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M M M
0


Depin (m}

1000 1500 2000 2.500

2,750

4000

3,200
I

3.30

GO (ppma)

280
260
240
220

200

CH, (ppbo)

Insolation J B5°M

o0 —

&00

500

50
0
50

50,000 100,000 150,000 200,000

250,000

Age {yr BF

300,000

Complete Vostok ice core (Petit et al. 1999)

350 000

400,000

]

=2

-§
-3

Temperatiure (“5)

50 g, (%)




Table 1. Summary of Scenarios Put Forward to Account for the Lower CO, Content of the Atmosphere During Times of Glaciation

Model Problems Advantages References
Nutrient Based
Shelf hypothesis linked to sea level Broecker [1982]
Vertical redistribution 3"3C change too late Boyle [1988]
Keir [1991]
Shallow Ocean CaCOj Based
Coral reef hypothesis linked to sea level Berger [1982]
Berger and Keir [1984]
Keir and Berger [1985]
Shallow water CaCO linked to sea level Opdyke and Walker [1992]
Milliman [1993]
Opdyke and Wilkinson [1993]
Walker arid Opdyke [1995]
Northern Atlantic Based
Cooler glacial North Atlantic warming post dated the rise in CO, Keir [1993]
Sediment Respiration Based
Increase in the ratio of organic mass balance System response time Sigman [ 1997]

carbon to CaCO ; in the material
falling to the sea floor

Polar dominance

Polar alkalinity

Southern Ocean solubility pump

Iron hypothesis

is right (=10 kyr)

Southern Ocean Based

not seen in Southern Ocean
paleoproductivity records and
lacks mechanism for
increased productivity

Southern Ocean

not seen in Southern Ocean
paleoproductivity records and
lacks mechanism for
increased alkalinity

Southem Ocean

effect on CO, not large enough

not seen in Southern Ocean
paleoproductivity records and
response time too quick

agrees with dust
flux change

timing fits with T change

Archer and Maier-Reimer [1994]
Sanyal et al. [1995]

Sarmiento and Toggweiler [1984]
Siegenthaler and Wenk [1984]
Knox and McElroy [1984]

Broecker and Peng {1989]

Martin [1990]

(Broecker &
Henderson 1998)



of this study: estimatelphase relationsj(leads/lags) of

CO» variations relative to variations of:
e global ice volume

e temperature

Problems caused by: e limited proxy quality, measurement noise

e uncertain timescales
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Mudelsee M (2001) Quaternary Science Reviews 20:583—-589.
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Rayleigh condensation

net vapour
transport

equator

high latitude:
precipitation
isotopically light

(H, 0)

glacial/cold:
= "Rayleigh path’ longer
= ice isotopically lighter

other effects:
kinetic, sublimation etc.

Oeschger & Langway (Eds.)
(1989) The Environmental
Record in Glaciers and Ice
Sheets. Wiley, New York.
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*COy Vostok ice core

- 5180 marine core MD 900963 (Bassinot et al. 1994)
(benthic record)

foraminifera:
plankton, carbonate

518 *

Omar:
ice volume

problem:
temperature signal
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Foraminifera Rosalina globularis, size: ~ 1.1 mm
(http://www.microscopy-uk.org./mag/artmar/forwin.html)
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518Omar low hlgh

Shackleton N (1967) Nature 215:15-17.
Dansgaard W, Tauber H (1969) Science 166:499-502.
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Because also temperature variations are recorded by 618Omar:

= benthic records (as above, Bassinot)
= planktonic, tropical records (SPECMAP)
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SPECMAP (Imbrie et al. 1984, Martinson et al. 1987)
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marine timescale:

e fixpoint Termination II (~ 127 ka)

e fixpoint geomagnetic reversal B/M (~ 780 ka)

e interpolation

e orbital tuning (assumption: astronomical forcing)
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problem:

Dole effect
(hydrological cycle &
photosynthesis)
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x

oceanic 6180 — air, O5

518Oair lags (518Omar

atmospheric turnover time (O»):

Bender et al. 1994: 1.2 ka
sSowers et al. 1991: 2—3 ka

here: 2+ 1 ka
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Estimation: generalized least squares (GLS):

y= X3+ e model

y(1) 1 (1) =(1)?
_ |y(2) |1 2(2) z(2)?| =z data:lagged,
=1 y data X = : : : interpolated
) (1)
3= |b| parameters ¢ — r(2)| error: homoscedastic,
o . P — Y| autocorrelated
r(n).

Montgomery & Peck (1992) Introduction to Linear Regression Ana-
lysis, 2nd Edition. Wiley, New York.

Sen & Srivastava (1990)
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Autocorrelated errors (persistence)

r(i) = exp (u(z) —ulit 1)> r(i+1) 4+

Ty

[ERSPIGETES) 8

Ty

i.i.d,

¢(2) "~ N(O, 1)

Ty = autocorrelation time, 'memory’

(Robinson 1977)
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V,;=exp(—|lu(i) —u(j)|| /my) correlation matrix
B = (X'V_lX)_1 X'’ V_ly estimation
X° = (y — XB)’ v—1 (y B XB) sum of squares
X, = X2 /(n —np) reduced sum of squares

np = number of parameters (= 4 for parabolic model)

= x2 allows fit comparison
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2 search loops: e 'memory’ 7, (0.01 ka increments)

e lag [ (0.005 ka increments)

result: e minimal reduced sum of squares, x2

e best lag (
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advantages: e GLS uses persistence information = precise estimation

e all CO» data points contribute =- efficient estimation
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CO, versus oD

lag [ = —1.3 £+ 1.0 ka

X2 = 154.8 ppmv-

lag ~ constant (long-term)
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Bootstrap simulations:
COp vs. & Neim = 2000

(Co: ) nsim y = CO»5 vs. z = 6D

300 — fit || med + 1.4826 mad u = air-age, t = ice-age

200 —

i | i y* ~ N(p=y,0 =25 ppmv, 7, = 0.92 ka)

100 —
_H_‘_W _|_’_’771 z” ~ N(p =2,0 =1.0 %077_513*: 2.1 ka)
0

L L L L
4 3 2 -1 0 1 2 3 u*

simulated lag | [ ka ]

t*} sedimentation uncertainty

effective: uncertainty (1 ka) of
ice-age/air-age difference

mad(l*) = med( | I* — med(I*)| )
= 'robust std’ (Tukey 1977)
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T determination:

detrending of z(7),

removal of harmonic components,

AR(1) fits (uneven time spacing)

Mudelsee (2000) TAUEST: a persistence estimation computer pro-
gram for unevenly spaced weather/climate time series. Com-
puters & Geosciences. [submitted]
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Sedimentation uncertainty

S* (via depth) = U~

U* fitted into error range = u*
error range (Petit et al. 1999):

5 ka [0; 110 ka] Jo
10 ka ]110 ka; 300 ka]
15 ka ]300 ka; 420 ka]
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CO», versus temperature

via 0D:

lag | = —1.3 £ 1.0 ka

(CO»5 lags)
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® C02
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Bootstrap simulations:
y = CO»5 vs. z = §180mar (Bassinot et al. 1994)

u = air-age, t = sediment age

¥ ~ N(u ==x,0 = 0.05 %o, 72 = 1.9 ka)

u‘k
t‘k

} independent

t error = 5.0 ka (Bassinot et al. 1994)
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Bootstrap simulations:
y = CO» vs. z = 6180mar (SPECMAP)

u = air-age, t = sediment age

"~ N(p =z,0 = 0.045 %0, 7 = 1.2 ka)

’U,*

t‘k

} independent

t error = 7.0 ka (conservative value)
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CO, versus 6180,

no lag change

| =3.94+0.5 ka

high stratigraphic accuracy

x2 = 313.2 ppmv? 5
= poor fit (Dole effect)
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Bootstrap simulations:

<
|

CO5 vs. z = §180,;,

u = air-age, t = air-age

2" ~N(p=z,0=0.1 %, 7 = 4.8 ka)

o . conservative value

’U,*

t*} totally dependent
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CO, versus 6180, -derived ice volume
subtract atmospheric turnover time (O»,) of 2+ 1 ka

= lagl=19+1.1 ka (CO» leads)

CO, versus §1%0Omar-derived ice volume

core MD900963, young interval: [ = 6.2+ 2.7 ka
SPECMAP, young interval: [ = 3.7 £ 2.8 ka
average: [=5.04+£1.9 ka
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CO», versus ice volume

via 6180, lag l=19+1.1 ka
via 618Omar, young interval: lag I = 5.0+ 1.9 ka

e interpolation error/poor fit quality might explain discrepancy
e 6180,;,: stratigraphic accuracy outweighs limited proxy quality
e NO lag change: timescale errors in early part > than reported

Best guess: average:

= CO» leads over ice volume by [ = 2.7+ 1.3 ka
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conclusion:

in the last 420 ka:

variations lag behind temperaturef(éD) variations:

[ =—-1.3+£1.0 ka

CO,, variationsflead over ice-volumel(via 6180, 618Omar) variations:

[ =2.7x1.3 Kka
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Running window:
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Shackleton (2000)
e 6180, better ice-volume proxy than §18Omar
e CO» and temperature in phase

< his estimation error (2.5 ka) too large
to detect lag of CO» (1.3 ka)

e CO» leads ice volume by 14 £ 2.5 ka

< his estimations relative to ETP—
lost accuracy (CO5 vs. 6180,;,)
< timescale uncertainties taken into account?
< here: lag [ =|average|over periods of variation
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