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[1] Unraveling the dynamics of the Northern Hemisphere glaciation (NHG) in the Pliocene is a key step toward
a quantitative theory of the climate transition from a greenhouse to an icehouse world. Extracting the ice volume
signal from marine oxygen isotope (6'*0) records corrupted with “temperature noise” can be accomplished
using statistical time series analysis. We use 45 §'®0 records from benthic and planktonic foraminifera and
globally distributed sites to reconstruct the dynamics of NHG initiation. We compare §'*0 amplitudes with those
of temperature proxy records and estimate a global ice volume—related increase of 0.4%o, equivalent to an
overall sea level lowering of 43 m. We find the NHG started significantly earlier than previously assumed, as
early as 3.6 Ma, and ended at 2.4 Ma. This long-term increase points to slow, tectonic forcing such as closing of

ocean gateways or mountain building as the root cause of the NHG.

Citation:
PA4022, doi:10.1029/2005PA001153.

1. Introduction

[2] The Northern Hemisphere glaciation in the Pliocene
was a climatic change from a greenhouse world [Crowley,
1991] to a world with periodically waxing and waning ice
sheets [Berger et al., 1984]. Marine sedimentary records of
ice-rafted debris (IRD) and oxygen isotopic composition
reveal major glacial expansions at 2.5 Ma [Shackleton et al.,
1984] and 2.7 Ma [Haug et al., 1999] ago. (All dates given
in this paper refer to the absolutely dated Pliocene timescale
in Table 1.) There appear to be two major obstacles to
achieving a quantitative and causal understanding of the
NHG. First, regarding the size of the glaciation, the §'*0
values record not only changes in ice volume but also
changes in regional water temperature [Shackleton, 1967].
Second, regarding the timing of the glaciation, the initiation
of NHG has not yet been accurately estimated [Raymo,
1994]. There were certainly northern glacial episodes in the
early Pliocene and Miocene, as documented by IRD events
in the Norwegian Sea [Jansen et al., 1990], the Greenland
Sea [Larsen et al., 1994], Baftin Bay [Thiebault et al.,
1989], and the Fram Strait and Yermak Plateau [Wolf-
Welling et al., 1996]. However, a significant increase in
global ice volume in the Northern Hemisphere occurred
only in the late Pliocene.

[3] In an attempt to quantify the dynamics of the NHG,
we employed a simple parametric model of a climate
change. Our approach rests on (1) the construction of a
large database of 6'®0 and temperature records for the
interval from 2 to 4 Ma spanning the NHG and (2) the
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application of statistical time series analysis techniques for
signal extraction. By analyzing many records with a quan-
titative method, we reduce the noise and filter out the ice
volume signal. By subtracting the ice volume signal and
using calibration formulas, we draw regional maps of
temperature changes associated with the NHG. Other
dynamical properties of this climate change, such as
variability and persistence, are derived. The estimated start
and end of the NHG interval help to reduce the set of
feasible causal explanations, some of which are discussed
here.

2. Data

[4] The database consists of marine proxy records for ice
volume and temperature (5'*0, Mg/Ca, faunal assemb-
lages). Because the period of NHG reflects the long-term
trend in mean ice volume, coarsely resolved time series can
also be utilized.

2.1. Timescale

[s] A new, absolutely dated magnetobiostratigraphic
timescale (Table 1) was developed to redate older time
series (published before 1994) and erect an accurate time
frame for the 2—4 Myr interval. The magnetostratigraphic
dates exhibit an excellent agreement with astronomically
tuned dates, the average error is ~25,000 years (kyr)
[Mudelsee, 2005]. Biostratigraphic dates are likely less
accurate because of stratigraphic uncertainties and site-
specific dependences of the habitats.

2.2. Ice Volume and Temperature Proxy Records

[6] The NHG database (Table 2) includes recently pub-
lished marine §'%0 time series [Lisiecki and Raymo, 2005].
Twenty-five moderate to high-resolution isotope records
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Table 1. Pliocene Magnetobiostratigraphic Timescales
Absolute Date® Astronomical

Event Number Event” Typeb Kiloyears, B.P. Reference® Tuning,d kyr B.P.

1 Olduvai top M 1776 + 30 R1 1775

2 Olduvai base M 1980 R2 1945

3 LAD D. brouweri B 1995

4 Reunion M 2140 + 30 R1

5 FAD acme D. triradiatus B 2170

6 LAD D. pentaradiatus B 2515

7 LAD D. surculus B 2561

8 Matuyama/Gauss M 2585 + 50 R3 2600

9 LAD D. tamalis B 2869

10 LAD G. altispira B 3020

11 Kaena top M 3044 + 30 interpolation 3046

12 Kaena base M 3102 + 51 interpolation 3131

13 LAD S. seminulina B 3160

14 Mammoth top M 3210 + 10 R4 3233

15 Mammoth base M 3300 + 20 R4 3331

16 Gauss/Gilbert M 3562 + 28 interpolation 3594

17 LAD Sphenolithus spp. B 3600

18 LAD R. pseudoumbilicus B 3827

19 S/O Pulleniatina B 3941

20 NN14 base B 4141

21 Cochiti top M 4190 + 20 RS 4185

22 LAD G. nephentes B 4200

23 Cochiti base M 4260 + 20 RS 4316

24 Nunivak top M 4481 + 14 RS, R6 4479

25 Nunivak base M 4620 + 20 R3. R5, R7 4623

?Abbreviations are FAD, first appearance date; LAD, last appearance date; NN 14, nannoplankton zone 14; S/O, sinistral/dextral coiling change.

"Type M is magnetostratigraphic; type B is biostratigraphic.

“Errors of absolute ages are 1-0 standard deviations calculated from individual measurement errors. Errors owing to varying age standards or decay
constants are neglected. Errors of astronomically tuned ages depend on assumptions made and are not reported.

9Tuning is orbital. Magnetostratigraphic dates are averages from dates in ODP Sites 677 [Shackleton et al., 1990], 659 [Tiedemann et al., 1994], and 846
[Shackleton et al., 1995b]. Biostratigraphic dates are averages from dates in ODP Sites 659 [Tiedemann et al., 1994] and 846 [Shipboard Scientific Party,
1992], and dates in the compilation by Berggren et al. [1995]. Errors of astronomically tuned dates of biostratigraphic events are likely larger than age

errors of absolutely dated magnetostratigraphic events.

“Sources are R1, Baksi et al. [1992]; R2, Walter et al. [1991]; R3, Wilson [1993]; R4, Renne et al. [1993]; RS, Clement et al. [1997]; R6, Hall and Farrell
[1995]; and R7, Baksi et al. [1993]. Interpolation was carried out between bracketing magnetostratigraphic dates in Table 1, with the interpolation ratio

following the compilation by Berggren et al. [1995].

(spacing less than 11 kyr or one half precession cycle) and
twenty lower-resolution records (>11 kyr, or with hiatuses)
provide excellent global coverage. Records from benthic
foraminifera (29, thereof 18 high-resolution) document
changes in global ice volume and bottom water temperature
(BWT); planktonic 6'*0 data (16, thereof 7 high-resolution)
record ice volume and sea surface temperature (SST). Only
four temperature proxy time series (from faunal assemb-
lages and Mg/Ca techniques) are available for the 2—4 Myr
interval (Table 2).

3. Methods
3.1. Regression

[71 We employed a simple parametric model of a climate
change, a “ramp” [Mudelsee, 2000], to infer the start, end,
and amplitude of the increase in mean §'®0 and temperature
from 2—4 Myr. Superimposed on this long-term (>1 Myr)
trend are fluctuations, which come mainly from short-term
(<41 kyr) variations in ice volume and temperature. Such
variations are partly induced by changes in the Earth’s
orbital parameters obliquity and precession [Berger et al.,
1984]. Salinity effects [Whitman and Berger, 1992] and
measurement uncertainties add some additional “noise.” To

estimate the resultant uncertainties of the NHG parameters,
start, end, and amplitude, we used extensive computer
simulations that take data noise into account.

[s] Fits of the ramp regression model to the §'*0 and
temperature time series used a weighted least squares criterion
for determining the amplitude combined with a brute force
search for determining start and end [Mudelsee, 2000]. The
increase in variability (time-dependent standard deviation,
o(?)) across the NHG was quantified by means of a running
window. This allows not only to determine the weighting for
the regression, but also to measure how much the size of the
§'%0 fluctuations increased as the ice sheets grew.

[9] We estimated the persistence time, T, of §'%0 fluctua-
tions by the decay period of the autocorrelation function
[Mudelsee, 2002] fitted to the standardized regression
residuals (a residual is given by the difference between
the §'®0 value and the ramp model value, divided by o(?)).
To detect outliers (positive and negative §'*0 extremes), we
adopted a +3 o(¢) threshold.

[10] We performed computer simulations [Efron and
Tibshirani, 1993; Mudelsee, 2000] as follows to derive
parameter uncertainties: (1) Take fitted ramps, o(f) and T
to produce a simulated time series with a random number
generator. (2) Fit ramp to simulated data to obtain simulated

2 of 14



MUDELSEE AND RAYMO: NORTHERN HEMISPHERE GLACIATION PA4022

PA4022

1T 91 ST %1 ‘1 ‘11 '8 °C Sed el 'L €1 12f1n2o0s D §T6T H,12,06 N,£C.S 86L ddO
181ep 998 ST [ L'e 42finoos D 8¢0¢C 481,65 N,LEST <L ddO
olT 9L ST #1 T ‘11 ¥ °C ST 09 0¢ vuLpyond "N ‘sapiojing ‘o (434 4,5C.L S,£5.9% 0L 4dO
wCC ‘81 LT €1 L9 ‘¢ € (a4 Le A2Jin2ons " “Uogni o 688 M,0TL8 N,05,8¢ §79 4dO
SITOL ST P1TL ‘11 8y °C 6d 6'L (44 sopiojing "H L00¢€ M,0E.5€ N,0C.LE 909 ddsd
0T 91 ST ‘11 '8 °C 8 LSS €S 42f1n200s D (2391 q¥1.191 S,L0,9C 065 4dSd
61 ‘91 0T '8 °I Ld §9¢$ 8T ‘dds vuyvruaing 81T q,0€.851 S0€.0 985 dasa
61 ‘91 ‘01 ‘8 1 Ld §9¢ 8T 42fi1n20vs "D 81TC H,0€,8S1 S,0€,0 98¢ ddsd
peIep 998 (4% L'L ¥l 42J1naovs "H £68¢ M,IS.ETT N,9C1 LS ddSsd
S§pA022Y g, P1UOPUD]]
“dds puria31a)
“dds syps.oprio
Bjep 298 1€y S'L S'C “dds sapropioiqiy y6T¢ Hpe911 N,0S.81 8¥11 4dO
BJep 998 0ed 0°¢ S'e vuriSaiad () “Ui0jsia]jonm CTLLT HLIETT N,CC.6 evil ddO
BJep 338 6TY ‘8T 0¢C €¢ Haojsaajjonat - STLL H,65.€1 S,0¢,6C $801 4dO
wlTd 9cd Lel 8'6 Haogs.aonat L9YC M,LT.ECT N,65,9¢ 8101 4O
wlTd 9%y S6l 8'6 ouunyout "\ LLTT M,8S.611 N,6v,C¢ 7101 dAO
BJep 998 Al 8¢ 0°¢ Haopsaajjona - 8C8T M YY.8L N v¥.Cl 666 dAO
i1 °IqeL vzd ‘Tid e LT Haogs.ajanat 94081 MESST N,T€oLS 86 4dO
Blep 298 €d ‘T2 ‘12d Sv LT “dds sapioprorqi) 19¢v Myy.ev N,9S.$ 626 4O
BJep 998 acTd ‘17d 4 £€e “dds saprop1o1q1D 9cee M 8TPY N,8¢.S LT6 4dO
BJep 298 €0d T2y ‘124 £y e “dds saprop1o1q1) 0v0¢ M,6T.E7 N,CIob §76 ddO
‘dds puria3ian
61d 0cd 0y L'e ‘Yuaopsadpjonm D 168¢ M,T€011T S, 11,0 6¥8 4dO
“dds puria3ian
61d 81 ¥'e I'v ‘Yaopsaapjona ) Ajurew 96C¢ M,6¥,06 S,90,€ 9¥8 ddO
(r00T
‘erep paysiqndun)
(BIep 998 Hodlg L €e €e yaopsaajjona - 0TstT H,00,651 N,61,0 908 ddO
w1T 9T ST %P1 T °11 '8 °C LY YL €1 aopsaajjonat - ST6T 4,12,06 N,€T.8 85L dAO
(007
‘erep paysiqndun)
91y SuSwR[) 'S L'L LT dds puria51an) 820T q 8Y,65 N,LEIT ¢cL 4dO
olT91 ST %I ‘T 11 ¥ °C S 08 0¢ “dds sapropro1qi) [43%4 H,5C.L SS9 0L dAO
wwll 6 °L 9 S € [kt g¢ €y “dds soprop121q1D 128¢ MProll S/£T1 799 ddO
BJep 298 4R I't 8'C Haogs.aonat 0L0€ M,C0,1C N,S0.61 659 4dO
1291 ST %1 ‘TI ‘11 '8 ¥ €1d 9 v'e “dds saprop1o1qiD L1¥T M£S.81 NETo£S 019 ddsa
(1 2IqeL T T 0T (44 (44 “dds saprop1o1q1) LTrE M8S.TE N,00,1% L09 4dSd
1T 91 ST 1 ‘T ‘11 '8 ¥ °C 6d L0l (44 Haos.apjanm o L00€ M0E.S€ N,0CoLE 909 ddSd
SITOL ST P1TL ‘11 8y °C 6d L0l (44 psoqoj3qns o L00€ M,0E.5€ N,0CoLE 909 4ddSd
(0T 91 ST ‘11 ‘8 °C 8d 799 8T 181aqualiny D (2391 q¥1.191 S,L0,9C 065 ddSd
61 91 01 ‘8 ‘1 Ld §'S9 8T smpuoquin () 81¢CC H,0€.851 S,0€.0 98¢ ddSd
61 91 ‘01 ‘8 ‘1 Ld 8L 8¢ Haois.afjanm 81¢CC H,0€,851 S,0€,0 98¢ ddSd
£HOM SIY) 9 ‘Sd o At “dds saprop1o1q1) 11€C MP1.£T N,£0,9¢ ¢SS ddsd
G 1T 91 ST p1 ‘Tl ‘11 128 ¢'8¢ 8T “dds sapioprorqin 1s0¢ M,£CT6L N,6Co11 20s ddsd
512791 ST ¥1 21118 % °C d Tse SL vupiSaiad () Ajurews 006 M01,S1 N,05,9T L6€ dasa
91 ST I ‘C1 ‘11 °8°C R (43 Sv'0 ps0qoI3qns “H 60S¥ M,9€,6€1 N,LEoY 6L1—8CA
§p1022Y 0,9 P1f1uag
,oeosauty, JELTE| IAY | wo (,o1qeLIRA SImjeIodwa], w opn3uo apmne] ;g
‘P o ‘onbruyoa], Axoid pdog pi02y
SOUIRJY ‘ergjiurwelo,]) uonduosaq 19JBA uoned0]

P

oseqere  *T dIqEL

3of 14



MUDELSEE AND RAYMO: NORTHERN HEMISPHERE GLACIATION PA4022

PA4022

-onbruyoa) Sofeue WIGPOIN,
BN ¢ pue ¢ A[ojewrxordde uoamioq uonnjosar Mo,
BN ¢ 0} ['¢ A[orewnxordde woiy [easspur ur pasn sem .£afijnoons “H BN ['¢ K[epewurxordde 0} B 7 WOL [EAIS)UIL UL PISN SEA LOGNL D),
‘BN 9°C A[orewrxordde pue 7 uoamiaq uonnjosal moj AIoA
JAY €7€€ pue 9487 Aforewnxoidde usamiaq SISIXa Smery,
‘[ase61 “p 12 uopRPOLYS LT <P 12 uuPWP2L]] SI[LISAWI) PAUN) AJ[EIIWUOUONSE PIEPUR)S IIM PIe[aLI0d Apuanbasqns sem (00T —86—96 SIIN Punoie je) p1oodr ayj jo jred aye| oy,
(1 91qBL Ul [Z PUB Q] ‘ST ‘P “TT ‘11 ‘8 T SIAAR) s1S1Xd Aydeidnensojousdews e ¢/6 JASA 10J [S86T 7724d] €LS PUB TLS SNS JAS U29MIAQ SPIOAI 91BUOGIED JO UONR[ILIOD UO PISB] SBM d[BISIWI) [RIIUL Y[,
1KY 0€s€ pue §.z¢ Adreunxordde usomioq s)sixs snyery
IAY 00LT Pue 0pZg Ajorewnrxordde usomiaq $Isrxa smiery,
‘001 —86—96 SIIN PUNOIR 18 [qS66T “7v 12 UOIPYIDYS H66] 1P 12 uupwiapal]] SA[RISIWI) paun) AJ[eOIoUOSe PIBpUR)S 0} PAJe[aLIod d[eosawn orydeidnensord,
‘Kydei3nensorq uo Ajjoym paseq o[eOSaWIL],
‘[as661] 1 12 uozapyovyg JO SledSIUWN) O) POUN) S[EISOUIL,
‘[ase61 v 12 uorpILYS K61 I 12 uuDWEP21]] SO[EISOWI) PAUN) A[[BdIWIOUON)SE pIepue)s Ul soe uey) JoSunok IAY (g Ajojewnxoidde are (zOJA 0} ZIN SIA punoe je) yed Ajres ur mom/}
“1ed AJIes ur urepsoun S[eosawIL],
1KY 8787 pue (L7 Aeyewnrxoidde usamyaq pue Iy )0 pue 00zg Aerewnxordde
U99M19q ISTXd SISNJBIH ‘[BAIDIUI JOP[O A 10J d[eIsaW) [g66 ] 1uay pun apuny) ay) U0 12Q[ID)/SSNBD) pue Iseq Ludey SIUdAd oryderdnensojousew pue 1Ky o[ 01 dn [earoiur oy 10j Sunep [edrwouonse Juisn),
1KY 99€T pue 8817 U2AMIRQ SISIXD smely y (15 0097 <) Hed paumny ‘uonnjosai-ysy pue (1A 009 >) Hed pajep A[QInjosqe ‘uonnjosal-mo| Wolj PIJINNSUOd SeM PI0JI vocEEoU_‘_
“1ed Qe[ UI UIB)IOOUN O[BISIWI] o
(1KY 001 Aporewnrxoidde) siono o[eosowr) 1931e] APuedIUSIS dARY UBD UOHN[OSOI QW) MO[ B JO SISNIBIY YIM SPI0dY ‘[S007 ‘@2sjapnpy] 1A ¢z Ajoyewrxoidde
St (] 9[qeL) soreosawin) urAleA 0} SUIMO SPI0JI UAMIOQ J0LD dFeroAe Y] -aanpadold Suruny pue AydeiSnensorqojousew UO UOHBULIOJUI JUYLNY UIRJUOD (UIAISY} PO SAOUIQJAI J0) SIOUIQJI O[BISAUIN)
puE “EJEp PIOOAI YIS 10,] "SIULAD orydeISnensorq 10§ sojep paury A[[eorouonse pue (Pajou oSIMIOYI0 SSI[UN) SJULAD oryderdnensolousew 10§ sojep oynjosqe Suisn ‘T QL Ul SJUSAS 0} JOJI SIOQUINU USALD),
"SOJUQIQJAI BJBP 39S ‘PI0OAI B UIYIM
SUONELIBA S3103dS 10J 1091100 0] pajsnipe a10m Biep 9d0J0SI OTUOPUR[J “SIOUAIJAI BIR 10 [$,861] 1/PH puv uoiaponys AQ USAIS SUONOALI0d Fuisn wnwqIinbs 1a1emeas 0 pajsnipe a1om eep 2dojost onqiuag,
‘[e00c] 10 12 a7 #pd [L661] uossapuy ¢4y (56611 17 12 24mq “t#d (68611 1v 12 stvr “[p4d [100T] 17 12 Snwp “0pd 1a8661] 1 12 sdnjjig ‘664 [L661] 0jpany puv uossiy)
964 (L6611 oppany puv opriuun) ‘LY [€661] 1v 12 uasuvr 9y [y661] uoyd ‘¢4 16611 yo2ounp puv jjo.cm.g ‘py (06611 10 12 224or “c64 “[5861] 1124d ‘24 [€00T] 10 12 uvir “169 [c00T] 10 42
unif )€ [H00¢] 17 12 0jany ‘624 [[100T] uasvaipuy “92d {[000T] 10 12 2147 *LT¥ [6661] 0]oavy puv ya1u ‘97 *[8661] uuvwopaiy puv Snvpy “czd (200l 112PoH puv zuaf 7 [e86611 1v 12 sdnjjig €24
‘[6661] zundg 724 {[L661] 10 12 112321 “174 {[S661] 10 12 XYN “07°d [AS661] 1V 12 uotayovys ‘6 1 [eS661] 10 12 U012yovYS 9 1A (6611 17 12 UayD L 14 [[9661] 10 12 suawa]) 914 (26611 2Uaq puv j1opoy
‘$1d [p661] 10 12 uuvwopat] ¢ 1Y (6611 10 12 owdvy “¢ 1y :[S00¢] owdny puv rpaisty 71y [T661] owdvy 114 [[6861] 1P 12 owdvy 1Y [9861] uimS12Y 63 [9861] Houuayy puv woysuyy 9y (76611
4a340g pu upugiyy “LY (68611 421N puv Lun) ‘9 [y861] 11PH puv uoppovys ¢4 ([S661] 10 12 0ddo “pa [ar861] umsIay € Hl6L61] v1D puv uorpyovys ‘7 [[LL6T] 244pdO puv uojpvYs 1Y,
‘[eAzaIul dwy uoIssaIgal urpim Suroeds [erodwa) 98evIoAY
‘[BAIIUL SWIT} UOISSAITI UIYNIM Bl UOHBJUSWIPIS mwﬁoﬁ.\n
-omeraduwd) Jajem wonoq Mg dImeradwd) a0eJIns Bas ‘ISS,

LA\ BIJIuIueIoy

BJEp 998 142! 1274 €€ oryuaq €/ 02sT H,0C:651 N,61,0 908 4dO
_@oom ‘uonedIUNWWOd 1SS ,‘soejquasse
[euosiod) podorg "1, el L'L €¢ BIoJIUTWRIO) OruoR UL 02sT H,CC.651 N,61,0 908 ddO
11 2IqeL wd 6L (% LME ‘BlojiuIweso) onyuaq e)/SN LTve M,8S.CE N,00,1¥ L09 dasd
pBIBP 998 7 8l ! LSS ‘soe[quuosse epooensQ £68¢ M, TISETT N,9C,1 LS dasd
SpL022Y Ax04] 2anpi2duid]
BJBp 398 Ied 86 §¢ wyl2fijnooms " “dagqnt H {143 Y91l N,05.81 8711 4dO
Ejep 998 ord (43 0¢ 42finoops H 8C8C MPYr8L Nv.Cl 666 ddO
BJEp 998 6€Y ‘8€Y T oY I'e 42finoops "D 0¥0€ M,6T.EY N.Clov §76 ddO
[Brep 298 Led L9 61 124.421mp "N ‘vsosuny N 09L€ MPEOTIT S9t.C 168 ddO
jBiep dos Led s 61 bprung "5 09L€ M FEOTT S9t.C 168 ddO
|BIep 998 Led 4 61 42fijn2ovs "D 09L€ MPEOTIT S91.C 1$8 4dO
,(#00T ‘uoneoIUNIILIOd
[euosiod) podorg "1, 9¢d 3 €e 42finoops H 0¢sT H,CC.651 N,61,0 908 ddO
|eeosawr], Jeeq 1A | wo (,91qeLeA amerdway, w apmi3uo] apnmne] g
‘P S ‘onbruyoa], Axo1d ydoq p1odoy
pSOOURIJY ‘e1yIuIwEI0 ]) uondudsaqg I01BAN uoneso|

(ponunuoo) g AqeL

4 of 14



PA4022 MUDELSEE AND RAYMO: NORTHERN HEMISPHERE GLACIATION PA4022
Table 3. Results®
Record” Start, kyr End, kyr 8'%0 Amplitude, %o Cooling, °C T, kyr
Benthic Records
606 b G.s. 3506 + 253 2753 + 293 0.47 £0.12 0.4 +0.7 8.7+2.0
606 b Pw. 3440 + 264 2545 + 309 0.61 +0.13 12407 63+15
607 b 2903 + 106° 2720 + 125 0.53 £ 0.06 0.62 + 0.29 109 + 1.4
610 b 3347 + 238 2831 + 204 0.41 + 0.09 0.1+0.5 6.6+ 1.0
659 b 3459 + 222 2084 + 273¢ 0.52 + 0.09 0.7 £ 0.5 6.3 0.8
662 b 3191 + 200 2463 + 216 0.58 +0.13 1.0+0.7 129 +£22
722 b 3499 + 195 2077 + 2214 0.49 + 0.07 05+04 50+0.9
758 b 3502 + 192 2150 + 196 0.54 £ 0.07 0.8+ 04 80+13
806 b 3695 + 160 2639 + 190 0.44 + 0.06 1.0+0.5 7.3 +0.8
846 b 3700 £ 160 2462 + 200 0.60 + 0.07 1.1+04 8.0+ 0.9
849 b 3176 + 99 2446 + 198 0.51 £ 0.07 0.7+ 04 104+13
925 b 2732 + 187° 2532 + 177 0.37 £ 0.07 —0.1+0.4 6.4 +0.8
929 b 3747 £ 189 2930 + 212 0.51 + 0.08 0.7+04 84+ 1.0
982 b 3827 + 193¢ 2095 + 200¢ 0.47 £ 0.06 0.4 +0.3 7.9 £0.9
999 b 3861 + 153¢ 2090 + 1954 0.54 + 0.06 0.8+0.3 7.0 £0.8
1085 b 3777 + 147 2168 + 193 0.53 + 0.06 1.0° 7.1 +0.8
1143 b 3613 + 138 2172 + 165 0.69 + 0.08 1.6+04 5.4 +0.6
1148 b 3734 + 146 2492 + 166 0.68 + 0.07 1.6+04 75+ 14
Planktonic Records

572 p 3152 £ 177 2830 + 183 0.36 + 0.06 0.12 + 0.47 93+1.5
606 p 3760 + 216 2001 + 254¢ 0.42 + 0.06 02+03 43409
625 p 3992 + 4069 2013 + 378¢ 0.39 + 0.07 0.0 +0.4 42 +05
758 p 3050 £ 110 2692 + 127 0.38 £ 0.04 —0.1+02 57+09
806 p 3936 + 147¢ 2000 + 200¢ 0.27 + 0.04 —0.85+0.17 3.0£03
851 p G.sac. 3584 + 236 2429 + 225 0.51 + 0.08 0.7+04 6.5 +0.8
99p 3587 + 188 2504 + 193 0.46 £ 0.07 0.4 +04 45405
Average' 3606 + 608 2384 + 648 7.1+ 04"

*The high-resolution records were analyzed to obtain NHG parameters start, end, §'%0 amplitude within interval 2384—3606 kyr, and persistence time, .
For the records 572 p, 607 b, 806 b, 806 p, and 1085 b the cooling of the water masses during this interval was determined via proxies (Figure 3). For the
other records it was estimated by subtracting an ice volume signal of 0.39%o from the §'30 amplitudes and using the §'%0 temperature calibrations (section 3.2).
Persistence time average results from using values from benthic records only.

PCaption for Figure 1 contains the records’ notation.

“Start date is likely down biased because of midterm deviation at around 3100—3200 kyr (Figure 1).
9Strongly skewed error distribution occurs because of solution near interval bound.

°Error is not determined (likely > 50%).

fWeighted 50%-trimmed mean with maximum of internal and external 1 — o error. Trimming [7Tikey, 1977] ensured that biased or strongly skewed
individual results were excluded from averaging. Degree of trimming has little influence on result.

€Internal error, superimposed is a timescale error of 25 kyr.
"External error.

parameters (start, end, amplitude). (3) Repeat steps 1 and 2
to produce 400 copies of simulated parameters. (4) Take
standard deviation of each set of copies as uncertainty
estimate.

[11] Comparing the mean of each set of copies with the
original result showed that all estimations carried out had
negligible bias. Because statistical uncertainties of start
and end (Table 3) are clearly larger than timescale uncer-
tainties (Table 2) the regressions do not require timescale
simulations.

3.2. Calibration of 3'*0 Changes

[12] Calibration formulas are required to calculate tem-
perature or salinity changes into §'®0 changes, and vice
versa. We used the calibration of temperature-related §'*0
changes from modern and experimental data [Chen, 1994],
AS'®O /AT = —0.234%0/°C. An estimation of the statistical
error (1 — o) of this formula yields 0.003%0/°C, which we
inflated in a conservative approach to a value of 0.01%0/°C
(S. Mulitza, Research Center Ocean Margins, personal
communication, 2004) to take “‘species noise” and viola-

tions of the actualism assumption into account. The cali-
bration of salinity-related §'®0 changes, AS8'SOy/AT =
0.05%0/°C, assumes a linear relation between salinity and
temperature changes and was developed for interpreting
western equatorial Pacific §'%0 amplitudes [Whitman and
Berger, 1992]. Systematic errors caused by applying the
calibration to other sites are likely small owing to the low
signal proportion of A§'0.

4. Results
4.1. NHG Start and End

[13] The results exhibit considerable variations in NHG
start and end among the §'®0 records (Figures 1 and 2 and
Table 3). The reason for this scatter is that the global ice
volume signal of the NHG (8"%0 increase), common to all
records owing to an ocean mixing time of less than ~2 kyr
[Broecker et al., 1988, 2004], is obscured by noise, mainly
of climatic origin (regional temperature and salinity fluctu-
ations). We assume that the variations in estimated start and
end cancel out when averaging the results from many
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records. This is a reasonable assumption, given climatolog-
ical evidence for regional differences in temperature sensi-
tivity [Ravelo et al., 2004] and the fact that our NHG §'%0
database is so large. The average start and end values of the
NHG ice volume increase are 3606 + 60 kyr and 2384 +
64 kyr, respectively, for the high-resolution records (Figure 1
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and Table 3). The low-resolution records (Figure 2) yield an
end date of 2510 + 125 kyr that agrees within error bars, and
a start date of 3350 £ 120 kyr that reflects minor systematic
uncertainties. Sources of this error can be midterm devia-
tions from the ramp form at around the start (see below) or
underestimated influences of hiatuses in the low-resolution
records.

4.2. Ice Volume Signal

[14] Extraction of the NHG ice volume signal within the
interval 2384 to 3606 kyr cannot be achieved by averaging
results from individual records because the noise compo-
nents temperature and salinity would not cancel out but
reflect an overall cooling. Evaluating the size of the ice
volume amplitude alone on the basis of the §'0 results
(Table 3) suggests an upper limit of around 0.4%o. This is
indicated by values from records from several, low-latitude
locations (925 b, 572 p, 625 p, 758 p, 806 p; see Figure 1
for notation), because a warming at all these sites across the
NHG seems unlikely. More detailed information has to
come from independent temperature proxy records from
the same locations and water masses as the §'*0 records.
The problem is that these temperature records are scarce,
which is the reason why we used all available records
(including those with a low time resolution). The SST
record (cold and warm season averaged) from DSDP 572
[Hays et al., 1989], based on ostracoda assemblages, shows
a minimal cooling (Figure 3 and Table 3) during 2384-—
3606 kyr, equivalent to a §'%0 increase of A'*0;=0.03 +
0.12%o. Adopting the linear relation of Whitman and Berger
[1992] between temperature and salinity changes, the cool-
ing relates to a salinity-related 6'%0 decrease, A8'*0y =
—0.01%o. Subtracting A8'®*07 and A6'"*0g from the 572 p
amplitude of 0.36 + 0.06%0 yields an NHG ice volume
signal of A8'®0, = 0.34 = 0.13%o. The high-resolution SST
record from ODP 806 [Andersson, 1997], based on forami-
nifera assemblages, reveals a remarkable warming of 0.85 +
0.17°C, equivalent to A8'%07= —0.20 + 0.04%o and Ad'*Og
= 0.04%o, converting the low 806 p amplitude (Table 3) into
an ice volume signal of A8'*0, = 0.43 + 0.06%o. The BWT
record from ODP 806 [Lear et al., 2003], based on Mg/Ca
thermometry, reveals despite its low resolution that, while

Figure 1. Determination of start, end, and §'%0 increase of
the Northern Hemisphere glaciation (NHG), high-resolution
records. The time series (light lines) were analyzed using
ramp regression [Mudelsee, 2000] to determine long-term
trend (bold lines). Regions of midterm systematic deviations
from the trend are marked with crosses; regression outliers
(> 3 o(?)) are marked with circles. Numbers refer to DSDP
(572 to 610) and ODP (625 to 1148) sites; index “b” (“p”)
after site number refers to a benthic (planktonic) record.
Abbreviations are G.s., G. subglobosa; G.sac., G. sacculifer;
and Pw., P. wuellerstorfi. Dates [Lisiecki and Raymo, 2005]
of marine isotope stage (MIS) 96100, 110, and M2-MG2
are widened (shaded) by +25 kyr to account for timescale
uncertainties. For results from low-resolution records, see
Figure 2.
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the surface waters warmed at the Ontong Java Plateau
(western equatorial Pacific) across the NHG, the deep
waters cooled (A8'%0; = 0.24 + 0.12%0, A8'*0g =
—0.05%0, and A8'®0; = 0.25 £ 0.13%). The Mg/Ca—
derived BWT record from DSDP 607 [Dwyer et al.,
1995], has A8'"% 07 = 0.15 £ 0.07%0, AS'*0g = —0.03%o,
and A8'"%0; = 0.41 + 0.09%o. The Mg/Ca—derived BWT
decrease of 1°C between 3.7 and 2.5 Ma (not continuously
measured) at site ODP 1085 (D. H. Andreasen, Rutgers
University, personal communication, 2004), finally, trans-
lates into A8'®0; = 0.35%o. It is remarkable that the few
Pliocene temperature records available so far, derived
from distributed geographical sites and water masses with
different proxy techniques, reveal, within error bars, the
same ice volume 51gnal of the NHG between 3606 and
2384 kyr, namely, an increase of A8'®0; = 0.39 + 0.04%o
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(weighted mean). The equivalent sea level lowering [Mix
and Ruddiman, 1984] is 43 m, with an uncertainty of
somewhat more than 5 m.

4.3. Climate Variability

[15] The time-dependent §'%0 standard deviation, o(f),
measuring the size of shorter-term fluctuations in ice vol-
ume, temperature, and salinity, shows an increase across the
NHG, from 3200 kyr and ~0.2%o to 2560 kyr and ~0.3%o
(Figure 4). No significant differences were found between
benthic and planktonic records. A qualitatively similar long-
term increase in vanablhty had previously been recognized
in the benthic §'®0 record from DSDP 552 [Shackleton et
al., 1988]. The timing and slowness of the increase in
standard deviation support the timing and slowness of the
increase in mean ice volume in the Northern Hemisphere:
Ice sheets have to exist before fluctuations in their size
occur.

4.4. Climate Persistence

[16] The estimated persistence time, T, of §'%0 fluctua-
tions is of the order of a few kiloyears (Table 3). Correlation
analyses showed that T does not depend on the sedimentation
rate (Table 2; » = 0.06) or the temporal spacing (Table 2; r =
—0.04), which means that the sampling or effects within the
sediment cores such as bioturbation likely did not influence .
Rather, the persistence is thought to be of climatic origin and
reflect the time constant [/mbrie and Imbrie, 1980] of the
fluctuating part of the Antarctic and the developing Arctic ice
sheets. The values are slightly smaller for planktonic than for
benthic records, which we explain by a stronger “dilution” of
the planktonic signal by short-term atmospheric interac-
tions of surface waters. The benthic T estimates, averag-
ing to 7.1 £ 0.4 kyr, should come closest to the time
constant of Pliocene ice sheets. This value is significantly

Figure 2. Determination of start, end, and §'%0 increase of
the NHG, low-resolution records. Also included here are
records with high time resolution but other defects (e.g.,
hiatuses) that presumably exclude an accurate estimation.
Two benthic records (C.w., C. wuellerstorfi and O.u., O.
umbonatus) and two planktonic records (G.sac., G.
sacculifer and P, Pulleniatina spp.) are available from
DSDP 586. Three high-resolution planktonic records are
available from ODP 851. The first record (G. sacculifer) is
shown in Figure 1. Both other records, shown here (G.t., G.
tumida and N., N. humerosa and N. dutertrei), exhibit
pronounced deviations in trend from the first record; 851 p
G.t. thereby shows an unrealistic abrupt transition and is not
considered further. Cannariato and Ravelo [1997] explain
the low proportion of the ice volume signal in the latter two
records. Average start of the §'%0 increase, calculated using
the low-resolution records, is (weighted 50%-trimmed
mean, with maximum of 1 — o internal/external error and
imposing a timescale uncertainty of 100 kyr) 3350 = 120 kyr;
average end is 2510 + 125 kyr. Regions of midterm systematic
deviations from the ramp form or regression outliers are not
marked.
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Figure 3. Determination of the temperature amplitude of
the NHG between 3606 and 2384 kyr. SST is sea surface
temperature; BWT is bottom water temperature. The
amplitudes were determined using fitted ramps (bold lines)
to the continuous data (light lines) with fixed start and end
dates. Errors (1 — o) were determined using computer
simulations (section 3.1). The resulting temperature ampli-
tudes are as follows (negative values indicate cooling):
DSDP 572, SST of —0.12 + 0.47°C; DSDP 607, BWT of
—1.01 £ 0.51°C; ODP 806, BWT of —0.62 + 0.29°C; and
ODP 806, SST of +0.85 £+ 0.17°C.

smaller than the 17 kyr for the larger late Pleistocene ice
sheets [Imbrie and Imbrie, 1980], in agreement with
recent sedimentation modeling [Lisiecki and Raymo,
2005].

4.5. NHG Dynamics

[17] Over the 2—4 Myr interval, more or less all of the
analyzed records (Figures 1, 2, and 3) exhibit a long-term
trend, which is well described by the ramp model. There
were few short excursions (extremes) and midterm devia-
tions from this trend. The earliest §'%0 extreme of likely
global significance within 2—4 Myr was at marine isotope
stages (MIS) M2-MG2 (3295-3340 kyr [Lisiecki and
Raymo, 2005]), detected in 11 of 25 high-resolution records
as a glacial event exceeding three standard deviations
(Figure 1). Stage M2 seems to reflect a stronger glaciation
than stage MQG2 [Lisiecki and Raymo, 2005]. The global
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Figure 4. Determination of start, end, and increase of the
time-dependent §'®0 standard deviation during the NHG,
high-resolution records. Standard deviation (light lines) was
estimated using detrended time series and a running window
(w is the number of points). Best fit ramps (heavy lines) are
also shown. Average start of the increase in standard
deviation is 3200 kyr, average end is 2560 kyr, and average
increase is by a factor of 1.5 (from ~0.2%o to ~0.3%o).
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Figure 5. NHG temperature trends, all records. (a) Benthic and (b) planktonic data. Site locations are
shown as dots; black numbers refer to DSDP (397 to 610) and ODP (625 to 1148) sites; black “179”
refers to the V28-179 site. Temperature changes are in °C for the interval 3606 to 2384 kyr (high-
resolution records, Table 1; low-resolution records, calculated from results (Figure 2) using calibrations
(section 3.2)). Negative values indicate cooling; errors are 1 — o. Significant cooling (warming)
amplitudes are in blue (red), nonsignificant amplitudes are in orange; and values from high-resolution
(low-resolution) records are in roman (italic) type. Five amplitudes (marked by asterisk) are from
temperature proxy records (Figure 3). C.w., C. wuellerstorfi; G.s., G. subglobosa; G.sac., G. sacculifer;
N., N. humerosa and N. dutertrei; O.u., O. umbonatus; P., Pulleniatina spp.; and Pw., P. wuellerstorfi.

Also shown in black boxes is a provisional spatial grouping of the different temperature changes.
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Figure 6. Schematic view of the NHG climate transition in
the Pliocene. The mean ice volume (solid line) had a long-
term increase from 3.6 to 2.4 Ma. The amplitude was
0.39%o (6'%0 equivalent). The size of the §'%0 fluctuations
around this trend (shaded band) increased slowly from
3.2 Myr and 0.2%0 to 2.56 Myr and 0.3%.. A midterm
deviation from the glaciation trend was the Pliocene climate
optimum from 3.25 Myr to 3.05 Myr. Short-term glacia-
tions, perhaps driven by Earth’s obliquity variations,
occurred after the NHG start, at MIS MG2 (3.340 Ma)
and M2 (3.295 Ma); the M2 glaciation was stronger than
the MG2 glaciation. Further glaciations were at MIS 110
(2.7 Ma) and MIS 96, 98, and 100 (2.433-2.523 Myr).
(Note that zero point of y axis is arbitrary.)

signature and IRD evidence from several sites in the North
Atlantic/Nordic Seas [Kleiven et al., 2002] indicate a
significant northern ice volume proportion. A systematic,
midterm deviation from the glaciation trend was the Plio-
cene climate optimum [Dowsett et al., 1994], documented
in 12 of 25 globally distributed, high-resolution records as
an interval of lowered §'0 from ~3250 kyr to ~3050 kyr
(Figure 1). Given the duration and the size of the §'°O
decrease in many records (e.g., 607 b), a significant degla-
ciation seems likely. As regards the dispute about the
stability of the Pliocene Antarctic ice shield [Shackleton et
al., 1995a], our results combined with the IRD evidence
[Kleiven et al., 2002] suggest that this deglaciation could
have been a Northern Hemisphere event, leaving the Ant-
arctic shield intact. Other, more heterogeneously distrib-
uted, shorter-term cold and warm extremes accompanied
the long-term NHG glaciation trend (Figure 1) until a
critical threshold was passed at 2.7 Ma [Haug et al., 1999]
and strong glaciations (often exceeding 3 ¢ in Figure 1) at
MIS 96-98—100 (2433-2523 kyr [Lisiecki and Raymo,
2005]) occurred. This heterogeneity and the above finding
of spatial variations in start, end, and §'%0 amplitude indicate
differences on short-term to midterm timescales (~41-—
100 kyr) among regional temperature histories across the
NHG (Table 3). This supports the idea that during a global
climate change, regional subsystems with varying feedback
mechanisms emerge in response [Ravelo et al., 2004].

[18] Inthe geographical distribution of the long-term NHG
temperature change (Figure 5), we see following provisional
grouping. Bottom water cooling was, within the error ranges,
more or less globally homogenous. Only 6 of 29 benthic

MUDELSEE AND RAYMO: NORTHERN HEMISPHERE GLACIATION

PA4022

records reflect larger deviations (Figure 5a), which may be
due to reduced data quality (low-resolution records) or
regional influences such as changes in upwelling (e.g.,
at DSDP 397 site). It is unclear why the result from the
benthic record at site ODP 925 (0.1°C warming) deviates
significantly from the results from nearby sites ODP 927
(0.9°C cooling) and ODP 929 (0.7°C cooling). The remaining
23 records have an average BWT decrease of ~0.7°C.

[19] SST changes (Figure 5b) are divided into three
groups. First, high latitudes likely cooled strongly (704 p).
Second, at lower latitudes, the surface waters in the western
Pacific region warmed significantly, by ~0.7°C on average.
Third, low-latitude surface waters elsewhere had, to first
order, no long-term temperature change, which supports
to some degree the hypothesis of a temperature buffer
[Jenkins, 1992]. However, this does not apply to the western
Pacific (warming) or some other regions (e.g., Sites 851 and
722). A more detailed picture of NHG temperature trends
will emerge when more high-resolution BWT and SST
records for the 2—4 Myr interval become available.

5. Conclusions

[20] The schematic view of the NHG (Figure 6) under-
lines that this climate transition was gradual. The amplitude
of the change in mean ice volume (0.39%o) is only one to
two times stronger than the average noise level, and is up to
two times weaker than the largest glacial §'*0 excursions
(~0.8%0) from the long-term trend (Figures 1 and 2). (The
low signal-to-noise ratio of the climate transition is an a
posteriori confirmation of our approach to construct and
analyze a large database.) The timing of the change in mean
ice volume (from 3.6 to 2.4 Ma) allows us to evaluate the
feasibility of causal explanations of the NHG.

[21] A recent paper [Knie et al., 2004] proposed that a
supernova explosion occurred close to the solar system, at
2.8 Ma, based on iron isotope data in a manganese crust. This
could have led to an enhanced cosmic ray flux for a few
100 kyr. It was cautiously suggested that, provided there is a
negative correlation between cosmic ray flux and Earth’s
surface temperature, ““this supernova could have triggered a
climatic change” [Knie et al., 2004, p. 171103-3], that is, the
NHG. In light of our finding that the NHG began at 3.6 Ma,
the supernova explanation becomes unlikely.

[22] Willis et al. [1999] noted spectral power at periods
less than or equal to 15 kyr in a climate record based on
pollen data from the Pula maar, Hungary, which spans the
interval between 3.05 and 2.6 Ma. Willis et al. [1999, p. 571]
proposed that ““a nonlinear response at sub-Milankovitch
frequencies may have been responsible for the initiation of
the NHG.” The early start of the NHG at 3.6 Ma (Figure 6)
again does not support this view. Other attempts to relate the
initiation of the NHG to changes in spectral power are also not
compatible with the early cooling trend documented here. For
example, Maslin et al. [1998] proposed that an increase
in obliquity minima from 3.2 to 2.5 Ma may have
triggered the NHG. We do not dispute that Milankovitch
variability may have influenced Pliocene to Pleistocene
climate evolution; however, we do not believe such
variability was the trigger for the NHG. The initiation of

10 of 14



PA4022

NHG was a long-term climate change, affecting such im-
portant variables as ice volume and temperature, and nu-
merous feedback effects likely occurred from 3.6 to 2.4 Myr
ago.
[23] The slow ice buildup (Figure 6) indicates a slow,
tectonic mechanism as the probable root cause of NHG. The
shoaling of the Central American Seaway in the Pliocene
was suggested by Keigwin [1982a]. This tectonic movement
led to a restricted water mass exchange between the Atlantic
and the Pacific Oceans and to an intensified Gulf Stream,
which brought moisture to high northern latitudes [Keigwin,
1982a]. However, a comparison of Atlantic/Pacific records
of neodymium and lead isotopes [Frank et al., 1999]
revealed that the restriction in water mass exchange was
essentially complete by 5 Ma. Although the present study
sets the NHG start earlier than previous work, we think that
the disagreement in timing is still a strong argument against
invoking the shoaling of the Central American Seaway as
the explanation of NHG. Furthermore, two modeling studies
[Nisancioglu et al., 2003; Klocker et al., 2005] show that an
enhanced northward moisture transport is accompanied by
enhanced heat transport, which can delay the start of a
glaciation as originally proposed by Berger and Wefer
[1996].

[24] Another tectonic mechanism is Tibetan uplift, pro-
posed to have led to weathering-induced atmospheric car-
bon dioxide removal [Raymo et al., 1988]. Here the precise
timing of when this movement became climatologically
effective is not accurately constrained and might have been
well before the NHG start [Raymo and Ruddiman, 1992;
Molnar et al., 1993; Spicer et al., 2003]. Carbon dioxide
proxy records are also needed to test this hypothesis
directly. Currently available records employ the stomata
index in oaks [Kiirschner et al., 1996], or boron and carbon
isotopes in marine matter [Raymo et al., 1996; Pagani et al.,
1999; Pearson and Palmer, 2000]. These records suggest
that Miocene-Pliocene carbon dioxide concentrations were
not doubled but were possibly 30% higher than preindus-
trial levels. This evidence is not sufficient to accept or reject
the Tibetan uplift hypothesis.

[25] Tibetan uplift could also have resulted in other
important changes to the climate system. For instance, a
sudden, tenfold increase in atmospheric dust load at 3.6 Ma
has been related to aridification due to Tibetan uplift [Rea et
al., 1998]. This increase, in good agreement with the NHG
start, could have been responsible for the cooling that
permitted increased snow and ice buildup on Northern
Hemisphere land surfaces [Rea et al., 1998]. A strengthen-
ing of the east Asian monsoon from 3.6 to 2.6 Ma [Zhisheng
et al., 2001] could also have strengthened the weathering
process. The above dates correspond with the inferred NHG
initiation (Figure 6) and suggest Tibetan uplift may have
affected global climate evolution at this time.

[26] A final tectonic mechanism that fits our derived NHG
time frame is the proposed restriction of the Indonesian
Seaway between 4 and 3 Myr ago [Cane and Molnar,
2001]. This event could have reduced the atmospheric heat
transport from the tropics to higher northern latitudes in the
Pacific region. It could also explain the observed NHG
warming of surface waters in the western Pacific region
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(Figure 5b) by the accumulation of westward flowing,
equatorial surface waters.

[27] Two major causes for explaining the Pliocene
warmth interval (3.25 to 3.05 Ma) have been brought
forward. The first, elevated atmospheric CO, levels, is
problematic because it is not well corroborated by data
[see also Crowley, 1996]. Elevated CO, is also difficult to
reconcile with the Tibetan uplift NHG explanation. The
required positive, ~200-kyr-long CO, deviation from a
long-term downward trend could have come from a varia-
tion in terrestrial plant biomass, as was suggested for the
late Pleistocene glacial-interglacial cycle [e.g., Shackleton,
1977]. If so, one should search for evidence for significant
Pliocene biomass changes. These could be a consequence of
the NHG initiation. The second cause, stronger oceanic heat
transport, is not feasible to explain a global warming event
because, to first order, it merely redistributes heat on the
planet [Crowley, 1996]. Since the results of the PRISM
group [Dowsett et al., 1994, 2005] show that the Pliocene
climate optimum occurred at a wide spatial scale, this
explanation is thus problematic. However, surface waters
at site ODP 806 in the western equatorial Pacific exhibit a
pronounced cooling during the Pliocene warmth (Figure 3).
This can be interpreted as heat that was transported steadily
away from that region. Transport direction was predomi-
nantly northward. This heat may have melted parts of the
newly built up Northern Hemisphere ice sheets (see section
4.5 and Haywood and Valdes [2004]). The ice-albedo
feedback would have enhanced this midterm Pliocene
warming signal [Haywood and Valdes, 2004]. Another
transport mechanism could have been enhanced heat trans-
port by winds. Long-term changes in wind properties can be
induced by orographic changes. The feasibility of such
scenarios in context of the NHG and the Pliocene warmth
could be analyzed using coupled global climate models
(GCMs). For example, Chandler et al. [1994], Sloan et al.
[1996], and Haywood and Valdes [2004] studied the middle
Pliocene climate using GCMs.

[28] The long-term glaciation trend of the Northern
Hemisphere eventually led to thresholds in the climate
system being exceeded and thereby shorter-term, positive
feedback mechanisms initiated. Such feedbacks could have
been a shift toward stratification in the polar ocean at
2.7 Myr ago, which may have trapped additional carbon
dioxide in the abyss [Haug et al., 1999; Sigman et al., 2004]
and also provided moisture to northern North America
[Haug et al., 2005]. The strong glaciation at MIS 110
[Haug et al., 1999] would have been a consequence of this
amplification of the long-term glaciation trend. The climate
system finally came into a new, quasi-stable state with
Milankovitch-type glacial-interglacial cycles [Berger et al.,
1984], which have persisted to the present.
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