST cooling
from equatorial upwelling is controlled by the seasonal cycle of the thermocline, which
makes cold water available for wind mixing when it shoals between June and September
(from 50 to 30 m near 95°W) (Kessler, 2006).

2.2 Coral collection and sampling

In May-June 2010, we cored two living Porites lobata corals from Shark Bay (Glynn et al.,
2015), along the northeastern shore of Wolf Island, Galapagos (1°23.15° N, 91°49.90” W).
The cores span 71 and 35 years (see Fig. 2). Cores were slabbed, X-rayed, and subsampled
with a computer-controlled micromill at 1 mm resolution. We measured Sr/Ca ratios using
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ICP-AES (Schrag, 1999). Supporting Information S1 gives a detailed description of sampling
methods, including skeletal examination (DeLong et al., 2007; Sayani et al., 2011; DelLong et
al., 2012), age modeling (Howell et al., 2006), creation of a composite record (Mann and
Jones, 2003), and Sr/Ca-SST calibration and uncertainty calculations (Corrége, 2006; Linsley
et al., 2008; Nurhati et al., 2011; Thirumalai et al., 2011; Gagan et al., 2012).

2.3 Trend analysis

We analyzed SST trends in tropical year-averaged (April-March) versions of the Wolf
reconstruction and several other series. We used the Slgnificant ZERo crossings of
derivatives (SiZer) method (Chaudhuri and Marron, 1999; Hannig and Marron, 2006; Abram
etal., 2016), which separates important structural features of a time series from noise by
applying multiple Gaussian kernel filters to a time series to yield a family of smoothed series.
SiZer then identifies regions with statistically significant slopes in these series; critically, the
calculation of significance for a given point accounts for its location and the resolution at
which the series is examined (Chaudhuri and Marron, 1999). This approach helps avoid trend
sensitivity to endpoints (e.g., Karnauskas et al., 2015a).

Following /Abram et al. (2016), we applied filter widths from 5-50 years and assessed
significance for p<0.1. We evaluated the presence of a long-term and a decadal trend (50- and
10-year filter widths, respectively), which we termed sustained if they persisted to the end of
the series (Abram et al., 2016).

We applied the same methodology to several other 20" century ETP SST datasets (Fig. 1).
These include coral Sr/Ca-SST records from Clipperton Atoll (Wu et al., 2014) and Palmyra
Island (Nurhati et al., 2011) and instrumental data from Puerto Ayora (Wolff, 2010) and
Puerto Chicama (K. Takahashi, pers. comm.).

To place these records in spatial context, we mapped linear trends in gridded datasets. For
recent trends (1982-2014), we used the 0.25° Optimum Interpolation Sea Surface
Temperature (OISST) dataset (Reynolds et al., 2007); this spatial resolution emphasizes
small-scale differences. While these high-resolution data are not available prior to the
satellite era, coarser products can still provide insight on long-term trends. We evaluated the
trend from 1900-2014 using the 2° Extended Reconstructed Sea Surface Temperature v4
(ERSST4) dataset, which generally reproduces early-20" century El Nifio-Southern
Oscillation (ENSO) variability despite sparse data (Huang et al., 2015), and minimizes the
cooling bias present in many gridded datasets since 2003 (Hausfather et al., 2017).

3 Results
3.1 Wolf Island composite SST reconstruction

The SST reconstruction from Wolf Island spans 1940-2010 with an average resolution of 16
samples per year (Fig. 2 and Tables S1-S2). Both corals that contributed to the composite
record have a growth hiatus from 1983 to 1985; they correlate well over their period of
overlap (r=0.71). We present the record interpolated to bimonthly resolution; the tropical
year-averaged record correlates significantly (p<0.001) with gridded instrumental SST
products centered over Wolf Island (OISST: r=0.82 and ERSST4: r=0.57). The pattern of
correlation between the Wolf composite and SST highlights its sensitivity to ENSO (Fig. S4).

© 2018 American Geophysical Union. All rights reserved.



3.2 SST trends in ETP records

We found significant warming trends in all the coral-based SST records. From 1940-2010,
the Wolf SST reconstruction has a linear trend of 1.19°C + 0.31°C (0.17°C/decade). SiZer
analysis identifies a significant long-term warming trend (50-year filter width) throughout the
Wolf and Clipperton records, and after 1900 at Palmyra (Figs. 3, S5; see Supporting
Information S1 and Fig. S6 for an analysis of the individual Wolf cores). Significant and
sustained decadal warming (10-year filter width) is focused in the latter part of all three
records; beginning in 1979, 1972, and 1988, respectively. However, we find no significant
trends in the Puerto Ayora and Puerto Chicama instrumental records (Fig. 3). At Wolf, the
warming trend begins shortly after a widespread shift to decadally warmer conditions in 1976
(consistent with Guilderson and Schrag (1998)), though the short length of the record
precludes an in-depth analysis of the Pacific decadal signal.

3.3 Spatial patterns in ETP SST trends

There.is a significant linear warming trend in ERSST4 over most of the ETP from 1900-
2014, ranging from 0.05-0.1°C/decade (Fig. 4a). In contrast, more recent (1982-2014) ETP
OISST trends are spatially heterogeneous (Fig. 4b). Warming (up to 0.3°C per decade) is
concentrated off-equator, including the eastern Pacific warm pool near Clipperton. Cooling is
present in the subtropics, forming a wedge pointing west. Along the equator, annual SST
trends show a hemispheric division with a warming tendency north of the equator
(approximately 0.1°C/decade) and cooling south of the equator and near the Galapagos cold
pool (0.2-0.1°C/decade). These SST trends vary seasonally: cooling is prominent during DJF,
but there is a warming tendency during the remaining seasons, particularly north of the
equator (Fig. 5).

4 Discussion
4.1 Reliability of the Wolf record

Several quality controls on the Wolf SST reconstruction suggest that the data faithfully
reflect SST. SEM images show no alteration in the areas of the coral skeletons sampled for
Sr/Ca (Fig. S2). Additionally, the two cores comprising the reconstruction agree closely with
each other and with gridded data (Supporting Information S1), in contrast to other sites where
replication is a concern (Alpert et al., 2016) or vital effects may exert a strong control on
coral Sr/Ca (DeCarlo et al., 2015; 2016). Finally, calibration parameters for both cores
resemble previously published equations (Table S1).

4.2 Trend stability
We consider the SiZer trend results highly robust; the results (Fig. 3) do not change if

different endpoints are chosen. An exception is at Palmyra, where high decadal variability
means that trimming the series can affect the significance of the long-term trend.
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Because decadal variability can influence linear trend calculations (e.g., L’Heureux et al.,
2012), we selected multidecadal intervals to minimize trend sensitivity. For the recent
decadal trends, time intervals <20 years yielded unstable results. Therefore, we calculated
trends over the longest time interval that included high-resolution satellite data and did not
end during the 2015-2016 EIl Nifio (1982-2014). Over both time intervals we analyzed, the
resulting trends are insensitive to endpoint variations (for example, trend maps are similar
with any endpoints from 1982-1984 and 2011-2014).

4.3 Coherent patterns in ETP SST trends

On multidecadal timescales, both SiZer and linear trends suggest that much of the ETP has
warmed over the 20" century. ERSST4 shows a basin-wide warming trend and SiZer analysis
indicates significant long-term warming in the Wolf, Clipperton, and Palmyra records.

This conclusion is supported by other studies. Deser et al. (2010a) showed 20" century ETP
warming in most datasets they examined (including those with no interpolation), and
L’Heureux et al. (2012) found a positive trend in the canonical El Nifio pattern of SST
variability from 1950-2010. Using paleoclimate data, Tierney et al. (2015) found that eastern
Pacific warming began in 1913; climate model simulations by Abram et al. (2016) showed
warming beginning in the early 20" century. Exceptions occur at Puerto Ayora and Puerto
Chicama, where SiZer analysis finds no significant trends but linear trends in ERSST4
indicate warming (Figs. 3, 4a). The SiZer results are consistent with previous observational
and modeling work (Wolff, 2010; Gutiérrez et al., 2011; Dewitte et al., 2012). Similarly,
maodels and gridded data (including earlier versions of ERSST4) often fail to reproduce
observed cooling along the Peruvian coast (Falvey and Garreaud, 2009). We conclude that
these areas are probably experiencing a neutral to cooling trend on multidecadal timescales.

Recent decadal trends (1982-2014) are spatially heterogeneous (Fig. 4b), but largely coincide
with SiZer results (Fig. 3) and with previous work. Our recent trend maps (Figs. 4b and 5)
support previous interpretations that the Interdecadal Pacific Oscillation plays an important
role-in the region's recent SST trends (England et al., 2014; Thompson et al., 2015).

We also observe a cooling tendency around the Galdpagos cold pool (Figs. 4b and 5), in
agreement with Karnauskas et al. (2015b), who showed that the cold pool has intensified and
expanded northward since 1982. However, the Wolf record, together with Fig. 4b, suggests
that this cooling trend does not reach the northern Galapagos islands (Wolf and Darwin).
Finally, the seasonal trends in Fig. 5 generally match the conclusions of Amaya et al. (2015),
who found equatorial Pacific SST cooling during DJFMAM and warming during JJASON
from 1990-2009.

4.4 Mechanisms driving ETP SST trends

This trend analysis allows us to evaluate the mechanisms governing recent ETP SSTs. Over
the 20™ century, the uniform multidecadal warming trend in Fig. 4a, along with SiZer
analysis.of the Wolf, Clipperton, and Palmyra coral records, suggests that radiative forcing
has resulted in pervasive warming throughout the ETP except for immediately adjacent to the
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South American coast. We observe no clear relationship between trends in winds and SST
over the 20™ century (Fig. 4a).

In contrast, the complex SST trends from 1982-2014 suggest the involvement of ocean-
atmaosphere dynamics (Figs. 4b, 5). The trend pattern is broadly consistent with the ODT
hypothesis (Clement et al., 1996), which predicts that strong upwelling during SON should
oppose radiative forcing, leading to equatorial SST cooling, while the ODT should lose
efficiency during spring, leading to warming. These predictions largely match Fig. 5, which
shows equatorial Pacific cooling during SON and especially DJF, and warming beginning in
MAM and strengthening in JJA.

Wind forcing is a component of the ODT hypothesis that has been implicated as a driver of
recent ETP SST trends in both observational (England et al., 2014) and modeling (Xie et al.,
2010) studies, especially in the southeastern subtropics. While Fig. 5 shows that cooling
coincides with strengthened winds during DJF, the link between winds and SST is otherwise
weak; suggesting seasonally variable interactions between wind forcing and the ODT. The
difference in annual wind trends between Figs. 4a and 4b suggests that the more recent trends
integrate variability from decadal-scale forcings.

Additionally, a strengthened EUC would enhance ODT effects south of the equator. Drenkard
and Karnauskas (2014) showed a significant increase in EUC velocity since the 19™ century
using ocean reanalysis data, and Amaya et al. (2015) found that the EUC’s core had
intensified from 1990-2009. The resulting upwelling explains cooling along and south of the
equatorial front in maps of annual and SON trends (Figs. 4b, 5c) and in the Gal&pagos cold
pool (Karnauskas et al., 2015b).

5 Conclusions

Our new coral-based SST record from Wolf Island (1940-2010) shows significant SST
warming on decadal to multidecadal timescales. Along with other coral and instrumental
records and gridded datasets, the Wolf record confirms widespread 20" century ETP
warming, with exceptions near the Galapagos cold pool and along the South American coast.
Recent decades (1982-2014) display large spatial and temporal variability in ETP SST trends,
with warming during boreal spring and summer, and cooling during fall and winter
(particularly south of the equator).

We conclude that on multidecadal timescales, the ETP has warmed in response to radiative
forcing. On shorter timescales, recent SST trends integrate seasonally fluctuating oceanic and
atmospheric drivers. During SON and DJF, stronger wind-driven upwelling (as predicted by
the ODT hypothesis) produces cooling. EUC strengthening further cools SSTs south of the
equator, resulting in a hemispheric trend pattern, and this cooling is also amplified by
increased winds during DJF. In contrast, during MAM and JJA, weaker upwelling and winds
allow other factors to predominate, such as zonal advection of warm water (Amaya et al.,
2015).

This spatial heterogeneity in recent ETP SST trends implies that large-scale analyses may
mask impaortant regional and seasonal distinctions. Our results suggest that analyses of zonal
and meridional gradients should explicitly consider regional and seasonal forcings to avoid
excluding or emphasizing particular (internal or external) forcing mechanisms.
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Finally, warming at Wolf Island has important implications for management of the Parque
Nacional Galapagos, a World Heritage site and a critical source of tourism revenue for
Ecuador.-Previous work has proposed that increased topographic upwelling due to EUC
strengthening may shield Galapagos and other Pacific islands from the full extent of radiative
warming (Karnauskas and Cohen, 2012; Karnauskas et al., 2016). Although regions in the
southern Galapagos may be insulated from warming due to nearby upwelling centers
(Karnauskas et al., 2015b), our results suggest that this protection does not extend throughout
the archipelago. The northern islands, which are experiencing warming, host some of the only
long-lived healthy corals in the park. These corals may be more vulnerable to global warming
than previously thought.
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Figure 1. (a) Climatologic setting of the ETP. SSTs (colors) are the average of 0.25°
Optimum Interpolation Sea Surface Temperature (OISST) from 1982-2014; winds (vectors)
are the 1000 mbar average over the same period from the 2° National Oceanic and
Atmospheric Administration 20" Century Reanalysis (20CR) v2 (Compo et al., 2011).
Longest vector is 9.5 m/s; for display, vectors in all figures are cubically interpolated to 50%
spatial resolution. (b) Expanded map from box in (a) shows Galadpagos bathymetry from the
National Geophysical Data Center 2-minute Gridded Global Relief Data v2 (2006). In all
figures, stars indicate coral and instrumental sites (C: Clipperton, P: Palmyra, PA: Puerto
Ayora, PC: Puerto Chicama, and W: Wolf).
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Figure 2. Bimonthly reconstructed SST anomalies (relative to mean bimonthly values) for
the Wolf composite record (Sr/Ca = 10.66-0.057*SST), showing the composite (purple),
GW10-3 (blue), and GW10-10 (light red). The 1982-83 EI Nifio caused a growth hiatus from
1983-1985.
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Figure 3. Trends in ETP proxy and instrumental records: tropical year averaged series (grey
lines), 10-year Gaussian smoothed series (thin black/red lines), and 50-year Gaussian
smoothed series (thick black/red lines). Lines are red where SiZer identified significant trends
(p<0.1).

© 2018 American Geophysical Union. All rights reserved.



a: ERSST4 annual trend (1900-2014) b: OISST annual trend (1982-2014)

0N PR
UVV"'_"vv 44 %%
v v L
0
15°N
Vo A hAA D> a4 9 4 %Ay
Wewwvyy yavers W
o“‘mﬂ/{( ¥ \\]“i‘
0 ml’l 'l'l‘*“ih 4
«vYvvwy . CEERERERKRKKXKR
'.vvvbb 4« e, - ﬂtt“llllbb
. - yyrorh a« > . o

A

LA A A AN NN

30°s 30°S© ‘
180°W 150°W 120°W 90°w 180°W 150°W 120°W 90°w
-0.3 0.2 -0.1 0 0.1 0.2 03

Linear trend (°C/decade)

Figure 4. Linear trends in in tropical year-averaged ETP SST gridded datasets (colors).
Contours indicate significance at p<0.05 (in (a), significant area is outside contoured shape).
Vectors show significant linear trends (p<0.05) in 20CR v2 winds at 1000 mbar; longest
vector (in (a)) is 3.8 m/s.
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Figure 5. Linear trends in seasonal OISST from 1982-2014 (colors; contours indicate
significance at p<0.05), for (a) DJF, (b) MAM, (c) JJA, and (d) SON. During the same
seasons, vectors show significant linear trends (p<0.05) in 20CR v2 winds at 1000 mbar;

longest vector (in (a)) is 5.5 m/s.
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