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Abstract we present seasonal A'C and §'80 measurements from a Galapagos coral sequence that grew
during the early 20th century. Our results show that both A'*C and §'80 values are correlated with sea surface
temperature in the Nifio 3.4 region and are indicators of El Niflo—Southern Oscillation. There is a significant
inverse correlation between A'C and §'80 values when A'C is lagged by ~2 months, indicating that sea
surface temperature changes precede upwelling changes at this eastern equatorial location. We find that
cold season low-A'*C values were higher after the Pacific Decadal Oscillation (PDO) changed from a positive
to a negative phase. Cold season high-5'80 values were significantly higher after the PDO shift as well. These
findings suggest that there are two sources of low-A"C waters that upwell at the Galapagos, Subantarctic
Mode Water and shallow overturning water from the subpolar North Pacific.

1. Introduction

Radiocarbon ("4C) is naturally produced in the stratosphere and is present in dissolved inorganic carbon (DIC)
in seawater. The A'C (per mil deviation from the '*C/'2C ratio in 19th century wood/atmospheric CO,) values
in seawater DIC are highest in the surface and lowest in the deep ocean, because '*C is radioactive and
decays when it is isolated from its source. This decrease of A™C values with depth makes it a useful tracer of
upwelling strength and climate events such as El Nilo—Southern Oscillation (ENSO). When upwelling is
suppressed during El Nifio events, the A'*C values in surface waters and annually banded corals of the east
equatorial Pacific (EEP) increase [Brown et al., 1993; Druffel et al., 2007; Guilderson and Schrag, 1998].

An annual A'C record obtained from a 360 year coral sequence from Urvina Bay, Galapagos Islands, was
reported earlier [Druffel et al., 2007]. They attributed interannual and interdecadal variability to changes in
ocean circulation, e.g., upwelling strength and the source of upwelled water from the subantarctic
convergence zone. Rodgers et al. [2004] showed that A'*C serves as a thermocline proxy in the EEP. The
present work focuses on a seasonal A™C record of a portion of this coral to determine the relationship
between A'*C and §'80 (primarily recording sea surface temperature in this region) [Dunbar et al., 1994] and
major climate shifts, e.g., Pacific Decadal Oscillation (PDO) and ENSO.

We report seasonal A'*C values for the period 1939-1954 and seasonal 3'20 values from 1943 to 1954. We
find that A'C and 5'80 values are inversely correlated and that A'*C values lag 380 values by ~2 months. We
find that cold season low A'C values shift toward slightly higher values after 1947, coincident with the
climate shift of the PDO to a negative phase.

2. Methods

The coral used in this study (UR-86) was the same specimen of Pavona clavus that was used in previous studies
of annual stable isotope [Dunbar et al., 1994] and radiocarbon [Druffel et al., 2007] measurements over the last
4 centuries. The coral was collected in 1986 from an uplifted reef in Urvina Bay on the west coast of Isabella
Island (0°15'S, 91°22'W) in the Galapagos [Dunbar et al., 1994]. The coral section used was pristine aragonite.
Our isotopic measurements were performed on seasonal samples that had been drilled at 1 mm spacing
(6-13 samples/yr) from the top 15 (A™C) and 11 (3'80) annual bands with a Dremel tool and diamond bit.
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Figure 1. (a) The A'™C (black circles) and §'%0 (open circles) values of seasonal samples from the Urvina Bay coral and
(b) the monthly Nifio 3.4 SST anomalies [Kao and Yu, 2009] and annual PDO record [MacDonald and Case, 2005]. Tic marks on
the x axes represent 1 January.

For each sample, approximately 8 mg of coral was acidified to CO,, reduced on iron powder with hydrogen
gas to produce graphite [Santos et al., 2007], and analyzed at the Keck Carbon Cycle Accelerator Mass
Spectrometry Laboratory at University of California, Irvine. Radiocarbon results are reported as A values
that are corrected for known age to 1950 according to convention [Stuiver and Polach, 1977]. Total
uncertainty of A™C measurements is +1.8%o as determined from numerous measurements (n = 240) of an
internal coral standard and replicate sample analyses. A comparison between seasonal (this publication)
and annual A'C [Druffel et al., 2007] and 8'80 and §'3C [Dunbar et al., 1994] measurements is presented in
Texts S1-S3 in the supporting information.

Stable oxygen and carbon isotope analyses were performed using a Finnigan MAT252 mass spectrometer
coupled to a Kiel lll carbonate device at Stanford University. Precision on National Institute of Standards
and Technology Standard Reference Materials 8544 and Internal Laboratory Standards is better than 0.06%o
and 0.03%o for 3'80 and §'3C, respectively, and the total uncertainty for our measurements is +0.08%o for
both §'%0 and §'°C.

3. Results

3.1. Seasonal A'*C Results

Seasonal A'C values range from —75.4%o in early 1946 to —57.6%o in early 1941 (Figure 1a), and average
—68.4+3.8%0SD (n=129). A seasonal signal is evident during most years, with A™C values ranging
from 5 to 15%o. The average of all seasonal ranges is 9.3 £ 0.7%o SE (n = 15). There is no significant difference
between the average range in the first part of the record (<1947, 9.6 + 1.0%o SE n=8) and the second part
(>1947,8.9+0.9%0SE n=7).

Warm season high A'*C values (end of calendar year) were present during all years, and ranged from —57.6%o
to —68.5%o. The highest warm season value occurred during the 1941 El Nifio event, and the lowest

warm season value occurred during the cool La Nifa year of 1949 (Figure 1a). The averages of warm season
high values before 1947 (—64.5 + 1.1%o SE n = 8) and those after 1947 (—63.8 + 1.6%o SE n =7) were equivalent.

Cool season (June-October) low A'*C values were also present during all years and ranged from —69.6%o
(1947) to —75.4%o (1946). This range of ~6%so is about half of the range of warm season high A'*C values
(11%o). Cool season low A'*C values were significantly lower (1 sigma) and less variable in the 1939-1946
bands (average —73.6 £+ 0.4%o SE) than those in the 1947-1953 bands (average —71.9 £ 0.7%o SE) (Table S1
in the supporting information).
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3.2. Seasonal 5'20 Results

Stable oxygen (8'20) isotope measurements from seasonal samples drilled alongside the '*C sample trench
are shown in Figure 1a. The 520 values ranged from —4.52%o in 1953 to —3.41%o in 1949. There are no
seasonal results from 1939 to 1942 because material was not available. Seasonality is evident during most
years, with seasonal 3'20 values varying by 0.2-0.7%o. The average of all seasonal ranges is 0.51 = 0.05%o SE
(n=10). There is no significant difference between the average of seasonal ranges before 1947

(0.44 +0.05%o SE) and those after 1947 (0.54 + 0.08%o SE).

Warm season low 520 values ranged from —4.52%o in 1953 (an El Nifio year) to —3.60%o in 1949 (a La Nifia
year). Cool season high §'80 values ranged from —3.97%o in late 1944 to —3.41%o in late 1949. The
average of 10 cool season high 8'80 values is —3.72 + 0.06%o SE and that of 10 warm season low §'0
values is —4.19 +0.08%o SE. Cool season high §'20 values were significantly lower before 1947 (average
—3.83 £0.07%o0 SE) than those after 1947 (average —3.67 +0.07%o SE).

4, Discussion

In the first section of the discussion, we compare the magnitude of the A'*C seasonal signal in the EEP
with those measured in corals from other locations in the nonpolar Pacific. In the second section, we examine
the correlation between the A'*C and §'80 records. In the third section, we describe the relationships
between the isotope records and climate indices available for the Pacific, e.g., Nifio 3.4 sea surface
temperature (SST) and the PDO. In the final section, we present a hypothesis that the A'*C record at
Galapagos reflects the shallow overturning circulation in the Pacific that may be associated with a PDO
shift that occurred in the mid-1940s.

4.1. Comparison With Other Pacific Seasonal A'*C Coral Records

The average of all A™C results in the Galapagos coral (—68.4 + 3.8%0 SD n =129) from 1939 to 1954 is the
lowest of any tropical or subtropical location studied to date in the nonpolar oceans. For comparison,
the prebomb A'C value at Palau (7°17'N, 134°15'E) was —56.7 + 1.6%o (n = 18) [Glynn et al., 2013], Hawaii
(19°31'N, 155°58'W) was —50.8 + 2.0%o (n = 12) [Druffel et al., 2001], Palmyra (5°52'N, 162°07'W) was
—57.9+ 1.8%o0 (n = 15) [Druffel-Rodriguez et al., 2012], Fanning (3°55’'N, 159°19'W) was —47.1 + 11.8%o
(n=129) [Grottoli et al. 2003], Langkai in the Indonesian throughflow (5°02'S, 119°04'E) was —56.4 + 3.0%o0
(n=144) [Fallon and Guilderson, 2008], Rarotonga in the southwest Pacific (21°14'S, 159°49'W) was

—50.8 +4.3%0 (n=123) [Guilderson et al., 2000], and Nauru (0°32'S, 166°30’E) was —57.9+6.1%o0 (n=77)
[Guilderson et al., 1998]. The low A'*C values at Galapagos are caused by upwelling of Equatorial
Undercurrent (EUC) water that results from the strong easterlies at the equator that typically exhibit
maximum speeds during the cool season. The seasonal amplitude of A'C values at Galapagos ranged from
5 to 15%o between 1939 and 1954. This range is larger than those measured in other Pacific corals: 5 to 6%o
at Palau, Hawaii, and Palmyra; 6 to 10%o at Langkai; and not well defined at Rarotonga, Fanning, and Nauru.

The EEP stands out as the location with the lowest overall A'*C value of surface waters and the largest
seasonal amplitude, demonstrating that upwelling is stronger here than at any other location yet studied
in the nonpolar Pacific. Hence, it is a sensitive location for recording changes in upwelling strength over
time that are associated with known changes in SST and climate.

4.2. Correlation Between A'?C and 520

A least squares fit of "0 and A'*C values from the Galapagos coral reveals an inverse correlation that is
maximized (r=—0.33 and p=0.001), when A'C values are lagged by 1-2 samples behind 5'80 (~2 months).
These isotopic tracers are indicators of two separate properties of seawater: §'20 is controlled mostly (85%)
by SSTin this location [Dunbar et al., 1994], and A'*C is an indicator mostly of upwelling strength [Druffel et al.,
2007]. Therefore, this lag reveals information about the timing of SST and upwelling changes in the
Galapagos region.

Zelle et al. [2004] studied the time dependence of SSTand the thermocline depth (defined as the depth of the
20°C isotherm) in the central Pacific and EEP between 1990 and 1999 using measurements from buoy
arrays within the Tropical Atmosphere-Ocean Array/Triangle Trans-Ocean Buoy Network. They found that
thermocline anomalies led SST anomalies by ~0.5 months at 90°W, the location of the Galapagos Islands.
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Using model results, they attributed the delay between the changes in thermocline depth and SST to
upwelling and mixing between 140°W and 90°W. We observe that the SST anomaly led the A'*C anomaly at
the surface by ~2 months between 1943 and 1954, which appears to be in contrast to Zelle et al. [2004] if
we assume that the A'*C anomaly occurs at the depth of the thermocline. It may be that the A'*C anomaly is
deeper than the depth of the thermocline, however. This is difficult to evaluate, because there are no DIC A'C
measurements for the upper Pacific from the prebomb era. Therefore, we are only able to summarize that
the A™C and 580 values are highly correlated in our coral, with A*C values lagging 8'80 values by ~2 months,
and that a physical mechanism has yet to be presented to explain this correlation.

4.3. Correlations of Seasonal Isotope Measurements With the Niio 3.4 and PDO Indices

Our A™C record shows high values during the strong 1940-1941 El Nifio event (Figure 1a). The monthly
reconstruction of SST in the Nifio 3.4 region (5°N-5°S, 120-170°W) reported by Kao and Yu [2009] (Figure 1b)
shows high values from 1940 to early 1942. A least squares fit of monthly Nifio 3.4 SST versus monthly A'C
values reveals a significant positive correlation (r=0.30 and p =0.00009), when SST is lagged by 10
samples (~1 year). This indicates that A'C values increase (decrease) in the EEP 1 year before SST rises
(falls). This lag is likely due to a 1 year uncertainty of the age model of the coral, which would make the time
lag zero.

The monthly SST Nifio 3.4 record of Kao and Yu [2009] (Figure 1b) is inversely correlated with the monthly
8'80 record (Figure 1a). A least squares fit of monthly Nifio 3.4 SST versus monthly 5'20 values reveals a
significant inverse correlation (r=—0.28 p=0.001), when Nifio 3.4 SST is lagged by 9 samples (~1 year). This
result agrees with the Nifio 3.4 SST-A'*C correlation and supports a 1year uncertainty of the coral's age
model, which would make the time lag between Nifio 3.4 SST and §'80 zero.

In general, these results show that both A'*C and §'80 are correlated with SST in the Nifio 3.4 region and are
indicators of ENSO. Further, the ~2 month lag of A™C with §'30 values indicates that SST changes
preceded upwelling changes, e.g., arrival of low A'*C values to the surface at Galapagos.

The annual PDO index determined using hydrologically sensitive tree ring chronologies from North America
[MacDonald and Case, 2005] shifts from a positive phase to a negative phase in the mid-1940s as shown

in Figure 1b (note reversed y axis). This shift was one of the three largest decadal scale oscillations in Pacific
climate between 1706 and 1977 [Biondi et al., 2001]. Our A'*C record shows significant increase of the
average of cool season low A'C values after 1947 (—71.9 + 0.7%o) relative to before 1947 (—73.6 + 0.4%o).
Additionally, the cool season high §'80 values are significantly lower prior to 1947 (average —3.83 + 0.07%o)
than after (—3.67 +0.07%o). A linear regression of annual PDO and cool season low A'*C values is weakly
inversely correlated (r=—0.35 p=0.2) with A™C lagged by 1year. Linear regression of PDO and cool season
high 580 values is inversely correlated (r=—0.80 and p=0.006) with PDO lagged by 1 year. Although the
periods of time for which we have data are short (15 and 11 years, respectively), it appears that cool season
low A'C and high §'80 values are correlated with the PDO index.

4.4. Implications for Variability in Upper Ocean Circulation

To understand the process(es) that control the correlations between A'C and §'80 values and the PDO
index, we first discuss the sources of water that lave the EEP. The major source of surface water to the EEP is
from the eastward flowing EUC (1°S-1°N) and Tsuchiya jets (centered at ~3°N and 3°S) [Kessler, 2006]. One-
third of this water originates from the Northern Hemisphere and two-thirds originates from the Southern
Hemisphere [Rodgers et al., 2003]. Using an ocean circulation model and Lagrangian trajectory analysis,
Rodgers et al. [2003] determined that the source of the densest water to the EUC originates from Subantarctic
Mode Water (SAMW) at 50°S and northern subpolar Pacific water at ~40°N, and that less dense water
originates from a wide range of areas in between these two subpolar regions (see Figure 2). Rodgers et al.
[2003] found that diapycnal mixing plays an important role in basin-scale intergyre and interbasin exchange
for determining the structure of the EUC.

To understand the sources of water to the EUC, Rodgers et al. [2004] used the ORCA2 ocean model with A'C
as a passive tracer to show that A'C serves as a thermocline proxy in the EEP. They compared their output
to a Galapagos coral A™C record [Guilderson and Schrag, 1998] and found that the shift to positive PDO in
1976/1977 was accompanied by a decrease in the SAMW component of the water upwelling into the EUC
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Figure 2. Source regions of the water that advect to the EUC at 151°W (solid black line), defined as all water moving east-
ward between 3°N and 3°S, and between the base of the surface mixed layer and 612 m depth. The colors portray the
density (bottom left) and origin of waters advecting to the EUC [after Rodgers et al., 2003]. Arrows are the authors’ rendering
of subsurface flows of water into the EUC and north and south Tsuchiya jets.

and thus caused a significant increase in the cool season low A'*C value. So it appears that during periods
of positive PDO, such as after 1976, the input of SAMW into the base of the EUC was reduced compared with
periods of negative PDO. Given this observation, we expected higher cool season low A'*C values at the
Galapagos during periods of positive PDO. Instead, we observed that cool season low A'*C values were
slightly lower prior to 1947, not higher. Thus, it appears that there is a source of water to the EUC that has
an even lower cool season A'*C value than that of SAMW.

A source of water to the EEP that has an even lower A'C value than SAMW is called shallow overturning
water from the northern subpolar Pacific (J. R. T., unpublished data). This northern shallow overturning water
has a very low, prebomb A'C value, ~—87 to —101%o during the 1940s and 1950s, as measured in shells and
seawater from the California coast and Vancouver Island [Robinson and Thompson, 1981; Bien et al., 1960;
McNeely et al., 2006]. This AC range is lower than the value in SAMW, ~—72%o [Toggweiler et al., 1991;
Druffel, 1981]. The shallow overturning circulation from the north and SAMW from the south are indicated by
the dashed arrows traveling equatorward in Figure 2. It appears that the shift from positive to negative PDO
in the mid-1940s was accompanied by an increase in the amount of SAMW upwelling at the Galapagos and
that this water had a slightly higher cool season low A'*C value than the northern, shallow overturning water
that it replaced.

Another study that shows a link between northern and southern Pacific shallow overturning circulation is by
Sijp and England [2009], who show that Southern Hemisphere westerly winds control the ocean’s thermohaline
circulation. They showed that a northward shift in the latitude of zero wind stress curl in the South Pacific
caused an increase of the thermohaline circulation in the North Pacific, and likewise, a southward wind shift
results in enhanced stratification in the North Pacific. This goes along with the concept of two sources of
subpolar water to the EUC, the SAMW and the northern shallow overturning water (J. R. T., unpublished data).
Emerson et al. [2004] reported apparent oxygen utilization changes in the upper pycnocline of the North
Pacific (~26.6 sigma theta) indicating decadal variability of the rate of ventilation or the organic matter
degradation in this region.

We report a significant difference between the average cool season low A'*C values before and after the PDO
shift of the mid-1940s. Another comparator data set comes from the postbomb (1957-1983) Galapagos
coral results of Guilderson and Schrag [1998]. They found higher cool season A'*C values (by up to 60%o) in
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corals that grew after the 1976 shift to a positive PDO. This is the opposite to what we observe in our
prebomb Galapagos A'*C record. This is likely due to the fact that the northern water upwelling at Galapagos
contained bomb '*C (bomb '*C was produced in the Northern Hemisphere) and appeared younger than
the SAMW water that it was replacing after the shift to positive PDO in 1976. This is supported by the
presence of bomb "*C down to 400 m in the eastern Pacific at 5°N during Geochemical Ocean Sections Study
(station 337) in 1974 [Ostlund and Stuiver, 1980]. So the fact that the Guilderson and Schrag’s [1998] record
contained bomb '#C made its response different from that during prebomb times, although their A'*C
record still showed the shift in PDO phase. Additionally, a positive shift in seasonal A'C values occurred at
1947 in a Fanning coral from the central equatorial Pacific [Grottoli et al., 2003].

Therefore, it appears that the inputs of SAMW and northern shallow overturning water into the EUC have
varied in the past. Input of SAMW appears higher during negative PDO, and input of northern shallow
overturning water is higher during positive PDO. Additionally, cool season 5'80 values were higher during a
negative PDO phase, indicating lower cool season SST.

5. Implications for Future Work

The inverse correlation between A'C and §'80 in the Galapagos corals is significant for the calibration period
shown here. The ~2 month lag of the A'C values is consistent throughout the record, and the reason for
this needs further study. Both the A™C and §'0 records correlate with ENSO, which make these isotopic
records useful for the reconstructions of past ENSO variability. A follow-on study that examines A'*C and §'80
in seasonal Galapagos corals from the 17th to 19th centuries uses the calibration results reported here to
infer variability of climate and circulation that occurred previously and is forthcoming.

References

Bien, G. S., N. W. Rakestraw, and H. E. Suess (1960), Radiocarbon concentration in Pacific Ocean water, Tellus, 12, 436-443.

Biondi, F., A. Gershunov, and D. R. Cayan (2001), North Pacific Decadal climate variability since 1661, J. Clim., 14, 5-10.

Brown, T. A., G. W. Farwell, P. M. Grootes, F. H. Schmidt, and M. Stuiver (1993), Intera-annual variability of the radiocarbon content of corals
from the Galapagos Islands, Radiocarbon, 35(2), 245-251.

Druffel, E. R. M. (1981), Radiocarbon in annual coral rings from the eastern tropical Pacific Ocean, Geophys. Res. Lett., 8, 59-62.

Druffel, E. R. M., S. Griffin, T. P. Guilderson, M. Kashgarian, and D. Schrag (2001), Changes of subtropical North Pacific radiocarbon and cor-
relation with climate variability, Radiocarbon, 43(1), 15-25.

Druffel, E., S. Griffin, S. R. Beaupré, and R. B. Dunbar (2007), Oceanic climate and circulation changes during the past four centuries from
radiocarbon in corals, Geophys. Res. Lett., 34, L09601, doi:10.1029/2006GL028681.

Druffel-Rodriguez, K. C,, D. Vetter, S. Griffin, E. R. M. Druffel, R. B. Dunbar, D. A. Mucciarone, L. A. Ziolkowski, and J.-A. Sanchez-Cabeza (2012),
Radiocarbon and stable isotopes in Palmyra corals during the past century, Geochim. Cosmochim. Acta, 82, 154-163.

Dunbar, R. B., G. M. Wellington, M. W. Colgan, and P. W. Glynn (1994), Eastern Pacific sea surface temperature since 1600 A.D.: The 3'%0 record
of climate variability in Galapagos corals, Paleoceanography, 9, 291-315.

Emerson, S., Y. W. Watanabe, T. Ono, and S. Mecking (2004), Temporal trends in apparent oxygen utilization in the upper pycnocline of the
North Pacific: 1980-2000, J. Oceanogr., 60, 139-147.

Fallon, S. J,, and T. P. Guilderson (2008), Surface water processes in the Indonesian throughflow as documented by a high-resolution coral
A"c record, J. Geophys. Res., 113, C09001, doi:10.1029/2008JC004722

Glynn, D. S, E. R. M. Druffel, S. Griffin, R. B. Dunbar, M. Osborne, and J.-A. Sanchez-Cabeza (2013), Early bomb radiocarbon detected in Palau
Archipelago corals, Radiocarbon, 55(2-3), 1659-1664.

Grottoli, A. G, S.T. Gille, E. R. M. Druffel, and R. B. Dunbar (2003), Decadal timescale shift in the '*C record of a central equatorial Pacific coral,
Radiocarbon, 45(1), 91-99.

Guilderson, T., and D. Schrag (1998), Abrupt shift in subsurface temperatures in the tropical Pacific associated with changes in El Nifo,
Science, 281, 240-243.

Guilderson, T., D. Schrag, M. Kashgarian, and J. Southon (1998), Radiocarbon variability in the western equatorial Pacific inferred from a high-
resolution coral record from Nauru Island, J. Geophys. Res., 103, 24,641-24,651.

Guilderson, T. P., D. P. Schrag, E. Goddard, M. Kashgarian, G. M. Wellington, and B. K. Linsley (2000), Southwest subtropical Pacific surface
water radiocarbon in a high-resolution coral record, Radiocarbon, 42(2), 249-256.

Kao, H.-Y., and J.-Y. Yu (2009), Contrasting eastern-Pacific and central-Pacific types of ENSO, J. Clim., 22, 615-632.

Kessler, W. S. (2006), The circulation of the eastern tropical Pacific: A review, Prog. Oceanogr., 69, 181-217.

MacDonald, G. M., and R. A. Case (2005), Variations in the Pacific Decadal Oscillation over the past millennium, Geophys. Res. Lett., 32, L08703,
doi:10.1029/2005GL022478.

McNeely, R., A. S. Dyke, and J. R. Southon (2006), Canadian marine reservoir ages, preliminary data assessment, Open File 5049, Geological
Survey of Canada, Ottawa, Ont., Canada.

Ostlund, H., and M. Stuiver (1980), Geosecs Pacific radiocarbon, Radiocarbon, 22(1), 25-53.

Robinson, S. W., and G. Thompson (1981), Radiocarbon corrections for marine shell dates with application to southern Pacific Northwest
Coast prehistory, Syesis, 14, 45-57.

Rodgers, K., B. Blanke, G. Madec, O. Aumont, P. Ciais and J.-C. Dutay (2003), Extratropical sources of equatorial Pacific upwelling in an OGCM,
Geophys. Res. Lett., 30(2), 1084, doi:10.1029/2002GL016003.

DRUFFEL ET AL.

©2014. American Geophysical Union. All Rights Reserved. 6


http://dx.doi.org/10.1029/2006GL028681
http://dx.doi.org/10.1029/2008JC004722
http://dx.doi.org/10.1029/2005GL022478
http://dx.doi.org/10.1029/2002GL016003

@ AG U Geophysical Research Letters 10.1002/2014GL060504

Rodgers, K., O. Aumont, G. Madec, C. Menkes, B. Blanke, P. Monfray, J. C. Orr, and D. P. Schrag (2004), Radiocarbon as a thermocline proxy for
the eastern equatorial Pacific, Geophys. Res. Lett., 31, L14314, doi:10.1029/2004GL019764.

Santos, G., J. R. Southon, S. Griffin, S. R. Beaupre, and E. R. M. Druffel (2007), AMS e sample preparation at the KCCAMS/UCI Facility,
Radiocarbon, 49(2), 255-269.

Sijp, W. P., and M. H. England (2009), Southern hemisphere westerly wind control over the ocean’s thermohaline circulation, J. Clim., 22,
1277-1286.

Stuiver, M., and H. A. Polach (1977), Reporting of e data, Radiocarbon, 19, 355-363.

Toggweiler, J. R, K. Dixon, and W. S. Broecker (1991), The Peru upwelling and the ventilation of the South Pacific thermocline, J. Geophys. Res.,
96, 20,467-20,497.

Zelle, H., G. Appeldoorn, G. Burgers, and G. J. van Oldenborgh (2004), The relationship between sea surface temperature and thermocline
depth in the eastern equatorial Pacific, J. Phys. Oceanogr., 34, 643-655.

DRUFFEL ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7


http://dx.doi.org/10.1029/2004GL019764


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




