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INTRODUCTION
Greenhouse gas (GHG) forcing directly and 

indirectly affects sea-surface temperature (SST) 
on geologic time scales (Lea, 2004; Hansen and 
Sato, 2012) yet remains a key uncertainty for 
estimating future climate change (Knutti and 
Hegerl, 2008). Models estimate global equilib-
rium temperature changes of ~2–4.5 °C due to 
doubled CO2, but do not fully account for ‘slow’ 
feedbacks (e.g., those involving deep ocean cir-
culation, vegetation, dust, or ice sheets); thus, the 
range of potential long-term warming may fall 
outside the range indicated by models (Knutti 
and Hegerl, 2008). Geological paleoclimate 
studies provide estimates of tropical equilib-
rium climate system sensitivity, the SST change 
associated with CO2 and CH4 radiative forc-
ing including all fast and slow internal climate 
feedbacks (Lea, 2004). Thus, our defi nition of 
climate sensitivity is the SST change associated 
with a given GHG forcing once other internal 
feedbacks (e.g., aerosol, dust, cloud) have been 
allowed to propagate. This empirical method 
implicitly accounts for all feedbacks to GHG 
forcing. As previously defi ned, this relationship 
between SST and GHG forcing is the past equi-
librium climate sensitivity parameter (λ), in °C 
(W m–2)–1 (Otto-Bliesner et al., 2009; Lea, 2004).

Models tend to agree on the amount of 
temperature change in the tropics for the Last 
Glacial Maximum (LGM; Otto-Bliesner et al., 
2009) and future warming scenarios (DiNezio 
et al., 2009), making tropics data-model com-
parisons less model-dependent. Also, the tropics 
are not subject to ice-albedo feedbacks, which 
increase climate sensitivity at the high latitudes 
(e.g., Holland and Bitz, 2003). Thus, tropi-

cal climate sensitivity provides a fi rm ‘lower 
bound’ for global climate sensitivity without the 
confounding effects of high-latitude feedbacks.

Although model-derived past tropical climate 
sensitivity [0.67–0.83 °C (W m–2)–1] generally 
agrees with observational estimates (e.g., Otto-
Bliesner et al., 2009; Schmittner et al., 2011), 
some models tend to rely on the Multiproxy 
Approach for the Reconstruction of the Glacial 
Ocean Surface (MARGO) SST reconstruction 
(Waelbroeck et al., 2009). Particularly in the trop-
ical Pacifi c, MARGO is based largely on SSTs 
derived from foraminiferal assemblage distribu-
tions, which are commonly biased by ecological 
shifts (Mix et al., 2001) and more strongly cor-
related with mixed-layer and thermocline depth 
than SST (Andreasen and Ravelo, 1997). Geo-
chemical SST reconstructions from the tropical 
Pacifi c show a larger amplitude of glacial-inter-
glacial change (e.g., Medina-Elizalde and Lea, 
2005) and represent a more accurate indicator of 

past climate sensitivity than foraminifera transfer 
functions in the tropics (Lea, 2004).

Excellent spatial coverage of the tropical 
Pacifi c on orbital timescales is not possible with 
available cores; thus, our approach is to gener-
ate a high-quality geochemical SST record in 
an important section of the tropical oceans. The 
western equatorial Pacifi c warm pool covers a 
large area of the surface ocean, plays an impor-
tant role in atmospheric convection, and gives 
an overall sense of tropical climate sensitivity. 
Also, the most desirable record has not been 
subject to the dynamic effects associated with 
equatorial upwelling or proximity to strong SST 
gradients that existing records may have expe-
rienced, and includes multiple glacial cycles 
to provide many realizations of warm and cold 
extremes in climate and in greenhouse gas con-
centrations. Finally, the ideal site is in relatively 
shallow water to minimize the high-Mg-calcite 
dissolution associated with deeper waters. For 
these reasons, we selected Ocean Drilling Pro-
gram (ODP) Site 871 in the western Pacifi c. Its 
location (5°33.1’N, 172°20.7’E; Fig. 1) is far 
from sharp modern oceanographic gradients 
and its depth (1255 m) is shallower than other 
records and well above the lysocline (Shipboard 
Scientifi c Party, 1993), ideal for Mg/Ca-based 
SST estimates.

The Mg/Ca paleotemperature technique is 
based on the temperature dependence of Mg 
substitution in calcite (e.g., Anand et al., 2003), 
though calcite with higher Mg/Ca composition 
preferentially dissolves from carbonate shells 
at depth, decreasing the original Mg/Ca value. 
Most attempts to correct for this effect (e.g., 
Dekens et al., 2002), add a linear dissolution 
correction after calculating SST with the expo-
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Figure 1. Location map for three core locations: Ocean Drilling Program (ODP) Site 
806, ODP Site 871, and core TR163-19. Mapped are modern average sea-surface 
temperature (A) (Locarnini et al., 2010), and vertical velocity at 25 m water depth for 
the month of July 2000 (B) (Carton and Giese, 2008). 
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nential relationship, which overestimates the 
associated range of temperature variability. Cor-
recting the Mg/Ca value for dissolution before 
applying the Mg/Ca-temperature relationship 
(after Rosenthal and Lohmann, 2002) is a more 
reasonable technique to constrain the amplitude 
of SST change in the tropical warm pool and 
to formulate a lower bound for climate sensi-
tivity. We use this method to demonstrate that 
late-Pleistocene equatorial Pacifi c SST climate 
sensitivity is higher than most models predict.

METHODS AND APPROACH
A new dissolution-corrected Globigerinoides 

ruber Mg/Ca SST record for the past 500 k.y. 
from western tropical Pacifi c ODP Site 871 
was compared to published records of GHG 
concentrations from air bubbles trapped in ice 
cores (Siegenthaler et al., 2005; Loulergue et 
al., 2008) to calculate past climate sensitivity. 
For age model control, the benthic δ18O stratig-
raphy for Site 871 was aligned with a benthic 
δ18O stack (Lisiecki and Raymo, 2005; see the 
GSA Data Repository1). The glacial-interglacial 
amplitude of both records is ~2.0‰. Sediment 
representing the most recent 43 k.y. of the 
record was disturbed in the coring process and 
is removed from further analysis.

To correct for high-Mg calcite dissolution at 
depth, we assigned a depth-dependent correc-
tion to the measured Mg/Ca value (after Rosen-
thal and Lohmann, 2002) before applying the 
exponential Mg/Ca-SST calibration. The depth-
dependent correction for G. ruber is derived 
from calculating the residual between published 
core-top Mg/Ca data from the tropical warm 
pool regions and calculated surface Mg/Ca val-
ues at each core-top location. Since no dissolu-
tion is likely in surface waters, this correction 
should not be extended to <~600 m water depth 
without additional data. We derived a new G. 
ruber equation for tropical Pacifi c SST,

= +SST ln[(Mg/Ca 0.259measured

× +depth(km) 0.537) / 0.38] / 0.09, (1)

after the calibration equation of Anand et al. 
(2003). A detailed explanation of the derivation 
and error analysis for this new correction can be 
found in the Data Repository.

Changes in the down-core SST record (ΔT, 
difference between past and modern SST; 
Locarnini et al., 2010) and radiative forcing 
from GHGs (ΔRF, difference between past 
radiative forcing and preindustrial values) are 
the foundation of the calculation of past tropical 

Pacifi c equilibrium climate sensitivity to radia-
tive forcing. We compare these estimates of past 
climate sensitivity to model simulations of the 
LGM to assess the importance of glacial bound-
ary conditions (e.g., ice albedo) in model simu-
lations and discuss the relevance of our results to 
validating tropical climate sensitivity predicted 
by climate models.

RESULTS AND DISCUSSION
A number of techniques to calculate the past 

tropical climate sensitivity parameter (λ) are 
considered: (1) comparison of the resampled ΔT 
and ΔRF records at even time steps, (2) com-
parison of the average glacial and interglacial 
values for each record, and (3) comparison of 
the relationship between the amplitude of the 
coherent bandwidth of each record at 100 k.y. 
periodicity. Each technique, described in detail 
below, yields notably similar results [λ = 0.94–
1.06 °C (W m–2)–1].

Although teleconnections with ice-sheet 
albedo and orbital-scale oscillations in solar radi-
ation play a small role in driving tropical SST at 
the 100 k.y. periodicity, we fi rst consider radia-
tive forcing by GHGs to be the primary factor 
for amplifying warm pool SST in the frequency 
band that dominates the SST record, ~100 k.y. 
(e.g., Lea, 2004), and later evaluate the role of 
other glacial boundary conditions for determin-
ing tropical climate change. This assumption is 
the starting point of our analysis for several rea-
sons. First, direct GHG radiative forcing is an 
order of magnitude greater than that of annual 
average solar radiation. Using black body cal-
culations, the direct effect of glacial-interglacial 
GHG changes (combined radiative change of 
~2.6 W m–2; IPCC, 2007) on surface tempera-
ture is ~0.4 °C while, in comparison, the direct 
effect of a change in local annual average solar 
radiation due to changes in eccentricity is ~0.04 
°C (or <0.2 W m–2) (Hartmann, 1994). Though 
insolation changes from an individual season 
are larger, we consider annual average insola-
tion since our samples record annual average 
SST. Therefore, though orbital parameters are 
potential triggers of glacial-interglacial change, 

they are considered negligible as direct tropi-
cal radiation changes at the 100 k.y. periodicity. 
Further, ice-sheet albedo has a direct radiative 
effect on surface temperature up to ~2000 km 
from the southern edge of the ice sheet (Jack-
son and Broccoli, 2003), still far from the trop-
ics. Ice sheets indirectly infl uence wind fi elds, 
which can impact ocean vertical density struc-
ture, mixing, and upwelling (Lee and Poulsen, 
2005). However, these effects are minimal for 
tropical SST at off-equator non-upwelling sites 
such as ODP Site 871. Finally, frequency analy-
ses of changes in climate parameters suggest 
that even if orbital variations pace glacial-inter-
glacial cycles, GHG variations are the major 
forcing of tropical warm pool SST in the late 
Pleistocene (Lea, 2004). For these reasons, we 
fi rst assume that GHGs are the primary forcing 
of past warm pool SST and later consider the 
role of other changes in glacial boundary condi-
tions when we compare our results to climate 
simulations of the LGM.

Sea-surface temperature change (ΔT; Fig. 2) 
was directly related to radiative forcing (ΔRF) 
using the formula ΔT = λ × ΔR (IPCC, 2007; Lea, 
2004). The slope of ΔT and ΔRF (method 1) at 
Site 871 yields a past climate sensitivity param-
eter (λ1) of 1.06 ± 0.05 °C (W m–2)–1 (Fig. 3). 
The second method for calculating λ uses only 
the average glacial and interglacial temperatures 
and radiative forcing as determined from visual 
inspection of the global benthic oxygen isotope 
stack (Table DR1 in the Data Repository) and 
yields a λ2 of 0.94 ± 0.12 °C (W m–2)–1. By 
eliminating transitional periods between glacial 
and interglacial intervals, this method depends 
less on the accuracy of the age model and 
reduces apparent λ by <0.15 °C (W m–2)–1. The 
third method compares the relative amplitude 
in the frequency band most coherent between 
the temperature and radiative forcing records, 
the ~100 k.y. band, resulting in a λ3 of 0.97 °C 
(W m–2)–1. Thus, even when other frequency 
bands are excluded, λ3 is 92% of λ1; this result 
is not surprising given that most of the variance 
in ΔT and ΔRF is highly coherent and in phase, 
and occurs in the 100 k.y. frequency band. The 
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1GSA Data Repository item 2013008, sample in-
formation and geochemical data from ODP Site 871, 
with associated ages and sea-surface temperatures, is 
available online at www.geosociety.org/pubs/ft2013.
htm, or on request from editing@geosociety.org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.

Figure 2. Mg/Ca and 
sea-surface temperature 
(SST) records from equa-
torial Pacifi c Ocean sites: 
Ocean Drilling Program 
(ODP) Site 806 (Medina-
Elizalde and Lea, 2005), 
core TR163-19 (Lea et al., 
2000), and ODP Site 871 
(this study). A: Measured 
Mg/Ca records. B: SST 
calculated with new pre-
exponential dissolution 
correction. Blue and red 
bars are glacial and inter-
glacial periods, respec-
tively. Sedimentation rate for Site 871 is 1.0 ± 0.1 cm/k.y. 
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techniques described above give a range of val-
ues for λ [0.94–1.06 °C (W m–2)–1] and, taking 
into account uncertainties in the climate sensi-
tivity regression and time scale, a total range of 
0.82–1.11 °C (W m–2)–1. This range is equivalent 
to a temperature change associated with a dou-
bling of GHG concentration of 3.5–3.9 °C (full 
range, including uncertainty, of 3.03–4.12 °C).

Potential biases in the Site 871 SST record 
include low sedimentation rate, possible bio-
turbation, and uncertainties in the dissolution 
calibration. If a low sedimentation rate or bio-
turbation reduced the apparent Mg/Ca ampli-
tude at Site 871, the actual climate sensitivity 
could be greater than we calculate. However, the 
amplitude similarity between Site 871 benthic 
δ18O and the benthic δ18O stack suggests that 
bioturbation is not impacting the amplitude of 
long-time-scale cycles at Site 871 any more 
severely than at the higher-sedimentation-rate 
open-ocean sites used in the stack. Our dissolu-
tion correction assumed 0.9 mmol/mol (~18%) 
dissolution at 1255 m water depth. If less dis-
solution occurred at this depth, or if we had cor-
rected for less dissolution in glacial intervals, 
the potential past climate sensitivity would be 
greater [up to 1.29 °C (W m–2)–1; see the Data 
Repository]. Each potential bias equates to 
higher λ and does not resolve the model-data 
mismatch for past climate sensitivity estimates.

We also calculated past climate sensitivity at 
other warm-pool tropical Pacifi c SST records 
for comparison. As an example, the piecewise 
technique (method 1) using the new dissolution 
calibration and the Mg/Ca record from ODP 
Site 806 (Fig. 1) yields a value for λ1 of 1.13 
± 0.05 °C (W m–2)–1. The higher sensitivity at 
Site 806 than off-equator Site 871 suggests that 
local ocean dynamics (e.g., equatorial upwelling 

strength) amplifi ed equatorial SST changes and 
cooled Site 806 more during glacial intervals. At 
site TR163-19 in the eastern Pacifi c (Lea et al., 
2000; Fig. 1), SST was even more sensitive [λ1 = 
1.25 ± 0.05 °C (W m–2)–1] possibly because Site 
TR163-19 is near an oceanographic front or was 
infl uenced by shifts of the Intertropical Con-
vergence Zone (ITCZ) or upwelling changes 
(Koutavas and Lynch-Stieglitz, 2003).

The climate sensitivity parameter estimated 
from Site 871 is 0.11–0.39 °C (W m–2)–1 higher 
than Paleoclimate Modeling Intercomparison 
Project Phase II (PMIP2) models suggest for 
the tropical LGM (Otto-Bliesner et al., 2009; 
Fig. 4). Comparisons of observation-based 
estimates of λ to LGM model estimates pres-
ent an interesting case study because insola-
tion changes and many of the slow feedbacks 
(e.g., ice sheets) are imposed as model bound-
ary conditions (Otto-Bliesner et al., 2009). The 
fact that models underestimate the observed 
tropical cooling when ice sheets and seasonal 
solar forcing are prescribed implies that the 
relatively high tropical climate sensitivity we 
determine is unlikely to be related to neglecting 
the teleconnections with high-latitude albedo 
changes due to glaciation or to neglecting the 
impact of high-latitude insolation changes.

Because LGM model simulations incorporate 
ice volume, sea level, and GHG concentrations 
as given fi elds and make adjustments for deep 
ocean circulation changes (Otto-Bliesner et al., 
2009), the climate sensitivity mismatch between 
observational and modeled estimates of past sen-
sitivity may be rooted in the way other boundary 

conditions are treated. In LGM simulations, both 
vegetation and dust aerosol boundary conditions 
are prescribed as present-day values. However, 
cold glacial conditions tend to favor vegetation 
types with higher albedo and more atmospheric 
dust (Yue et al., 2011), which cool the climate 
further during glacial periods. Our results, which 
refl ect the dust forcing feedback, are consistent 
within error with paleoclimate estimations of the 
global climate sensitivity parameter when dust is 
treated as a feedback (Rohling et al., 2012).

Our past tropical climate sensitivity param-
eter is also 0.37–0.49 °C (W m–2)–1 higher than 
predicted by the Coupled Model Intercom-
parison Project Phase 3 (CMIP3) models of 
future doubling of CO2 (DiNezio et al., 2009; 
Fig. 4). The primary reason for the difference 
may simply be that our data-based estimates of 
past climate sensitivity inherently include slow 
feedbacks related to such components of the 
Earth system as deep ocean circulation changes 
or ice-volume changes, which may not be fully 
realized in climate models. The complexity of 
simulating the effects of clouds (e.g., Delworth 
et al., 2006) and other short-term feedback 
mechanisms may also explain why models of 
future tropical climate might underestimate cli-
mate sensitivity (Knutti and Hegerl, 2008). Such 
effects are especially important near the equator 
where cloud-related feedbacks play a large role.

As paleoclimate data directly informs our 
understanding of the past, it may not be appro-
priate to scale observational estimates of gla-
cial-interglacial climate sensitivity to future 
warming scenarios since nonlinear feedbacks 
add uncertainty to such an extrapolation at low 
latitudes (Crucifi x, 2006). Numerical simula-
tions of climate are needed to accurately esti-
mate future tropical climate sensitivity. Yet, until 
simulations are able to capture the full range 
of tropical SST suggested by the paleoclimate 
data, models may underestimate future climate 
sensitivity. Resolution of this data-model mis-
match in past glacial cycles is required to refi ne 
predictions of future climate sensitivity.

SUMMARY
This work shows that past long-term equilib-

rium climate sensitivity of the tropical Pacifi c 
region to forcing by GHG concentration changes 
is 0.94–1.06 °C (W m–2)–1, larger than suggested 
by multi-model projections of either past glacial 
tropical sensitivity or future tropical sensitivity 
to doubled CO2 concentrations. It also shows 
that a pre-exponential dissolution correction is 
necessary for accurate reconstructions of past 
temperature using Mg/Ca ratios from foramin-
ifera. Methodology to construct tropical Pacifi c 
temperature records using Mg/Ca in foramin-
ifera will benefi t from a more comprehensive 
core-top calibration from the region, including 
a greater range of shallow (<1500 m) core-top 
Mg/Ca data.
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Figure 3. Past climate sensitivity to changes 
in greenhouse gas (GHG) forcing. The re-
gression (where ΔT is sea-surface tempera-
ture change and ΔRF is radiative forcing) for 
Ocean Drilling Program (ODP) Site 871 is ΔT 
= 1.06 (±0.05) × ΔRF + 0.91 (±0.08), r2 = 0.53; 
for ODP Site 806 is ΔT = 1.12 (±0.05) × ΔRF + 
0.38 (±0.09), r2 = 0.47; and for site TR163-19 is 
ΔT = 1.25 (±0.05) × ΔRF + 1.48 (±0.09), r2 = 0.70. 

Figure 4. Comparison of climate sensitivity 
results from this study (paleoclimate data) 
with tropical and global modeling results for 
the Last Glacial Maximum (LGM) and future 
warming. ODP—Ocean Drilling Program; 
A—this study (with uncertainties); B—Otto-
Bliesner et al., 2009; C—IPCC, 2007; D—Di-
Nezio et al., 2009.
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Past climate sensitivity calculated in this 
study focuses on tropical regions and does not 
represent global equilibrium climate sensitivity. 
Global and high-latitude climate sensitivities 
are thought to be larger than that in the tropics 
(e.g., Holland and Bitz, 2003) due to extreme 
amplifi cation of climate perturbations where 
ice-albedo feedbacks operate. Because tropical 
SSTs are expected to be less responsive to GHG 
forcing than high-latitude SSTs, our tropical 
equilibrium sensitivity estimates may be a lower 
bound for long-term global climate sensitivity.
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Late Pleistocene tropical Pacific temperature sensitivity to 
radiative greenhouse gas forcing 

 
SUPPLEMENTAL MATERIAL 
 
Primary data for this study are from Ocean Drilling Program (ODP) Site 871 at the 
Limilok Guyot (5º33.13'N, 172º20.66'E, water depth 1255m, (Shipboard Scientific Party, 
1993)). The site has a modern annual average SST of 28.8ºC (Locarnini et al., 2010). One 
sample was taken every 3 cm downcore; ~40-60 Globigerinoides ruber (white) tests and 

1-5 Uvigerina spp. Tests were picked from the 250-355 m size fraction of each sample. 
 
Samples of the surface mixed-layer foraminifer G. ruber were cleaned following 
established protocols including oxidation and reduction steps (e.g. Boyle and Keigwin 
1985/1986; Mashiotta et al., 1999) just as in other studies (Dekens et al, 2002; Lea et al., 
2000; Medina-Elizalde and Lea 2005). Mg/Ca ratios were measured using an ICP-OES at 

the University of California Santa Cruz; 1- standard deviation for repeated 
measurements of an internal foraminifera reference standard is 0.21 mmol/mol, or  
~0.5 Cº. 
 
Dissolution Correction 
Carbonate shells preferentially lose high-Mg calcite to dissolution with depth; thus a 
dissolution correction for Mg/Ca must be applied to reconstruct the accurate range of 
tropical SST (e.g. Brown and Elderfield, 1996; Rosenthal et al., 2000). Since dissolution 
lowers the Mg/Ca value of the shell and the resulting temperature, one common method 
to correct for dissolution is to add a specified term to the temperature, depending on the 
degree of dissolution, commonly associated with the depth of the sediment core (Dekens 
et al., 2002). For example, applying a correction for dissolution to the published Mg/Ca-
based temperature record from ODP Site 806 (Medina-Elizalde and Lea, 2005) using this 
method (Dekens et al., 2002) produces the range in temperature shown in Fig. DR1-A. 
Since dissolution affects the Mg/Ca values of the shell, and not the temperature directly, 
it is more appropriate to correct the Mg/Ca value for dissolution first, before using the 
exponential relationship (between Mg/Ca and temperature) to estimate temperature, 
similar in theory to that suggested by Rosenthal et al. (2002). 
 
Our new dissolution correction is applied to measured Mg/Ca values in order to estimate 
the original surface Mg/Ca value before dissolution occurs at depth. We established a 
regional depth-based dissolution correction from published modern annual average SST 



 2

and core top Mg/Ca data (Broecker and Peng, 1982; Lea et al., 2000; Dekens et al., 2002) 
from the tropical Pacific warm pool region and create a linear (r2=0.93) correction for 
dissolution with depth (Fig. DR1-B) assuming that core-top planktonic foraminifera 
formed in waters directly over the core location at modern SST. Cold tongue values were 
excluded since dissolution within the sediments likely increases with large differences in 
organic matter productivity. While a linear relationship may be an oversimplification, it is 
a reasonable estimation over the given range of ocean depths and data available. The 
‘residual’ Mg/Ca is calculated from the difference between the calculated and measured 
Mg/Ca values of G. ruber from each core top. For each coretop location, the surface 
Mg/Ca value was calculated using the modern surface temperature (Locarnini et al., 
2010) and the Anand et al. (2003) equation of Mg/Ca = 0.38 e^[0.09*SST]. This equation 
is indistinguishable from the Dekens et al. (2002) equation at zero water depth. The 
Mg/Ca (residual) represents the shift in Mg/Ca value that occurs due to dissolution. A 
simple linear regression against water depth (Fig. DR1B), with errors, yields: 
 

Mg /Ca(residual)  0.26(0.03) * Depth(km)  0.54(0.08). 
 

The y-intercept of 0.54 (±0.08) implies that if we extrapolate the regression to the sea 
surface (zero water depth) there is significant dissolution, which contradicts the idea that 
dissolution is only a serious problem at depths close to the lysocline and below (Sadekov 
et al., 2010). However, the shallowest of the sites used in this calibration is 1.6 km; 
deeper than 1.6 km, the linear regression is constrained by the calibration data, but above 
1.6 km, dissolution must actually decrease more quickly, perhaps non-linearly, than the 
regression fit implies. Thus, the application of this formula to shallow sites must be 
approached with caution (as explained in more detail below). We use this linear 
regression formula to develop a complete equation for sea-surface paleotemperature 
using the depth-based dissolution correction of sediment Mg/Ca to surface Mg/Ca and the 
exponential Mg/Ca-temperature relationship (Anand et al., 2003). The complete equation 
for sea-surface paleotemperature, including errors, is: 
 

SST 
ln( Mg /Ca(surf .)

0.38(0.02) )

0.090(0.003)
 ,   

where   
 

Mg /Ca(surf .)  Mg /Ca(measured)  0.26(0.03) * Depth(km)  0.54(0.08), 
 

or, for an overall equation for Mg/Ca:  
 

Mg /Caruber(mmol /mol)  0.26(0.03)* Depth(km)  0.54(0.08)  0.38(0.02) *e0.09(0.003)*T

. 
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Conceptually, this dissolution correction shifts the exponential Mg/Ca-temperature 
calibration curve vertically (lower) through Mg/Ca-SST-space rather than adding a 
(horizontal) constant temperature correction as in previous work (Fig. DR1-D). When 
uncertainties in the depth-dissolution regression are propagated in the temperature 
calibration, the dissolution correction could add up to 1.3 Cº of uncertainty to the SST 
calculation. In this study the dissolution correction is assumed to be unchanging through 
time and shifts all temperature estimates by approximately the same amount. Further 
work is warranted to minimize this uncertainty at shallow water depths. 
 
Since the calibration equation derived above is based on coretop data from sites that are 
deeper than 1.6 km, the question is: How should we then apply this calibration to data 
from ODP Site 871, which has a shallower water depth of 1.3 km? Our preferred method 
is conservative, and simply uses the original linear regression and extrapolates the core-
top calibration from 1.6 km to 1.3 km water depth (Fig. DR1B). This method results in 
smaller amplitudes of SST (Fig. DR1-C) compared to the traditional method where an 
offset correction is applied to the SST values (e.g., Dekens et al., 2007, Fig. DR1-A). 
Furthermore, compared to other methods explained below to extrapolate the calibration to 
1.3 km, this conservative method using our new calibration yields the lowest climate 
sensitivity values (open square in Fig. DR1-B).  
 
Another approach to extrapolating the calibration to the depth of our core site (1.3 km) 
assumes that the Mg/Ca offset at zero water depth is zero (Fig. DR1B). At one extreme, 
this is represented by a second regression from the shallowest depth at which there is 
calibration data (1.6 km) and through the origin (though the artificial sudden change in 
slope at 1.6 km water depth seems unlikely). This yields corrected Mg/Ca values that are 
0.14 mmol/mol higher than the first approach. This small difference is within the 
measured Mg/Ca error, suggesting that the original calibration is sufficient for this depth.  
 
At the opposite extreme, we can assume that there was no dissolution shallower than 1.6 
km (Fig. DR1B). In this case there would be no dissolution correction at ODP site 871. 
The resulting climate sensitivity estimates would then be higher than any formulation that 

attempts to correct for dissolution ( = 1.29 ºC (W m-2)-1), and the estimates of previous 
interglacial temperatures in the western Pacific would be consistently ~2 Cº cooler than 
modern, rendering this scenario unlikely.  
 
The dissolution calibration also depends on the paleotemperature equation used to 
calculate surface Mg/Ca (from which the residual is calculated, Fig. DR1B). We tried 7 
different equations (Anand et al., 2003; Elderfield and Ganssen, 2000; Hastings et al., 
2001; Hendry et al., 2009; McConnell and Thunell, 2005; Pak et al., 2004; Regenberg et 
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al., 2009), though most cluster around the original Anand equation. Equations that do not 
correct for dissolution result in cooler absolute temperatures, higher glacial-interglacial 
amplitude of change, and higher climate sensitivity, compared to our new calibration that 
corrects for significant dissolution. 
 
Overall, directly applying our new calibration equation, which assumes that the Mg/Ca-
residual due to dissolution changes linearly with depth (Fig. DR1B) and extrapolates that 
linear relationship to 1.2 km (the depth of ODP Site 871), produces the lowest climate 
sensitivity values compared to other methods that either ignore dissolution or correct for 
dissolution using a different approach. Even these lowest estimates of climate sensitivity 
are higher than those predicted by models; this main point is a robust result that is not 
undermined by uncertainties in the dissolution correction. 
 
In general, our new calibration has the overall effect of, given a change in measured 
Mg/Ca values, reducing the calculated amplitude of SST compared to the commonly used 
correction (Dekens et al., 2002). This difference between the dissolution corrections 
becomes greater at deeper water depths (Fig. DR2). Overall, our new Mg-based 
dissolution-corrected temperature record demonstrates the smaller amplitude of glacial-
interglacial temperature change compared to other calibrations when applied to Mg/Ca 
records in the tropics. 
 
When our new Mg-based dissolution correction is applied to existing long Mg/Ca records 
from the tropical Pacific (Site 806B and TR163-19) the resulting cold glacial 
temperatures are warmer than previous studies suggested while the interglacial 
temperatures are relatively unchanged (Fig. DR3) from published temperature estimates 
(Lea, 2004; Medina-Elizalde and Lea, 2005). 
 
For this study we use the foraminifera species Globigerinoides ruber (white). No 
differentiation was made among morphotypes of G. ruber, though small differences have 
been shown to exist in Mg/Ca-SST calibrations (Steinke et al., 2005). This choice is 
reasonable given the morphotypes of G. ruber are gradational (Sadekov et al., 2008) and 
temperature differences among morphotypes are likely to be small (Bolton et al., 2011) in 
areas with a deep thermocline and minimal upwelling. 
 
Tropical Climate Sensitivity Error Calculations 
Tropical climate sensitivity is determined by comparing the forcing associated with 
greenhouse gas concentrations (CO2 and CH4) and the change in temperature at tropical 
ODP Site 871 (Fig. DR4). The correlation coefficient (Pearson’s r) for the Site 871 
temperature record and the atmospheric CO2 record is 0.74 while the correlation for the 
Site 871 temperature record and the atmospheric CH4 record is 0.67. Comparison of this 
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climate sensitivity parameter with models is made in the text under the Results and 
Discussion section. Error in the climate sensitivity parameter incorporates 95% 

confidence intervals in the dissolution correction and the RMA regressions of SST and 

RF. The 95% confidence interval for the resulting climate sensitivity parameter is 0.82 
– 1.11 ºC (W m-2)-1) and for the climate sensitivity (Fig. 4) is 3.03 - 4.12 Cº. The non-zero 
intercept in each regression (Fig. 3) is due to past interglacial timeperiods that were 
slightly warmer than pre-industrial temperatures (Lea, 2004; Hansen and Sato, 2011). 
 
The Role of Dynamics 
While some small amount of surface temperature change at Site 871 may be due to shifts 
in the local temperature gradients, it is unlikely that local dynamics could have much of 
an impact on SST since the gradients in the western Pacific warm pool are weak, less 
than 1ºC change over 6º of latitude (670 km). Furthermore, during the glacial periods, 
SST at Site 871 was warmer than at Site 806; a reversal in the direction of the gradient 
between the two sites cannot be explained by expansion or contraction of modern 
gradients. Rather it implies that dynamics, such as upwelling, may have cooled 
temperatures at equatorial Site 806 slightly during glacial periods. Cooler temperatures at 
Site 806 on the equator may support the notion that Site 871 is a more ideal location for 
examining western Pacific warm pool heat flux adjustments to radiative forcing. 
 
Radiative Forcing Calculations 
 
For carbon dioxide, we use (Ramaswamy et al., 2001): 
 

FCO2 = 4.841 ln ([CO2]/[CO2]0) + 0.0906 (√[CO2] - √[CO2]0). 
 
For methane, we use (Ramaswamy et al., 2001): 
 

FCH4 = 0.036 (√[CH4] – √[CH4]0) –  
[0.47 ln{1 + 2.01x10-5 ([CH4] [N2O]0)

0.75 + 5.31x10-15 [CH4] ([CH4] [N2O]0)
1.52}] –  

[0.47 ln{1 + 2.01x10-5 ([CH4]0 [N2O]0)
0.75 + 5.31x10-15 [CH4]0 ([CH4]0 [N2O]0)

1.52}] 
 
where [CO2]0 = 280 ppmv, [CH4]0 = 700 ppb, and [N2O]0 = 280 ppb. 
 

The total radiative forcing is FTOT = FCO2 + FCH4. As in other studies (Lea, 2004), 
past changes in N2O are ignored since N2O has a relatively small radiative influence and 
lacks a continuous record. 
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Time Scale 
Each Mg/Ca record treated in this study is associated with a benthic 18O record at a 
similar resolution from the same core. Modern bottom-water temperature at Site 871 is 

3.5ºC, salinity 34.5 (Locarnini et al., 2010). These 18O records covary in time and space 

and are aligned with a global ‘stack’ of benthic 18O data. For this study, we generated 

the benthic 18O record for Site 871 using Uvigerina spp. from the same samples and size 

fraction as the Site 871 temperature record. From the 250-355 m size fraction, 1-3 
individual shells were analyzed, at a resolution of one sample every 3 cm. Samples were 
analyzed at the University of California Stable Isotope Laboratory using a Fisons PRISM 
mass spectrometer with a common acid bath carbonate preparation system. Standard error 

for 46 measurements of an internal CM05 18O standard was ±0.05‰. The benthic 18O 
data from Site 806 and TR163-19 is from Uvigerina spp. and C. wuellerstorfi from 
previous studies (Bickert et al., 1993; Lea et al., 2002) at a similar temporal resolution. 

Site-specific benthic 18O records were visually aligned (Fig. DR5) with a common 
timescale using glacial and interglacial maxima (Lisiecki and Raymo, 2005) with only 
small corrections in alignment with Analyseries software (Palliard et al., 1996). 
 

On average the Site 871 temperature record seems to lead global benthic 18O (LR04 
stack) by about 9(± 2) kyr at the 100-kyr frequency. At other frequencies there does not 
appear to be any lead between the signals. The temperature lead varies among 
terminations: at T-II (~130 kya) SST leads, though at other terminations SST and the 

benthic 18O stack covary. The early temperature increase in MIS 6 is also seen at other 
west Pacific sites (e.g. de Villiers, 2003). The out-of-phase behavior between SST and 

benthic 18O record is inconsequential to our calculation of climate sensitivity since we 
are comparing SST and CO2 records which are in-phase within error at orbital 
frequencies. The fact that all three approaches for calculating climate sensitivity provide 
the same result within error further suggests that the correlation with CO2 is good. To 
check this observation, we also removed the data prior to 150 ka, retaining the parts of 
the Site 871 SST record that look similar to more common tropical sites, and re-

calculated the sensitivity. The result is  = 1.08 ºC (W m-2)-1, the same result as when data 
from Termination II is included, within error. 
 
Regression 
The relationships for regression through temperature and radiative forcing data are 
developed using the Reduced Major Axis (RMA) approach (1000 iterations; Sokal and 
Rohlf, 2011) which is reasonable when the independent variable x is measured with error 
(Fig. DR6). 
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SUPPLEMENTARY FIGURE CAPTIONS 
 
Figure DR1: Comparison of calibration techniques using Site 806B G. ruber Mg/Ca 
record (Medina-Elizalde and Lea, 2005), which has a glacial-interglacial (G-IG) 
amplitude of 1.06 mmol/mol as an example. (A) Previous calibration technique 
correcting temperatures for dissolution by adding an offset to the derived temperature 
(Dekens et al., 2002) results in a G-IG amplitude of 3.2 Cº. (B) The relationship between 
water depth and Mg/Ca residual, from core top data (filled circles) outside the Cold 
Tongue where dissolution may be greater. The relationship is Mg/Caresidual = 0.26 
(±0.03)*Depth(km) + 0.54 (±0.08). R2 = 0.93. Core top data and locations are presented 
in Dekens et al. (2002), Tables 1 and 4. The equation is extrapolated 12% beyond the 
shallowest core to the depth of Site 871 (open square). Open circles are possibilities that 
cannot be eliminated, though each produces even higher climate sensitivity and greater 
data-model mismatch. (C). The new calibration, derived in this study, to correct Mg/Ca 
for dissolution first before calculating paleotemperature, results in a G-IG amplitude of 
2.5 Cº. (D) The calibration for this study shifts the surface Mg/Ca-temperature curve 
vertically while other calibrations appear to shift the curve horizontally. 
 
Figure DR2: Comparison of Mg/Ca-corrected calibration (this study, solid lines) and 
previous calibration (Dekens et al., 2002). Using the new Mg-based dissolution 
correction results in a smaller range of tropical Pacific glacial-interglacial temperatures 
for cores at any depth. 
 
Figure DR3: Existing Mg/Ca records (Medina-Elizalde and Lea, 2005; Lea et al., 2000; 
black lines) corrected using the Mg-based dissolution correction as described (solid 
lines). In general, our new calibration shifts glacial temperatures toward warmer values, 
while interglacials remain unchanged.  
 
Figure S4: Site 871 SST compared through time with atmospheric greenhouse gas 
concentrations. Blue and red vertical bars are glacial and interglacial times, respectively. 
 
Figure DR5: Benthic δ18O records measured from Site 871, Site 806, and TR163-19 
mentioned in the text compared to a global stack (Lisiecki and Raymo, 2005) for 
temporal alignment and age determination. Blue and red vertical bars are glacial and 
interglacial times, respectively. The correlation coefficient (Pearson’s r) for the Site 871 

benthic 18O record and the benthic LR04 stack is 0.79. Tie points are indicated by black 
diamonds. 
 
Figure DR6: Regressions through data from TR163-19, Site 871, and Site 806 with 
regression errors plotted. 
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Table DR1: Glacial and Interglacial periods visually identified from global benthic 
oxygen-isotope stack (Lisiecki and Raymo, 2005). 
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Termination (kya) Inception (kya)
Stage 1 0 11
Stage 2 17 28
Stage 5e 114 130
Stage 6 135 185

Stage 7(a) 192 220
Stage 7(b) 234 243

Stage 8 248 280
Stage 9 308 334
Stage 10 340 373
Stage 11 391 421
Stage 12 428 472
Stage 13 482 498

Glacial or Interglacial period
Table DR1.



Data Repository, ODP Site 871
Units and Abbreviations:
mbsf (meters below sea floor)
Sample listed as: ODP Site, Hole, Core, Type, Section, Interval (cm)
d18O (Uvigerina spp. d18O (o/oo))
Age (kya)
Mg/Ca (G. ruber, white, mmol/mol)
SST (sea-surface temperature)
Blank values (N/A)

mbsf S
ite

H
ol

e

C
or

e

Ty
pe

S
ec

tio
n

d18O Age(kya) Mg/Ca SST
0.01 871 B 1 H 1 1 3 4.18 0.00 3.858 28.0
0.04 871 B 1 H 1 4 6 4.35 2.87 4.072 28.5
0.07 871 B 1 H 1 7 9 4.00 5.89 3.839 27.9
0.1 871 B 1 H 1 10 12 4.08 8.91 3.962 28.2
0.13 871 B 1 H 1 13 15 3.96 11.93 4.073 28.5
0.16 871 B 1 H 1 16 18 4.43 14.95 3.669 27.5
0.19 871 B 1 H 1 19 21 3.56 17.97 3.942 28.2
0.22 871 B 1 H 1 22 24 4.18 20.99 4.109 28.6
0.25 871 B 1 H 1 25 27 4.05 24.01 3.952 28.2
0.28 871 B 1 H 1 28 30 4.41 27.03 3.621 27.4
0.31 871 B 1 H 1 31 33 4.44 30.05 3.897 28.1
0.34 871 B 1 H 1 34 36 3.29 33.07 3.867 28.0
0.37 871 B 1 H 1 37 39 4.20 36.09 4.119 28.6
0.4 871 B 1 H 1 40 42 3.61 39.11 3.944 28.2
0.43 871 B 1 H 1 43 45 4.84 42.13 3.786 27.8
0.46 871 B 1 H 1 46 48 4.60 45.15 3.784 27.8
0.49 871 B 1 H 1 49 51 4.09 48.16 3.669 27.5
0.52 871 B 1 H 1 52 54 3.82 51.18 3.610 27.4
0.55 871 B 1 H 1 55 57 4.57 54.20 3.702 27.6
0.58 871 B 1 H 1 58 60 4.24 57.22 3.639 27.5
0.61 871 B 1 H 1 61 63 4.66 60.24 3.675 27.6
0.64 871 B 1 H 1 64 66 4.28 63.26 3.705 27.6
0.67 871 B 1 H 1 67 69 4.42 66.28 3.582 27.3
0.7 871 B 1 H 1 70 72 4.18 69.30 3.948 28.2
0.73 871 B 1 H 1 73 75 4.00 72.32 3.682 27.6
0.76 871 B 1 H 1 76 78 4.53 75.34 3.570 27.3
0.79 871 B 1 H 1 79 81 4.09 78.36 3.661 27.5
0.82 871 B 1 H 1 82 84 4.20 81.38 3.730 27.7
0.85 871 B 1 H 1 85 87 3.68 84.40 3.857 28.0
0.88 871 B 1 H 1 88 90 3.84 87.42 3.741 27.7
0.91 871 B 1 H 1 91 93 3.89 90.44 3.933 28.2
0.94 871 B 1 H 1 94 96 3.95 93.46 3.829 27.9
0.97 871 B 1 H 1 97 99 3.87 96.48 3.969 28.3

1 871 B 1 H 1 100 102 3.91 99.50 3.933 28.2
1.03 871 B 1 H 1 103 105 3.63 102.52 3.907 28.1
1.06 871 B 1 H 1 106 108 3.92 105.53 3.941 28.2
1.09 871 B 1 H 1 109 111 4.06 108.55 4.380 29.2

In
te

rv
al
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1.12 871 B 1 H 1 112 114 3.77 111.57 3.868 28.0
1.15 871 B 1 H 1 115 117 3.95 114.59 4.266 28.9
1.18 871 B 1 H 1 118 120 3.55 117.61 4.040 28.4
1.21 871 B 1 H 1 121 123 4.01 120.63 4.473 29.4
1.24 871 B 1 H 1 124 126 3.55 123.65 4.746 29.9
1.27 871 B 1 H 1 127 129 4.06 126.67 4.533 29.5
1.3 871 B 1 H 1 130 132 3.77 129.69 4.558 29.5
1.33 871 B 1 H 1 133 135 4.78 132.54 4.198 28.8
1.36 871 B 1 H 1 136 138 4.31 135.19 4.196 28.8
1.39 871 B 1 H 1 139 141 4.54 137.84 3.912 28.1
1.42 871 B 1 H 1 142 144 4.73 140.49 4.113 28.6
1.45 871 B 1 H 1 145 147 4.48 143.14 4.100 28.5
1.48 871 B 1 H 1 148 150 4.41 145.79 4.077 28.5
1.5 871 B 1 H 2 0 1 4.35 147.56 3.898 28.1
1.53 871 B 1 H 2 3 4 4.33 150.21 3.843 28.0
1.56 871 B 1 H 2 6 7 4.36 152.86 3.922 28.1
1.59 871 B 1 H 2 9 10 4.28 155.51 3.791 27.8
1.62 871 B 1 H 2 12 13 4.21 158.16 3.685 27.6
1.65 871 B 1 H 2 15 16 4.33 160.81 3.754 27.7
1.68 871 B 1 H 2 18 19 3.90 163.46 3.714 27.6
1.71 871 B 1 H 2 21 22 4.31 166.11 3.708 27.6
1.74 871 B 1 H 2 24 25 4.17 168.76 3.768 27.8
1.77 871 B 1 H 2 27 28 3.86 171.41 (N/A) (N/A)
1.8 871 B 1 H 2 30 31 4.24 174.06 3.704 27.6
1.83 871 B 1 H 2 33 34 4.25 176.71 3.725 27.7
1.86 871 B 1 H 2 36 37 4.27 179.36 3.494 27.1
1.89 871 B 1 H 2 39 40 4.11 182.00 3.555 27.3
1.92 871 B 1 H 2 42 43 4.22 184.65 3.829 27.9
1.95 871 B 1 H 2 45 46 3.88 187.30 3.813 27.9
1.98 871 B 1 H 2 48 49 3.90 189.95 3.878 28.0
2.01 871 B 1 H 2 51 52 3.71 192.60 4.010 28.3
2.04 871 B 1 H 2 54 55 3.52 195.25 4.220 28.8
2.07 871 B 1 H 2 57 58 3.48 197.90 4.247 28.9
2.1 871 B 1 H 2 60 61 3.69 200.55 4.295 29.0
2.13 871 B 1 H 2 63 64 3.75 203.20 4.082 28.5
2.16 871 B 1 H 2 66 67 3.68 205.85 4.099 28.5
2.19 871 B 1 H 2 69 70 4.04 208.50 4.371 29.1
2.22 871 B 1 H 2 72 73 3.30 211.15 4.075 28.5
2.25 871 B 1 H 2 75 76 4.04 213.80 4.218 28.8
2.28 871 B 1 H 2 78 79 3.47 216.45 4.035 28.4
2.31 871 B 1 H 2 81 82 3.65 219.10 3.897 28.1
2.34 871 B 1 H 2 84 85 4.74 221.90 3.628 27.4
2.37 871 B 1 H 2 87 88 4.09 224.78 3.677 27.6
2.4 871 B 1 H 2 90 93 (N/A) 227.66 (N/A) (N/A)
2.43 871 B 1 H 2 93 94 4.10 230.55 3.821 27.9
2.46 871 B 1 H 2 96 97 4.13 233.43 4.281 28.9
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2.49 871 B 1 H 2 99 100 3.43 236.31 3.765 27.8
2.52 871 B 1 H 2 102 103 3.82 239.19 4.164 28.7
2.55 871 B 1 H 2 105 106 4.24 242.08 4.040 28.4
2.58 871 B 1 H 2 108 109 4.21 244.96 3.972 28.3
2.61 871 B 1 H 2 111 112 4.39 247.84 3.706 27.6
2.64 871 B 1 H 2 114 115 4.34 250.73 3.632 27.4
2.67 871 B 1 H 2 117 118 4.51 253.61 3.697 27.6
2.7 871 B 1 H 2 120 121 4.16 256.49 3.713 27.6
2.73 871 B 1 H 2 123 124 4.24 259.37 3.815 27.9
2.76 871 B 1 H 2 126 127 4.10 262.26 3.718 27.7
2.79 871 B 1 H 2 129 130 3.85 265.14 3.795 27.8
2.82 871 B 1 H 2 132 133 4.36 268.02 3.732 27.7
2.85 871 B 1 H 2 135 136 3.84 270.91 3.882 28.0
2.88 871 B 1 H 2 138 139 3.85 273.79 3.552 27.2
2.91 871 B 1 H 2 141 142 3.77 276.67 3.506 27.1
2.94 871 B 1 H 2 144 145 4.21 279.55 4.067 28.5
2.97 871 B 1 H 2 147 148 3.67 282.44 3.884 28.1
3.01 871 B 1 H 3 1 3 3.70 286.28 3.835 27.9
3.04 871 B 1 H 3 4 6 3.50 289.16 4.044 28.4
3.07 871 B 1 H 3 7 9 3.47 292.05 3.947 28.2
3.1 871 B 1 H 3 10 12 3.42 294.93 3.642 27.5
3.13 871 B 1 H 3 13 15 3.39 297.81 3.744 27.7
3.16 871 B 1 H 3 16 18 3.98 300.69 3.679 27.6
3.19 871 B 1 H 3 19 21 3.81 303.58 3.865 28.0
3.22 871 B 1 H 3 22 24 3.73 306.46 4.058 28.5
3.25 871 B 1 H 3 25 27 3.98 309.34 4.098 28.5
3.28 871 B 1 H 3 28 30 3.65 312.23 4.180 28.7
3.31 871 B 1 H 3 31 33 3.66 315.11 3.995 28.3
3.34 871 B 1 H 3 34 36 3.59 317.99 4.209 28.8
3.37 871 B 1 H 3 37 39 3.58 320.87 4.203 28.8
3.4 871 B 1 H 3 40 42 2.76 323.29 4.154 28.7
3.43 871 B 1 H 3 43 45 3.02 325.38 4.448 29.3
3.46 871 B 1 H 3 46 48 (N/A) 327.46 4.605 29.6
3.49 871 B 1 H 3 49 51 3.68 329.54 4.590 29.6
3.52 871 B 1 H 3 52 54 3.93 331.62 4.809 30.0
3.55 871 B 1 H 3 55 57 3.12 333.71 4.534 29.5
3.58 871 B 1 H 3 58 60 4.42 335.79 3.928 28.2
3.61 871 B 1 H 3 61 63 3.85 337.87 3.996 28.3
3.64 871 B 1 H 3 64 66 4.38 340.67 3.764 27.8
3.67 871 B 1 H 3 67 69 4.65 343.75 3.816 27.9
3.7 871 B 1 H 3 70 72 4.51 346.84 3.885 28.1
3.73 871 B 1 H 3 73 75 4.49 349.93 3.816 27.9
3.76 871 B 1 H 3 76 78 4.10 353.01 3.821 27.9
3.79 871 B 1 H 3 79 81 4.39 356.10 3.950 28.2
3.82 871 B 1 H 3 82 84 4.47 359.19 3.915 28.1
3.85 871 B 1 H 3 85 87 4.11 362.27 3.765 27.8
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3.88 871 B 1 H 3 88 90 4.59 365.36 3.608 27.4
3.91 871 B 1 H 3 91 93 4.27 368.45 3.559 27.3
3.94 871 B 1 H 3 94 96 4.23 371.53 3.606 27.4
3.97 871 B 1 H 3 97 99 4.21 374.62 3.683 27.6

4 871 B 1 H 3 100 102 3.70 377.71 3.680 27.6
4.03 871 B 1 H 3 103 105 4.07 380.79 3.722 27.7
4.06 871 B 1 H 3 106 108 4.17 383.88 3.841 28.0
4.09 871 B 1 H 3 109 111 3.76 386.97 3.846 28.0
4.12 871 B 1 H 3 112 114 3.57 390.05 4.023 28.4
4.15 871 B 1 H 3 115 117 3.89 393.14 4.047 28.4
4.18 871 B 1 H 3 118 120 3.86 396.23 4.255 28.9
4.21 871 B 1 H 3 121 123 3.62 399.31 4.342 29.1
4.24 871 B 1 H 3 124 126 3.25 402.40 4.678 29.8
4.27 871 B 1 H 3 127 129 2.74 405.49 4.807 30.0
4.3 871 B 1 H 3 130 132 (N/A) 408.57 4.918 30.2
4.33 871 B 1 H 3 133 135 3.78 411.66 4.649 29.7
4.36 871 B 1 H 3 136 138 3.29 414.75 4.720 29.9
4.39 871 B 1 H 3 139 141 3.42 417.83 4.692 29.8
4.42 871 B 1 H 3 142 144 4.89 420.92 4.406 29.2
4.45 871 B 1 H 3 145 147 4.05 424.01 4.228 28.8
4.48 871 B 1 H 3 148 150 4.32 427.09 4.227 28.8
4.51 871 B 1 H 4 1 3 4.98 430.64 3.864 28.0
4.54 871 B 1 H 4 4 6 4.60 434.24 3.623 27.4
4.57 871 B 1 H 4 7 9 4.21 437.84 3.490 27.1
4.6 871 B 1 H 4 10 12 4.45 441.44 3.561 27.3
4.63 871 B 1 H 4 13 15 4.68 445.04 3.584 27.3
4.66 871 B 1 H 4 16 18 4.28 448.64 3.586 27.3
4.69 871 B 1 H 4 19 21 4.34 452.24 3.603 27.4
4.72 871 B 1 H 4 22 24 4.44 455.84 3.906 28.1
4.75 871 B 1 H 4 25 27 4.64 459.44 3.684 27.6
4.78 871 B 1 H 4 28 30 4.15 463.04 3.731 27.7
4.81 871 B 1 H 4 31 33 4.45 466.64 3.469 27.0
4.84 871 B 1 H 4 34 36 4.33 470.24 3.423 26.9
4.87 871 B 1 H 4 37 39 4.39 473.85 3.391 26.8
4.9 871 B 1 H 4 40 42 4.14 477.45 3.379 26.8
4.93 871 B 1 H 4 43 45 3.96 481.05 3.549 27.2
4.96 871 B 1 H 4 46 48 3.06 483.70 3.560 27.3
4.99 871 B 1 H 4 49 51 3.50 485.98 3.676 27.6
5.02 871 B 1 H 4 52 54 3.66 488.26 3.978 28.3
5.05 871 B 1 H 4 55 57 2.83 490.54 4.179 28.7
5.08 871 B 1 H 4 58 60 3.69 492.82 4.100 28.5
5.11 871 B 1 H 4 61 63 3.66 495.10 4.061 28.5
5.14 871 B 1 H 4 64 66 3.67 497.38 4.066 28.5
5.17 871 B 1 H 4 67 69 3.49 499.66 3.992 28.3
5.2 871 B 1 H 4 70 72 3.88 501.95 3.929 28.2
5.23 871 B 1 H 4 73 75 3.83 504.23 3.912 28.1
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5.26 871 B 1 H 4 76 78 3.76 506.51 3.821 27.9
5.29 871 B 1 H 4 79 81 4.17 508.79 3.752 27.7
5.32 871 B 1 H 4 82 84 4.14 511.07 3.940 28.2
5.35 871 B 1 H 4 85 87 3.85 513.35 4.101 28.5
5.38 871 B 1 H 4 88 90 4.08 515.63 3.981 28.3
5.41 871 B 1 H 4 91 93 4.05 517.91 3.972 28.3
5.44 871 B 1 H 4 94 96 4.15 520.19 3.994 28.3
5.47 871 B 1 H 4 97 99 3.38 522.61 3.768 27.8
5.5 871 B 1 H 4 100 102 4.07 526.25 3.881 28.0
5.53 871 B 1 H 4 103 105 3.78 529.88 3.486 27.1
5.56 871 B 1 H 4 106 108 4.29 533.51 3.593 27.3
5.59 871 B 1 H 4 109 111 4.23 537.15 3.528 27.2




