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Semi-empirical modelling (1)

Modelling phenomena in nature can be done in two principally
different ways:
1. physical modelling, by embodying known physics into working
code; or
2. statistical / parametric modelling, by conjecturing simple
relationships between bulk quantities and empirically deriving
the unknown parameters in them.
Semi-empirical modelling of the sea level - temperature relationship
is an example of the second approach, pioneered in Rahmstorf
(2007) [Rah07].
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Semi-empirical modelling (2)

Called semi-empirical, as relationship conjectured is based in
physics. Relationship derived from instrumental-period tide gauge
and global mean temperature data is then extrapolated into 21st
Century. Studies using general circulation model output provide
further insight.

Weakness: we are extrapolating. The relationship is derived for a
temperature range from 0.2-0.9K above pre-industrial, but applied

for a range up to 6.5K above pre-industrial... seven times as much.
E.g., non-linear ice sheet response could render fit inapplicable — see
below.

Physical modelling doesn’t have this problem in principle — but
much harder in practice to do right.
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Data used

> Global sea level data from Church and White [CWO06], derived
by optimal combination of tide gauges and satellite radar
altimetry, corrected for glacial isostatic adjustment (GIA),
averaged to annual

» Global mean temperature anomaly data from GISTemp
[HRS101]

» Both data sets were smoothed using SSA [MGJ05] with an
“embedding period” of 15 years, and binned into either 5-year
or 15-year bins

dH

dt

» Regression of £ against T to obtain a and Tp.
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Vermeer & Rahmstorf, in press with PNAS

» Rahmstorf (2007) model [Rah07]:

dH

T (T - T

dt a( 0)7
with Ty and a fit parameters. The a parameter describes the long-term
response of both deep ocean and ice sheets to a temperature anomaly, cf.
the “degree-day” rule of glaciology.

» New, dual model [VR09, in press]lz

dH dT
E _a(T— 7-())-‘y-[.7E7

with a rapid response term and coefficient b added. Represents effects
like the thermal expansion of ocean surface water, running to completion

: . dH _ dT
in a small number of years: <= ~ - = H~ T.

For fit to instrumental data, we obtain, surprisingly, a negative b.
Interpretation: delay?

'Under embargo
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Artificial reservoir effect

| " 800 [
11000— £ 30
4 2 600
10000— & o
4 G 400 —_
& 4 ! E
E so00— 2 | %% . .
S 4™ 4 = Chao et al. [CWLO08] painstakingly
. F e
5 %% 1| & tabulated the amount of water stored
g 1900 1920 1940 1960 1980 2000 ‘ _ZOE . P .
£ 7000 Year 1 s on land in artificial reservoirs. We
8 i . .
< so00] “actual” rservoirwatel [ & use their curve, approximated by
é ] (including seepage) LB
o
S 5000 o 3.7cm t— 1978
] \ L F AH=165cm+ T arctan ———
E 4000 nominal reservoir water | £ 4 13
2 4 according to capacity | [~103
3 w H H
5 5000 N Amerca to correct our sea level time series
E B Asia-Australia 2
S 2000 e Afiica 2 from [CW06]
»—w—x Europe 5z
T +——+ S. America ARSI 8
1000 — §
POl - 'S
1900 1920 tod01s60 1980 2000 ;om -
ear
Martin Vermeer martin.vermeerQtkk.fi Department of Surveying, Aalto University, Helsinki

Semi-empirical modelling of the sea level — temperature relationship



g al B Blue: original

£ 7 Rahmstorf model

Y 4r 5 ——{  Green: after applying
8 sl //-/j)/’-f-/,/i Chao et al.

% o R Red: after

B 2r et 1 introducing b

s | é;/;’/ N |

..(}’; ///,,//4/%* Open circle:

& of =" 1 satellite altimetry
R \ : — (thx A. Cazenave)

-05 -04 -03 -02 -01 0O 01 02 03 04 05
Temperature expression (K)

«40O>» «4F>r «=»r <« o>

3



W
£
E
5 3
S Red: sea level data
o . !
5, Crey: original model fit
g Blue: dual model fit
T o

5 Light green, cyan: fits to
E o0 the first half and second
T -5 half of the data, respectively
310 (cross-validation)
i
D15

1880 1900 1920 1940 1960 1980 2000
«O>» «Fr <= 4 > = DA

Year



NTSLF-Challenger Symposium “Sea level rise and coastal flooding:

0000000000800 00000000
Royal Society of London — November 2-3, 2009

Comparing the two models

Q. Is dual model fit significantly better?

A. Use Akaike Information Criterion (AlCc,

[Aka74, BA02])

Original model Dual model
(a only) (a and b)
K 4 5
RSS (cm?) 1.053 0.098
AIC. 5.11 4.75
a, T07 a, b: T07
Parameters 2 2
H(to),O’ H(to),O’

understanding the risks”

AlCc =2K + nin

/\
Ml

Hirotugu Akaike 1927-2009

RSS 2K (K +1)
n

n—K-1"

n number of data points (8)
K number of fit parameters including

error variance o>

H (to) sea level integration constant.

Dual model is “better”, even considering extra parameter and fewer DoF.
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Dual model for 2100, and lessons
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2100

Based on IPCC Fourth
Assessment Report [IPC07]

Higher still (but extrapolation
problem hasn't gone away!)

Greatest inference uncertainty:
emissions =- temperatures, not
temperatures = sea level

Cuts needed to bring 2100AD
sea level down must come
early.
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The millennium run (1)

120 years, or eight 15-year bins, of instrumental data is very little. We
don’t have a thousand years of precise instrumental data, but we can
simulate it — for both sea level and global mean temperature — using a
general circulation model (GCM). We did so using the model
CLIMBER-3a [MGL™05].

» Does not model land ice processes

» However, in many ways physically realistic, containing the effects of
Solar variability, volcanic eruptions, greenhouse gases and
tropospheric aerosols

» Also two other models were tested: ECHO-G [vSZGR08] and
ECBilt-CLIO [GRTBO05].

» Variance explained 65-80%; better if (unrealistically) volcanic
forcing “lumped” over latitude zones.
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The millennium run (2)

» Generated using the parameters fitted to a  _ 7:dg”;?j(gb>w) |
1880-2000 simulation run. 2
» 15-year SSA smoothed g o
» Red: model output for sea level 3
> . predicted using the a-only model N
» Blue: predicted using the dual (a, b) M
model. Note better capture of volcanic
features B
. dH . :
» Top: %, bottom: H. 3
» Small offset to Ty applied to eliminate
drift 1500-1900; < 1400 needs different
Offset R 1000 1200 1400 Year 1600 1800 2000
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Grinsted et al. (2009)

Interesting study: Grinsted et al. (2009) [GMJ09], who found on
millennial time scale a sea level response component to temperature
with time scale of a few hundred (up to a thousand) years.

Grinsted et al. used in addition to the instrumental record, two
proxy reconstructions, those of [MSHT05], and of [JMO04].
Additionally, they used the very long sea level record of Amsterdam
for calibration.

Several other loose constraints were imposed.

Martin Vermeer martin.vermeerQtkk.fi Department of Surveying, Aalto University, Helsinki

Semi-empirical modelling of the sea level — temperature relationship



‘GSL relative to 1980-1999 (m)

@) Jones & Mann

08 05

0
2000 2020 2040 2060 2080 2100

&
0

0.8 05

o
1980 2000 2020 2040 2060 2080 2100

200 400 600 800 1000 1200 1400 1600 1800 2000
‘Year AD

The Grinsted et al. model is

Heq (T) = aT(t)+ b,
PO~ (1 (1)~ Hag (7)),

where Heq is an “equilibrium sea
level” at which ocean volume is
assumed to remain constant. Real
sea level H slowly tracks Heq with
a delay, or decay, time scale 7.
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Upcoming paleo study

We have in preparation a study which replicates and improves on
[GMJO09]. It uses as data:

» Mann et al. (2008) [MZH*08] for temperatures

» Superior quality sea level reconstructions by Kemp and Horton for
the past two millennia from salt marsh proxies on the U.S. East
Coast, e.g., [HPCT09].

The technique used by us was similar: Monte Carlo simulation of
Bayesian inference. Temperature was inverted to a sea level prior using a
variant of the Grinsted model, but with a non-zero “background” sea level
rise. The posterior was obtained by fit to the sea level proxy data from
salt marshes.

We use an equilibrium temperature T (t) rather than equilibrium sea
level Heq (T).
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Results (1)
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Results (2)

» We find an optimal 7 value of ~ 400 years but with rather
much uncertainty: 200-1000 years. Our results are not
compatible with 7 = ¢

» The background sea level rise rate (“infinite” time scale) is
non-zero (though small)

» For the 20th and 21st Centuries, model reduces to earlier
(dual) one — a design constraint

» Work done by: Andrew Kemp, Ben Horton, Jeff Donnelly,
Stefan Rahmstorf, Michael E. Mann and yours truly.
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Greenland fingerprint

When using proxy sea

level data, one should
Sea level rise is far from uniform! consider, besides the
correction for glacial
isostatic adjustment
after the last ice age,
also the fingerprint of
the various continental
ice sheets.

- Left: Greenland,
!l | |, l 0',,—'; I |_ Mitrovica et al. 2001
[MTDMO1].
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