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Abstract. The thermal structure of the mid-Piacenzian oceanand modeling past warm climate states refines climate mod-
is obtained by combining the Pliocene Research, Interpreels used to project future climate scenarios and facilitates
tation and Synoptic Mapping Project (PRISM3) multiproxy our ability to confidently model future change. At present,
sea-surface temperature (SST) reconstruction with bottonhowever, most fully coupled ocean-atmosphere paleocli-
water temperature estimates from 27 locations produced usnate modeling experiments utilize a modern or homogenous
ing Mg/Ca paleothermometry based upon the ostracod genuscean temperature dataset for initialization due to the lack of
Krithe. Deep water temperature estimates are skewed toavailable data on past conditions. A three-dimensional ocean
ward the Atlantic Basin (63% of the locations) and representtemperature reconstruction of a past warmer-than-present cli-
depths from 1000 m to 4500 m. This reconstruction, meantmate state is needed to initialize the models to better approx-
to serve as a validation data set as well as an initialization foimate a warmer global scenario and to shorten start-up time,
coupled numerical climate models, assumes a Pliocene wahus making model runs more cost effective.

ter mass framework sir'n.ilar.to that which exists today_, With  The USGS Pliocene Research, Interpretation and Synoptic
several important modlflc_atlons. The area of formation OfMapping (PRISM) Project develops data sets that describe
present day North Atlantic Deep Water (NADW) was ex- the major elements of the climate system during the mid-

panded and extended further north toward the Arctic Ocearpjgcenzian, a time recognized by many as a possible, al-
with a deeper Greenland-Scotland Ridge, allowed a greateRopinson et al., 2008a,b; Salzmann et al., 2008: Dowsett
volume of warmer NADW to enter the Atlantic Ocean. In gnd Robinson, 2009; Dowsett et al., 2009; Sohl et al., 2009).
the Southern Ocean, the Polar Front Zone was expanded refhe mid-Piacenzian is particularly relevant to future climate

tinent. This, combined with at least seasonal reduction inhat exhibited global mean annual temperatures equivalent
ter (AABW) production (relative to present day) as well as 2007).
possible changes in the depth of intermediate waters. The The PRISM paleoclimate reconstruction contains all ma-
reconstructed mid-Piacenzian three-dimensional ocean was o . . . .
: . jor boundary conditions including reconstructions of land ice
warmer overall than today, and the hypothesized aerial exz,. ~.- . . o .
. - : -distribution, sea ice distribution, vegetation, sea surface tem-
tent of water masses appears to fit the limited stable isotopic )
. o : perature (SST), sea level and topography and is the most
data available for this time period. . : ; .
comprehensive and internally consistent reconstruction of
any period of Earth history older than the last interglacial.
) PRISM data are provided to the paleoclimate modeling com-
1 Introduction munity through a series of digital data sets as part of the

PRISM Data-Model Cooperative, also known as the Pliocene

thure warming projected by the Intergovernmental Panel "Model Intercomparison Project (PlioMIP) (see Chandler et
Climate Change (IPCC) (Jansen et al., 2007) poses large SQ)., 2008; Robinson et al., 2008a). These data are being used

cioeconomic impacts to the world community (Robinson ®lin a number of climate model experiments to help understand

9"’ 200.83)' Thus, the ability to plan for future_ C"”?ate char_wgethe magnitude and cause of Pliocene climate change relative
is a national if not a global priority. Researching, interpreting to the present (see Chandler et al., 2008)

Through the addition of key sites, the PRISM SST recon-
Correspondence ta. J. Dowsett struction has been updated and refined to better approximate
BY (hdowsett@usgs.gov) Pliocene climate, particularly in the equatorial Pacific and the
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Fig. 1. Pliocene magnetobiostratigraphic framework after Berggren et al. (1995). Gray band approximates the PRISM time slab. Benthic
8180 record from Lisiecki and Raymo (2005). Position of PRISM time slab (shaded horizontal band) relative to geomagnetic polarity,
planktic foraminiferal zones, calcareous nannofossil zones and orbital geometry (Berggren 1973, 1977; Berggren et al., 1995; Martini,
1971). Note low-amplitude obliquity cycles throughout the mid-Piacenzian with precessional cycles that build in amplitude from the earlier
to later part of the PRISM time slab. Eccentricity is shown by dashed line tracing upper limit of precession (Dowsett et al., 2005). Epoch
column represents recent potential changes to the placement of the Pliocene-Pleistocene boundary at the bottom rather than top of th
Gelasian. Figure modified from Dowsett et al. (2005) and Dowsett and Robinson (2006).

northeastern Atlantic Oceans. Also, using new bottom waterl., 1996), suggesting that mid-Piacenzian warmth was not
temperature data, PRISM has developed a three-dimensiondriven soley by increases in greenhouse gases, the proposed
global ocean temperature reconstruction that is consistentulprit for current and future warming (Jansen et al., 2007).
with both existing data on Pliocene ocean circulation andinstead mid-Piacenzian warmth may have been a response
also the new PRISM SST reconstruction. Here we presento enhanced meridional oceanic heat transport (Dowsett et
one possible (non-unique) reconstruction of global ocearal., 1992; Brierley et al., 2009), a change in sill depth al-
temperature designed to initiate coupled ocean-atmosphedewing enhanced production of Northern Component Wa-
general circulation models of earth climate and an interpreter or NCW (Wright and Miller, 1996; Poore et al., 2006),
tation of mid-Piacenzian water mass behavior. larger and or more frequent tropical storm events (Emanuel,
2001), or some combination of these mechanisms. Many
resources are being focused on understanding the causes of
2 Mid-Piacenzian warmth and the PRISM time interval mid-Piacenzian global warmth in an attempt to better under-
stand future climate conditions.
The middle part of the Piacenzian age of the Pliocene epoch The PRISM interval, calibrated to 3.29 Ma to 2.97 Ma
was a period of relatively warm yet variable climate when (timescale of Gradstein et al., 2004) (Fig. 1), is defined
continental positions were basically the same as at presemtot only by absolute age but also in terms of position rela-
and much of the extant Pliocene flora and fauna were shiftedive to biostratigraphic, magnetostratigraphic and stable iso-
to higher latitudes suggestive of a global warming (Dowsett,topic zonations. It is @300 Ky interval of time within the
2007). Warming during this time period, relative to presentmiddle part of the Piacenzian Age of the Pliocene Epoch.
conditions, increased with increasing latitude. Estimates ofin the literature, this interval is frequently referred to as
atmospheric C@concentrations, however, show values only mid-Piacenzian, PRISM “Time Slab” or PRISM Interval.
slightly higher than pre-industrial concentrations (Raymo etAll refer to the interval between the transition of marine
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Table 1. PRISM3 SST Estimates.

# Locality Lat Lon Water Moderh Moder®  Moder® Mean ~ PRISMS PRISMZ PRISMF Selected
Depth (m) February SST  August SST Annual SST February SST  Multiproxy SST ~ August SST  Publfcations
1 DSDP 310 36.87 —176.90 3516.0 14.06 24.15 17.28 17.06 - 26.15 [f]
2 ODP 886 44.69 -168.24 5713.7 7.27 14.85 10.48 4.67 - 17.95 [a]
3 DSDP 183 5458 -161.21 4708.0 2.88 11.31 7.48 1.68 — 13.61 [a]
4 E14-8 —59.67 —160.29 3877.0 3.70 1.22 1.91 > 4.60 — - [g]
5 Colvillian 70.29 —-150.42 0.0 -1.79 -1.78 2.09 0.21 - 2.22 [f]
6 ODP 887 54.37 -—-148.45 3633.6 4.08 12.25 8.47 6.08 - 13.25 [f]
7 DSDP 573 0.49 -—-133.30 4301.0 25.62 24.90 25.90 24.62 24.70 24.70 [h]
8 DSDP 36 40.98 -130.12 3273.0 11.71 17.88 14.99 13.71 - 19.88 [f]
9 ODP 1021 39.09 -127.78 4213.0 11.64 16.99 14.50 - 21.50 — [h]
10 E13-17 —65.68 —124.11 4724.0 1.10 —1.49 —0.03 <5.50 - - [a]
11 ODP 1014 32.83 -—119.98 1165.7 14.32 18.27 16.10 - 24.00 - [h]
12 ODP 852 5.28 -110.07 3860.1 27.09 26.74 27.00 - 29.40 - [h]
13 Meighen Island 79.00 -99.00 0.0 -1.79 -1.79 —0.55 0.21 - 3.21 [f]
14 DSDP 323 —63.68 —97.99 5004.0 3.19 0.44 1.85 > 4.39 — — [f]
15 ODP 847 0.18 —95.32 3334.5 26.06 22.10 24.40 28.45 26.90 25.72 [h]
16 ODP 677 1.20 —83.74 34725 26.27 25.58 25.60 28.91 27.50 26.67 [h]
17 Sarasota 27.25 —82.66 0.0 20.48 29.36 25.36 19.88 - 26.96 [f]
18 Pinecrest Beds 27.35 —-82.43 0.0 20.48 29.36 24.36 20.48 - 29.36 [f]
19 Cayo Aqua 9.15 —-82.05 0.0 27.99 28.38 27.59 27.99 - 29.50 [f]
20 SEFlor(G-182) 25.78 —-80.28 0.0 23.34 29.57 26.25 21.34 - 30.00 [f]
21 DSDP 502 11.49 -79.38 3051.0 26.65 28.10 27.69 27.80 - 27.57 [i]
22 Duplin 34.00 —-79.00 0.0 20.41 28.57 23.54 19.71 - 28.17 [f]
23 Lee Creek 35.38 -76.75 0.0 14.46 27.03 21.10 16.76 - 30.13 [f]
24 Yorktown 37.00 -76.50 0.0 10.11 25.93 19.89 15.31 - 27.73 [f]
25 ODP 1237 —-16.00 -76.37 3212.3 23.06 16.39 20.00 28.37 23.20 21.90 [h]
26 DSDP 603 35.49 -70.03 4633.0 19.94 27.08 22.57 25.24 23.70 27.53 [i]
27 DSDP 541 15.52 -58.72 4940.0 25.97 28.11 27.11 27.84 21.73 27.56 [i]
28 ODP 672 15.50 —58.50 4982.5 25.97 28.11 27.11 27.57 21.73 26.88 [i]
29 ODP 646 58.25 —48.33 3440.3 2.15 7.37 5.41 3.62 - 9.54 [f]
30 DSDP 396 22.90 -43.50 4459.0 23.46 26.39 24.88 24.75 - 27.53 [f]
31 ODP 695 —62.39 —43.45 1300.1 0.05 -1.79 0.00 <4.72 - - [f]
32 DSDP 606 37.34 -35.50 3007.0 16.50 24.37 20.50 18.30 21.90 25.50 il
33 DSDP 516 —-30.27 —-35.28 1313.0 23.98 18.48 22.25 26.00 - 20.50 [f]
34 DSDP 607 41.00 -32.96 3427.0 15.34 22.86 18.80 16.20 19.80 23.30 il
35 ODP 699 —51.54 -30.68 3705.5 3.83 1.00 3.63 5.80 - - [a]
36 DSDP 410 4551 —29.48 2976.0 13.34 19.21 15.86 16.10 - 25.00 [f]
37 DSDP 609 49.88 —24.24 3883.5 11.48 16.55 14.10 14.60 18.70 22.80 il
38 DSDP 552 56.04 —-23.23 2301.0 9.07 13.33 11.60 12.80 16.70 21.00 [l
39 DSDP 608 42.84 —23.09 3526.0 13.68 20.70 17.11 17.76 - 25.60 [a]
40 ODP 667 4.55 —21.90 3524.9 27.34 26.81 27.50 27.28 - 26.79 [l
41 ODP 659 18.08 —21.03 3071.7 20.94 24.47 22.42 22.26 - 27.66 [l
42 DSDP 366 568 —19.85 2853.0 27.32 26.81 27.47 27.84 - 27.20 [g]

771

oxygen isotope stages M2/M1 and G19/G18 (Shackletorpolar fronts were strengthened and glacial-interglacial varia-
et al., 1995) in the middle part of the Gauss Normal Po-tion intensified) (Sancetta and Silvestri, 1986; Raymo et al.,
larity Chron (C2An), ranging from within C2An2r (Mam- 1989; Hodell and Ciesielski, 1991; Dowsett et al., 1994).
moth reversed polarity) to near the bottom of C2An1 (just While the PRISM interval is easily distinguished from the in-
above Kaena reversed polarity). This interval correlatestervals immediately surrounding it, there is a high degree of
in part to planktic foraminiferal zones PLZ([oborotalia  variability within the time slab. The 41 ky period of Earth’s
margaritae-Sphaeroidinellopsis seminulimaterval Zone),  obliquity dominates the Pliocene climate record (Tiedemann
PL4 (Sphaeroidinellopsis seminulina-Dentoglobigerina al- et al., 1994). Other than glacial stages KM2 (c. 3.12 Ma) and
tispira Interval Zone) and PL5Oentoglobigerina altispira- G20 (c. 3.01 Ma), benthic foraminiferal oxygen isotope val-
Globorotalia miocenicalnterval Zone) of Berggren et ues were either equal to or isotopically lighter than those of
al. (1995). It falls within calcareous nannofossil zone NN16 today (Shackleton et al., 1995; Lisiecki and Raymo, 2005)
of Martini (1971) or CN12a of Bukry (1973, 1975) (Dowsett (Fig. 1).
and Robinson, 2006).

The PRISM interval occurs prior to the first strong oxygen-
isotope excursions, which represent a change toward mod-
ern conditions (Northern Hemisphere ice volume increased,
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Table 1. Continued.
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# Locality Lat Lon Water Moderh Moder®  Moder? Mean  PRISMS$ PRISM3 PRISM3 Selected
Depth (m) February SST  August SST Annual SST February SST  Multiproxy SST  August SST  Publfcations

43 ODP 661 9.45 —19.39 4012.9 24.81 26.91 26.49 27.12 - 26.72 [i]

44 DSDP 610 53.22 -18.89 2426.3 10.49 14.98 13.15 14.16 - 24.33 [i]

45 Tjornes 66.16 —17.25 0.0 1.35 7.38 4.39 5.35 - 13.58 [fl

46 ODP 693 —70.83 —-14.57 2359.0 —0.92 -1.79 —0.48 <4.28 - - [a]

47 DSDP 548 48.85 —12.00 1251.0 11.34 17.18 14.14 18.31 - 27.62 il

48 DSDP 521 —26.07 -10.27 4127.5 24.74 19.45 22.89 26.74 — 21.45 [fl

49 DSDP 546 33.80 -9.60 3958.0 16.73 22.33 18.95 19.11 - 24.17 [i]

50 ODP 690 —65.16 1.21 2914.0 0.90 -1.79 0.00 <5.80 - - [a]

51 North Sea 52.50 1.50 0.0 5.71 16.34 10.97 10.41 — 16.74 [f]

52 ODP 909 78.58 3.07 2518.6 —1.80 —0.74 0.79 - 13.20 [K]

53 ODP 704 —46.88 7.42 2532.3 7.07 4.81 6.72 9.57 - 7.31 [f]

54 PS1448 —58.64 7.92 4970.0 1.06 -1.75 —0.18 <4.03 - - [f]

55 ODP 911 80.47 8.23 901.5 —-1.79 -1.67 —0.03 - 18.10 [K]

56 DSDP 532 —19.74 10.52 1331.0 20.88 15.79 18.82 22.68 - 17.59 [f]

57 DSDP 132 40.25 11.43 2835.0 13.78 25.04 18.74 15.38 - 26.64 [a]

58 ODP 907 69.25 -12.70 1801.2 5.85 10.91 3.23 - 11.70 [K]

59 PuntadiMaiata 37.33 13.50 0.0 14.62 25.75 19.61 17.50 - 21.27 [a]

60 Punta Piccola 37.33 13.58 0.0 14.62 25.75 19.61 18.84 - 23.88 [a]

61 Finikia 35.25 25.17 0.0 15.41 24.31 20.43 16.14 - 19.90 [a]

62 ODP 722 16.62 59.80 2022.1 25.00 24,77 26.84 26.05 - 27.04 [a]

63 ODP 736 —49.40 71.66 628.7 4.48 1.77 3.74 <7.48 - - [f]

64 ODP 747 —54.81 76.79 1695.8 2.41 0.14 1.90 >451 - - [f]

65 ODP 748 —58.44 78.98 1289.6 1.44 -1.70 1.15 <4.64 - - [f]

66 ODP 751 —-57.73 79.81 1633.8 1.69 -1.33 1.21 <4.59 - - [f]

67 ODP 745 —59.60 85.86 4082.5 1.84 —1.55 1.06 <4.74 - - [f]

68 DSDP 266 —-56.40 110.11 4167.0 3.48 0.66 1.82 >4.68 - - [f]

69 ODP 769 8.78 121.29 3644.0 26.89 28.73 28.70 26.89 28.10 29.23 [h]

70 DSDP 445 25.52 133.20 3377.0 20.98 28.46 25.60 22.98 26.30 29.46 [h]

71 Yabuta 37.00 137.00 0.0 9.86 24.95 17.81 9.86 - 24.95 [f]

72 Sasaoka 39.50 140.50 0.0 7.01 22.12 16.62 8.51 - 24.12 [fl

73 E50-28 —62.90 150.68 3489.0 1.87 —-1.69 0.98 <497 - - [f]

74 E36-33 —57.75 150.88 3952.0 3.67 0.84 3.21 >4.67 - - [a]

75 DSDP 579 38.63 153.84 5737.0 12.03 23.33 17.27 17.53 - 27.73 [f]

76 DSDP 580 41.63 153.98 5375.0 6.19 19.79 13.43 12.39 — 23.09 [f]

7 DSDP 586 —0.50 158.50 2207.0 29.26 29.01 29.20 29.26 29.20 29.01 [h]

78 ODP 806 0.31 159.36 2520.5 29.16 29.00 29.20 28.96 29.60 28.32 [h]

79 ODP 881 47.10 161.49 5530.9 2.44 12.11 6.78 4.34 - 15.91 [f]

80 E.Kamchatka 56.00 163.00 0.0 0.11 11.35 7.45 4.11 - 10.85 [f]

81 Karaginsky 58.85 164.04 0.0 —0.94 11.26 6.41 3.06 - 13.26 [f]

82 DSDP 592 —36.47 165.44 1088.0 20.33 15.11 18.28 22.33 - 17.11 [a]

83 ODP 883 51.20 167.77 2390.8 2.71 10.38 6.45 3.20 - 14.90 [f]

84 E50-33 —61.09 170.06 4550.0 4.00 0.24 3.02 >4.50 - - [a]

85 DSDP 274 —68.99 173.43 3305.0 —0.48 -1.79 —0.40 <4.52 - - [a]

86 RangitikeiR.  —39.50 175.87 0.0 17.97 13.23 16.12 19.97 - 15.23 [a]

@Reynolds and Smith (199§3Levitus and Boyer (1994fFaunal based SST estimal&ST estimate based upon multiple proxies: Mg/Ca,
alkenone and faunal methodReference for more information on sif@owsett et al. (1996¥Dowsett et al. (1999ﬁDowsett and Robin-
son (2009)! Dowsett and Robinson (2008Robinson et al. (2008b5‘Robinson (2009)

3 Sea surface temperature estimates tract the warm phase of climate from the PRISM interval at
each location (see Dowsett and Robinson, 2006; Dowsett,
New multiple proxy SST estimates are now available for 2007). Warm peak averaging, pioneered by Dowsett and
the sub-polar North Atlantic and Arctic Oceans (Robin- Poore (1990), attempts to determine the average peak warm-
son, 2009) and for the low latitude Pacific Ocean (Dowsetting during the PRISM interval. Only estimates meeting some
and Robinson, 2009) that greatly enhance and extend thpre-set quality control criteria are used (Dowsett, 2007). A
PRISM SST reconstruction into regions previously not rep-warm peak is defined as a temperature warmer than the
resented. The resulting PRISM3 SST Reconstruction nowestimates surrounding it in a stratigraphic sequence. Thus,
utilizes 86 localities (Fig. 2, Table 1). all warm peaks are defined, those not meeting quality control
Most PRISM SST estimates are based on microfossilare excluded, and the remainders are averaged.
species assemblages. SST estimates are derived from these
faunal data using a warm peak averaging methodology to ex-

Clim. Past, 5, 769783 2009 www.clim-past.net/5/769/2009/



H. J. Dowsett et al.: Pliocene three-dimensional global ocean temperature reconstruction 773

Fig. 2. Location of sites used for surface temperature reconstruction.

Mg/Ca and alkenone paleotemperature proxies are utilizedng the mid-Piacenzian. Ostracodes are bivalved Crustacea
as supplemental data where faunal data are already availablethose shells are made of calcite (Caf¥©ontaining minor
In these situations, careful analysis of multiple independentamounts of coprecipitated magnesium. Using coré&taine
proxies are used to verify each other and gain further insighfrom the North Atlantic collected over°2o 14°C, Dwyer
into the structure of the upper water column (e.g. Robin-et al. (1995) determined a calibration firithe such that
son et al., 2008b; Dowsett and Robinson, 2009). In areaBWT (°C)=(0.854«Mg/Ca)-5.75, with an error of +£1°C.
where faunal proxies are missing or do not work, Mg/Ca andBWT estimates that fall below’Z are assumed valid assum-
alkenone methods are used alone to estimate SST. ing that the relationship between Mg/Ca and temperature re-
While one SST proxy is not intrinsically better than an- mains linear below 2ZC.
other, we do not feel multiple proxies should necessarily Dwyer et al. (1995) found that postmortem alteration of
show concordance. The power of a multiple proxy approachthe shell, i.e. dissolution, had little effect on the Mg/Ca ratio
is that no two proxies actually measure the same environmernin Krithe shells and concluded that dissolution does not al-
tal variable in the same way. The power of the technique lieger the original composition of deep-skathe shells to the
with this diversity. In practical terms, having faunal based point where it might obscure the bottom water temperature
SST estimates for winter and summer bracket a mean annuaignature. In addition, the authors found no substantial inter-
SST alkenone-based estimate, and a Mg/Ca estimate from gpecific variation in the Mg/Ca ratio.
signal carrier that lives at depth being slightly cooler than Utilizing ostracods for Mg/Ca paleothermometry has
the alkenone-based estimate calibrated to 10 m, gives a mucdome advantages over benthic foram applications. Ontoge-
more complete and robust estimate of paleoenvironmentahetic problems can be minimized by using a particular molt
conditions. Looking for statistical agreement between mul-stage, valves do not lend themselves to contamination due
tiple proxies is an oversimplification of the problem and in to trapped sediment in chambers, and ostracod valves have
many cases invalid. relatively high concentrations of minor elements4(to 40
times greater than the commonly-used species of benthic or
, planktonic foraminifers), thus further decreasing any possi-
4 Bottom water temperature estimates ble impact of contamination (Cronin et al., 2005).
Data from 27 DSDP and ODP sites, representing condi- However, a carbonate ion effect has been documented for

tions ranging from~1000m to~4500m water depth, are benthic foraminifera at temperatures below approximately

. . . 4°C (Yu and Elderfield, 2007; Raitzsch et al., 2008). At

used in our bottom water temperature analysis (Fig. 3, Ta- insufficient d ists for th d q .

ble 2; Cronin et al., 2005; Dwyer, 2009; Dwyer and Chan- presc_ant]r.\su icient .ata exists qrt € ostrgco sto eterm_lne
! N ' i ' the significance of this effect, which could impact BWT esti-

d!er, 20.09)' The Atlant|g sec_;tor has by.far the best thre.e'mates of Cronin et al. (2005) and Dwyer (2009), used in our

dimensional coverage. Sites in the Pacific Ocean and Indian :
o : reconstruction.

Ocean sectors are primarily from the Southern Hemisphere.

The Mg/Ca ratio of shells of the deep-sea ostracode genus

Krithe is used to infer bottom water temperature (BWT) dur-

www.clim-past.net/5/769/2009/ Clim. Past, 5, 7883 2009
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Table 2. Deep Ocean Temperature Estimates.

Locality Lat Lon Water Max 10%  Max 109 Water Selected
Depth (m) Anomaly  Temperature M&ss Publication§
IODP 1123 —-41.79 -171.50 3290.1 1.2 2.7 CPDW [d]
IODP 1241 5.84 —86.44 2027.3 0.2 2.5 PCW [d]
IODP 1239 -0.67 —82.08 1414.7 0.3 3.6 PCW [d]
IODP 1236 —-21.36 —81.44 1323.7 -1.9 1.4 AAIW/PCW [d]
DSDP 502 11.49 -79.38 3051.0 -0.9 3.2 AW [e]
IODP 1237 -16.01 —-76.38 3212.7 0.9 2.5 PCW/CPDW [d]
ODP 928 5.46 —43.75 4011.0 1.2 34 NADW [d]
ODP 929 5.98 —43.74 4356.0 0.3 2.5 NADW/AABW [d]
ODP 925 4.20 —43.49 3041.0 2.0 4.7 NADW [f]
ODP 926 3.72 —42.91 3598.0 2.0 4.5 NADW [f]
DSDP 607 41.00 —-32.96 3427.0 1.5 4.0 NADW [e, f]
DSDP 552 56.04 —-23.23 2301.0 3.2 6.3 UNADW [e]
ODP 659 18.08 —-21.03 3072.0 -0.5 2.3 NADW [e]
ODP 661 9.45 -19.39 4013.0 0.3 2.7 NADW [e]
DSDP 610 53.22 -18.89 2417.0 0.2 3.3 NADW [e]
ODP 658 20.75 —-18.58 2263.0 1.7 4.9 NADW [e]
ODP 982 57.52 —-15.87 1134.0 -1.0 4.6 UNADW [d]
ODP 959 3.63 —2.74 2091.0 0.6 4.1 AAIW/NADW [d]
IODP 1092 -46.41 7.08 1973.0 -0.6 1.7 CPDW/NADW [d]
ODP 704 —46.88 7.42 2532.0 4.2 6.1 NADW [e]
IODP1090 —42.91 9.00 3700.0 0.4 2.0 NADW/CPDW [d]
IODP 1085 —29.37 13.99 1713.0 0.3 3.3 CPDW [d]
ODP 754 —-30.94 93.57 1063.6 -0.3 4.8 SURF/AAIW [d]
ODP 806 0.32 159.36 2520.7 0.9 2.8 PDW [d]
ODP 805 1.23 160.53 3188.5 0.5 2.3 PDW [d]
ODP 804 0.94 161.65 3861.7 0.3 1.9 PDW [d]
DSDP 592 —-36.47 165.44 1088.0 -2.1 3.3 SURF/AAIW [d]

3Temperature and anomaly (Pliocene minus modern) based upon warmest 10% Bf\taea, mass sampled by site during present day:
CPDW=CircumPolar Deep Water, PCW=Pacific Central Water, AAIW=Antarctic Intermediate Water, AIW=Atlantic Intermediate Water,
NADW=North Atlantic Deep Water, AABW=Antarctic Bottom Water, PDW=Pacific Deep W&Reference for more information on site,
dpwyer (2009) ECronin et al. (2005),Dwyer and Chandler (2009)

Further discussion of the ostracod based Mg/Ca paletween those that would be obtained using warm peak averag-
othermometry technique and results are described elsewheirg and the maximum temperature technique of Dowsett et
(Cronin et al., 2005; Dwyer and Chandler, 2009). For theal. (2005).
remainder of this paper, these Mg/Ca data are collectively
referred to as the deep ocean temperature data set.

We used a methodology similar to that used for PRISM5 PRISM 3-D ocean reconstruction

SST data to extract the warm phase of bottom water temper-

ature from the deep ocean temperature data set. Deep oce&everal assumptions are necessary to define the framework
temperature data at each site were ranked, and the highest the PRISM 3-D reconstruction. First, we assume the
10% were averaged to produce the estimates shown in Figs. 8&ame general pattern of large-scale ocean circulation seen in
and 4 and Table 2. The limited numbers of samples fromthe modern ocean because we find no evidence in the data
some deep ocean temperature sites precluded warm peak abhat would suggest, for example, deep-water formation in the
eraging. Where time series were of sufficient length, a com-North Pacific during the PRISM interval. Next, we assume
parison of estimates generated from both techniques showeah increased flux of warm surface water to the high latitude
the deep ocean temperature estimates to fall, as expected, berth Atlantic and adjacent seas during the PRISM interval,
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Fig. 3. Location of sites utilized in deep ocean temperature analysis. Size of dots indicate magnitude of temperature anomaly (Pliocene
minus present day); blue=cooler than modern, red=warmer than modern. Lines a—d show position of longitudinal transects given in Fig. 8.
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suggested by surface temperature estimates from multiple lo-
cations (Dowsett et al., 2009) (Fig. 5) and robust results of
813C analyses from records intersecting the PRISM interval
arguing for a high flux of paleo North Atlantic Deep Water
(NADW) (Wright and Miller, 1996; Poore et al., 2006).

Finally, we assume that the warm phase of the deep ocean
temperature data is most likely coupled with the warm peak
averaged PRISM SST reconstruction. PRISM’s goal is a re-
construction of a “super interglacial”, not mean conditions.
This is a significant assumption since high frequency temper-
ature variability can be observed in many of the deep ocean
records (Dwyer and Chandler, 2009) and since the ability to
correlate millennial scale features from core to core across
the globe does not yet exist at a sufficient number of sites
(Dowsett and Robinson, 2006).

These assumptions taken together suggest a conceptual
model of increased mid-Piacenzian meridional overturning
circulation (MOC) relative to present day, forcing an ad-
justment in the extent of NADW, Antarctic Bottom Water
(AABW) and Antarctic Intermediate Water (AAIW).

Fig. 4. Maximum (top 10%) mid-Piacenzian deep ocean tempera-
ture estimates by water depth from all sites, projected onto an equa-

torial plane. Symbols are in Fig. 3.
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Fig. 5. February(a) and Augusib) mid-Piacenzian surface temperature anomalies.

5.1 Sea surface temperature reconstruction At each locality, modern SST was subtracted from the

PRISM time-slab value in order to produce a mid-Piacenzian
Surface temperature estimates presented here comprise thgsT anomaly for cold and warm seasons. To create a
PRISM3 SST data set (Dowsett et al., 1999; Dowsett, 2007global dataset, these SST anomalies were plotted as indi-

Robinson et al., 2008b; Dowsett and Robinson, 2009; Robinvidual points on a 2x2° grid representing the Earth. Mod-

son, 2009), based upon 86 DSDP and ODP sites (Fig. 2, Taern SST contours served as a rough guide to draw anomaly
ble 1). Contouring the global SST field from so few irregu- contours around the control points, because it was assumed
larly spaced data points is a problematic task. Early attemptshat the general pattern of modern oceanic surface current
at automated contouring of the raw data, using algorithmssystems was present in the mid-Piacenzian. Boundaries be-
from Middleton (2000), resulted in unrealistic oceanographictween anomaly bands were smoothed to create even temper-
solutions (not shown). In order to facilitate model — model ature gradients. Finally, this smoothed, contoured anomaly
comparisons, PRISM elected to have researchers most fgeld (Fig. 5) was added to the modern SST of Reynolds and
miliar with the data and its strengths and weaknesses prosmith (1995) to create mid-Piacenzian February and August
duce subjectively contoured datasets using the methodologgST maps (Fig. 6). SSTs for the remaining 10 months of the
outlined below. Much of the design of these datasets (e.gyear were derived by fitting a sine curve to the February and

monthly SST and sea ice) clearly goes beyond the resolutiomugust SST estimates (Dowsett et al., 1996).
of the raw data, but was required by the modeling commu-

nity.
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Fig. 6. February(a) and Augus{(b) mid-Piacenzian SST maps.

5.2 3-D ocean temperature reconstruction SST field (Reynolds and Smith, 1995) from the Piacenzian
1 December data (Fig. 7). The surface temperature anomaly
was then added to the O m layer of Levitus and Boyer (1994)
The PRISM 3-D ocean reconstruction is presented at ag create the PRISM 3-D 0 m reconstruction (Fig. 8).
4° latitude by 3 longitude resolution at 33 depth lay-  Qur deep ocean temperature reconstruction is based upon
ers.  Specific steps in the reconstruction methodology>7 |ocalities, unevenly distributed among the ocean basins.
are listed in Supplement Aiftp://www.clim-past.net/5/769/ |y addition, the number of samples at each locality varies
2009/cp-5-769-2009-supplement. pdf depending upon the availability of specimens. While not op-
Because the PRISM 3-D reconstruction is designed fortimum for generating a global reconstruction, this represents
coupled ocean-atmosphere general circulation models, it regpossibly the largest number of temperature estimates for any
resents a reconstruction of a prescribed day, arbitrarily chodeep water reconstruction from any time interval.
sen to be 1 December. The Levitus and Boyer (1994) mod- Since no data points fall between Om and 1100m in the
ern ocean temperature dataset was transformed ifte 8°4  deep ocean temperature data set, we chose to use a math-
resolution. The PRISM3 November and December monthlyematical function that decreases the weight of the surface
SST reconstructions were averaged to approximate the SSanomaly with depth down to 1400 m (see Dowsett et al.,
for mid-Piacenzian 1 December. A surface-temperature2006). Between 900 m and 1400 m that anomaly was fur-
anomaly was created by subtracting the modern 1 Decembeaher modified based upon data from Sites 592, 754, 1092
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Fig. 7. Pliocene estimated 1 December surface temperature anomaly based upon PRISM3 SST reconstruction.

and 1236 that we feel represent an adjustment or vertical Sites 658, 659 and 661 all monitor NADW today, and
expansion of paleo AAIW (Fig. 4). Therefore, we restrict the warm anomalies at 658 and 661 record the regional
cooler temperatures in the Southern Hemisphere to this depthmid-Piacenzian warmth shown at most other locations. The
interval. slight negative anomaly at Site 6593000 m water depth)

In the Atlantic sector of the Southern Ocean, the data atdoes not fit our conceptual model. Because the deep ocean

Sites 1085, 1090, 1092 and 704 may indicate warmer paletemperature data contain only three samples from this site
NADW that expands further into the region (Fig. 8a) rela- (Dwyer, 2009) we do not place high confidence in these tem-
tive to modern day. At present, Site 704 sits in the core ofperature estimates.
NADW; during the mid-Piacenzian Site 704 shows a strong In the western Pacific, Sites 804, 805, 806 and 1123 moni-
warm anomaly (Figs. 3 and 4). Slight cooling near the uppertor Pacific Deep Water (PDW) today, and all show small pos-
boundary of NADW and Circum Polar Deep Water (CPDW) itive anomalies for the mid-Piacenzian. We interpret these
(Site 1092) with slight warming at the lower boundary (Site data to indicate the overall warmer conditions of the water
1090) would be expected with an expansiopaleoNADW. masses that mixed to forpaleoPDW (Fig. 8d).

The production of warmepaleoNADW during the mid- In the eastern Pacific, Sites 1236, 1239, 1241 and 1237
Piacenzian is evident from the anomalies at Sites 552, 61@orm a depth transect from the present day boundary of
and 607 (Figs. 3 and 4). At all three sites, the expansionAAIW and Pacific Central Water (PCW) (1236), through
or increased production gfaleo NADW at the expense of PCW (1239 and 1241) to the boundary between PCW and
AABW is seen as a warm anomaly (Fig. 8a and b). ThisCPDW (1237) (Figs. 3, 4, and 8c). In keeping with our
fits well with the documented warming of the sea surface inhypothetical distribution of mid-Piacenzian water masses, a
the region of NADW production and the proposed expan-vertical displacement of AAIW could explain the minor cool-
sion of paleo NADW production to higher latitudes in the ing at the top of this transect while overall warming of PCW
Arctic Ocean. Itis plausible that a vertical expansiopaf s in keeping with the positive anomalies at the three lower
leo NADW could cause the slight negative anomaly seen atsjtes along the depth transect.

Site 982, currently bathed by Upper NADW.

In the equatorial Atlantic today, Sites 925, 926, 928 and
929 monitor NADW and, at the deepest point (Site 929,6 Discussion
4356 m), the boundary between NADW and AABW. Warm
anomalies for the mid-Piacenzian at all sites are in keep-Temperature is not a tracer for water mass. Our reconstruc-
ing with the hypothesized warmer and stronger fluxpaf tion assumes a modern water mass framework and imposes
leo NADW and diminished (colderpaleo AABW produc- changes to those water masses based upon the deep ocean
tion relative to today (Figs. 3, 4, and 8b). temperature data, published literature and our knowledge of

mid-Piacenzian sea-surface circulation and temperature. We
make reference to modern water masses but are actually re-
ferring to the temperature signals of their paleo analogs.
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Fig. 8. Longitudinal profiles of ocean temperature from transects shown in Fia)3t5° W, (b) 45° W, (c) 90° W and(d) 165° E. All
temperatures are shown €. Contour interval is 2C. Black contour lines show modern temperature overlaid on colored regions showing

the mid-Piacenzian reconstruction. The change in temperature can be surmised by comparing the color contours to the black overlaid
contour lines. For example, in panel d, Site 806 is slightly cooler th&ni2 the modern ocean but was slightly warmer th&@ 2uring the
mid-Piacenzian. Actual estimates at all sites are shown in Fig. 4 and given in Table 2.

6.1 Enhanced mid-Piacenzian NADW Ocean and North Pacific as end members
813Cs0—813C
- . NCW= >_—S07°% *PO _ 19q 1)
The PRISM3D ocean reconstruction is characterized by en- 813Cna — 813Cpo

hanced paleo NADW extending further south than mod-
ern NADW. Several lines of evidence support this finding.
The PRISM3 surface temperature anomaly (Figs. 5 an

where §13Cgo, §13Cpp and §13Cna are §13C estimates for

O}he Southern Ocean, Pacific Ocean and North Atlantic, re-
o . spectively.813C in this instance is used as a measure of nu-
7) highlights a large area of the subpolar North Atlantic trient content of deep water; North Atlantic surface water is

that is warmer than modern. Preliminary climate model- . . . )
ing experiments with the GISS GCM (Dowsett et al. 2000: depleted in nutrients and deep water gains nutrient content
' ' with age. While the interpretation 6£3C is more compli-

Chandler, unpublished data) suggest this same region expe- ted, Wright and Miller (1996) and more recently (Poore et

rienced a decrease in precipitation minus evaporation (P-E 13 .
which might suggest production of NADW slightly warmer gl 2006) usedC to calculate an estimate of NCW (us-

yet more dense due to increased evaporation in the regiohng Eq_. D. T_he r_esults .Of both studies are releyant to our
o analysis of mid-Piacenzian deep ocean circulation. Long-
(Dowsett et al., 2009). Kailifi et al. (2009) suggest that an . .
) . ] . term trends in %NCW appear to be related to vertical move-
increase in Mediterranean Sea Outflow Water (MOW) possi- . o
; - . ments of the Greenland-Scotland Ridge with high NCW pro-
bly intensified NADW formation. . : :
) duction during the PRISM interval followed by a sharp de-
Oxygen and carbon isotope data as well as carbonatgrease roughly corresponding to the initiation of Northern

preservation evidence exists to suggest that prior to 3.0 MfHemisphere glaciation (Wright and Miller, 1996; Poore et
the production of northern component deep water was higheg) 2006).

than after 3.0 Ma or present day (Sarnthein and Fenner, 1988; | 3 similar study, Raymo et al. (1996) used carbon and

Raymo et al., 1996; Wright and Miller, 1996; Poore et al., oxygen isotopes to suggest enhanced production of NCW

2006). and greater warmth during the mid-Piacenzian. While there
Oppo and Fairbanks (1987) generated a mixing equatiorare other factors that can affect the interpretatiors G

to estimate the %overflow of NCW, the precursor to mod- records, these data appear to corroborate an increased warm

ern NADW, through time using the North Atlantic, Southern NCW at the same time as warmer surface ocean conditions.
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6.2 Restriction and displacement of antarctic waters the poleward shift and intensification of winds in a warm-
ing climate has also been suggested (Toggweiler and Russell,

Mid-Pliocene diatoms were analysed by Barron (1996a, b)2008)-

from 24 Southern Ocean sites. Diatom-based SST estimates The documentation, however sparse, of both surface and
for the Southern Ocean were determined by estimating theleep ocean warming during the mid-Piacenzian is intriguing,
position of the Antarctic Polar Front relative to the various especially in light of estimates of continued global warming
sites (Dowsett et al., 1996). In general, the Polar Front Zonehrough the end of this century (Jansen et al., 2007). Numer-
expanded during the mid-Piacenzian with the Sub-Antarcticical models of Earth Climate System remain the best tool for
Front essentially at its modern position; the mid-Piacenzianunderstanding the role of a warmer ocean circulation system
Antarctic Polar Front was shifted toward the south. This re-and for understanding the conditions that may result from
sults in warmer surface conditions closer to the continent anduch a phenomena.

supports a reduction of AABW production. The BWT data

suggest warmer conditions and restriction to regions south oé 5 Possible causes of mid-Piacenzian warmth

the equator. supported by PRISM3D
Enhanced NADW (see Sect. 6.1) appears to have been ac-
complished in the vertical direction as well, goalecAAIW
which lies above NADW, was displaced slightly relative to For two decades the question of the cause of Pliocene warm-
its present day position, which may account for the smalling has eluded investigators. The two most prominent expla-

negative anomaly seen in the 1000 m—1300 m depth intervaations, increased atmospheric concentrations o} G

globally (see Fig. 4). increased meridional ocean heat flux, are attractive. Both
mechanisms have different signatures in the sedimentary
6.3 Mid-Piacenzian thermocline and upwelling record, and neither have been clearly detected. It is safe to

say that both have had a prominent role on the magnitude of
Pliocene warmth, but there are other mechanisms that should
ge tested using numerical models.

behavior

The reconstruction of the upper ocean is based upon th
downward propagation of the surface temperature anomaly. 1ectonically forced changes in various ocean gateways
While we currently lack direct measurement of the depth ofPlayed an important role in metering the circulation of wa-
thermocline in the tropical Pacific, the PRISM3 surface re-ter into different ocean basins. The work on the Greenland-
construction does include a reduced E-W temperature gradi>cotland Ridge in the North Atlantic appears to have a signif-
ent due to warmer than present day conditions in the easter{¢@nt effect on Neogene deep water production (Wright and
equatorial Pacific (Dowsett and Robinson, 2009). The downMiller, 1996; Poore et al., 2006). Likewise, the depth of the
ward propagation of this surface temperature anomaly by outhdonesian throughflow is an important aspect of the pale-
methodology creates a first approximation of a deepening oPceanographic circulation in the Pacific (Cane and Molnar,
the thermocline which is documented by Ravelo et al. (2006)2001; Karas et al., 2009). It has long been held that the depth
In mid-latitude upwelling regions of the Pacific Ocean, Of the Central American Seaway (CAS) has had a profound
data exist suggesting warmer nutrient-rich upwelled-watereffect on Northern Hemisphere climate (Haug et al., 2001;
(Dekens et al., 2007). While these data have not yet beerp!€Ph et al., 2006). While the impact of these gateways has
incorporated in the PRISM3 SST reconstruction, they ma been debated and assessed using numerical modeling, a care-

suggest a warmer southern source subsurface water mass. ful evaluation of global bathymetry for the mid-Piacenzian
would be a great benefit to future experiments in that it would

6.4 Effect of a warmer global ocean on climate allow for all gateways to interact as they did in the past, at the
time we observe surface and deep ocean warming.

Surface ocean warming during the mid-Piacenzian may have Finally, the role of tropical storms in moving heat from
resulted in lower surface density in the North Atlantic and €quator to poles may be underestimated in all but the most
therefore a slowdown in the thermohaline circulation (THC). Sensitive Earth System Models and may not have been ade-
Coupled ocean-atmosphere numerical modeling studies induately explored for mid-Piacenzian paleoclimate scenarios
corporating mid-Piacenzian surface conditions seemingly(Emanuel, 2001; Sriver and Huber, 2007).

dispute this mechanism (Haywood and Valdes, 2004). How- Thus, the ocean temperature reconstruction presented here
ever, coupled model experiments initiated with the Atlantic begs questions about the very nature and sensitivity of the
sector of the PRISM3D deep ocean temperature reconstruclimate system. New and innovative data sets representing
tion showed that this addition created an increase in MOCpast conditions (e.g. bathymetry) and processes (e.g. tropi-
(Chandler, unpublished data). This might be explained bycal storms) may hold the key to understanding the last great
increased surface evaporation in the region of present dagpisode of global warmth and may therefore help navigate
NADW formation (Dowsett et al., 2009). A response to future climate conditions.
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7 Conclusions at Duke University; Alkenone analyses were performed at Brown
University. This work was supported by the US Geological Sur-
vey Office of Global Change and is a product of the PRISM Project.

Earth surface conditions during the mid-Piacenzian haveEdited by: G. Lohmann
been known for some time to be warmer than present day

in the mid- and high latitudes. The resolution with which

we can reconstruct those surface conditions is increasing

as the tools and proxies of paleoclimatology evolve. Theraferences

deep ocean is not as well known, yet is a fundamental

component of the climate system and has become criticagaron, J. A.: Diatom constraints on the position of the Antarctic

to our understanding of this last period of global warming  polar Front in the middle part of the Pliocene, Mar. Micropale-
similar in magnitude to what is expected for the end of this  ontol., 27, 195-213, 1996a.
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