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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Semi-empiri
al modelling (1)Modelling phenomena in nature 
an be done in two prin
ipallydi�erent ways:1. physi
al modelling, by embodying known physi
s into working
ode; or2. statisti
al / parametri
 modelling, by 
onje
turing simplerelationships between bulk quantities and empiri
ally derivingthe unknown parameters in them.Semi-empiri
al modelling of the sea level - temperature relationshipis an example of the se
ond approa
h, pioneered in Rahmstorf(2007) [Rah07℄.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
al modelling of the sea level � temperature relationship



NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Semi-empiri
al modelling (2)Called semi-empiri
al, as relationship 
onje
tured is based inphysi
s. Relationship derived from instrumental-period tide gaugeand global mean temperature data is then extrapolated into 21stCentury. Studies using general 
ir
ulation model output providefurther insight.Weakness: we are extrapolating. The relationship is derived for atemperature range from 0.2-0.9K above pre-industrial, but appliedfor a range up to 6.5K above pre-industrial. . . seven times as mu
h.E.g., non-linear i
e sheet response 
ould render �t inappli
able � seebelow.Physi
al modelling doesn't have this problem in prin
iple � butmu
h harder in pra
ti
e to do right.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
al modelling of the sea level � temperature relationship



NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009dH/dt against T − T0 (Rahmstorf 2007)
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Data used
◮ Global sea level data from Chur
h and White [CW06℄, derivedby optimal 
ombination of tide gauges and satellite radaraltimetry, 
orre
ted for gla
ial isostati
 adjustment (GIA),averaged to annual
◮ Global mean temperature anomaly data from GISTemp[HRS+01℄
◮ Both data sets were smoothed using SSA [MGJ05℄ with an�embedding period� of 15 years, and binned into either 5-yearor 15-year bins
◮ Regression of dHdt against T to obtain a and T0.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Proje
tions to 2100 ADbased on IPCC Third Assessment Report [IPC01℄ temperature s
enarios.
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oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Limitation: we are extrapolating!
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Vermeer & Rahmstorf, in press with PNAS
◮ Rahmstorf (2007) model [Rah07℄:dHdt = a (T − T0) ,with T0 and a �t parameters. The a parameter des
ribes the long-termresponse of both deep o
ean and i
e sheets to a temperature anomaly, 
f.the �degree-day� rule of gla
iology.
◮ New, dual model [VR09, in press℄1:dHdt = a (T − T0) + b dTdt ,with a rapid response term and 
oe�
ient b added. Represents e�e
tslike the thermal expansion of o
ean surfa
e water, running to 
ompletionin a small number of years: dHdt ∼

dTdt ⇒ H ∼ T .For �t to instrumental data, we obtain, surprisingly, a negative b.Interpretation: delay?1Under embargoMartin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Arti�
ial reservoir e�e
t
Chao et al. [CWL08℄ painstakinglytabulated the amount of water storedon land in arti�
ial reservoirs. Weuse their 
urve, approximated by
∆H = 1.65 
m+

3.7 
m
π

ar
tan t − 197813 ,to 
orre
t our sea level time seriesfrom [CW06℄.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Dual model �t, stepwise improvement:
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009. . . in the time domain:
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Red: sea level dataGrey: original model �tBlue: dual model �tLight green, 
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Comparing the two modelsQ. Is dual model �t signi�
antly better?A. Use Akaike Information Criterion (AIC
,[Aka74, BA02℄)Original model(a only) Dual model(a and b)K 4 5RSS (
m2) 1.053 0.098AIC
 5.11 4.75Parameters a,T0,H (t0) , σ
2 a,b,T0,H (t0) , σ

2
Hirotugu Akaike 1927-2009AICC = 2K + n ln RSSn +

2K (K + 1)n − K − 1 ,n number of data points (8)K number of �t parameters in
ludingerror varian
e σ
2H (t0) sea level integration 
onstant.Dual model is �better�, even 
onsidering extra parameter and fewer DoF.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Dual model for 2100, and lessons
3.4 mm/yr

◮ Based on IPCC FourthAssessment Report [IPC07℄
◮ Higher still (but extrapolationproblem hasn't gone away!)
◮ Greatest inferen
e un
ertainty:emissions ⇒ temperatures, nottemperatures ⇒ sea level
◮ Cuts needed to bring 2100ADsea level down must 
omeearly.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009The millennium run (1)120 years, or eight 15-year bins, of instrumental data is very little. Wedon't have a thousand years of pre
ise instrumental data, but we 
ansimulate it � for both sea level and global mean temperature � using ageneral 
ir
ulation model (GCM). We did so using the modelCLIMBER-3α [MGL+05℄.
◮ Does not model land i
e pro
esses
◮ However, in many ways physi
ally realisti
, 
ontaining the e�e
ts ofSolar variability, vol
ani
 eruptions, greenhouse gases andtropospheri
 aerosols
◮ Also two other models were tested: ECHO-G [vSZGR08℄ andECBilt-CLIO [GRTB05℄.
◮ Varian
e explained 65-80%; better if (unrealisti
ally) vol
ani
for
ing �lumped� over latitude zones.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009The millennium run (2)
◮ Generated using the parameters �tted to a1880-2000 simulation run.
◮ 15-year SSA smoothed
◮ Red: model output for sea level
◮ Grey: predi
ted using the a-only model
◮ Blue: predi
ted using the dual (a, b)model. Note better 
apture of vol
ani
features
◮ Top: dHdt , bottom: H .
◮ Small o�set to T0 applied to eliminatedrift 1500-1900; < 1400 needs di�erento�set. 1000 1200 1400 1600 1800 2000
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Grinsted et al. (2009)Interesting study: Grinsted et al. (2009) [GMJ09℄, who found onmillennial time s
ale a sea level response 
omponent to temperaturewith time s
ale of a few hundred (up to a thousand) years.Grinsted et al. used in addition to the instrumental re
ord, twoproxy re
onstru
tions, those of [MSH+05℄, and of [JM04℄.Additionally, they used the very long sea level re
ord of Amsterdamfor 
alibration.Several other loose 
onstraints were imposed.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Results The Grinsted et al. model isHeq (T ) = aT (t) + b,

τ
dH (t)dt = − (H (t) − Heq (T )) ,where Heq is an �equilibrium sealevel� at whi
h o
ean volume isassumed to remain 
onstant. Realsea level H slowly tra
ks Heq witha delay, or de
ay, time s
ale τ .Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Up
oming paleo studyWe have in preparation a study whi
h repli
ates and improves on[GMJ09℄. It uses as data:
◮ Mann et al. (2008) [MZH+08℄ for temperatures
◮ Superior quality sea level re
onstru
tions by Kemp and Horton forthe past two millennia from salt marsh proxies on the U.S. EastCoast, e.g., [HPC+09℄.The te
hnique used by us was similar: Monte Carlo simulation ofBayesian inferen
e. Temperature was inverted to a sea level prior using avariant of the Grinsted model, but with a non-zero �ba
kground� sea levelrise. The posterior was obtained by �t to the sea level proxy data fromsalt marshes.We use an equilibrium temperature T0 (t) rather than equilibrium sealevel Heq (T ).Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Results (1) A: Temperature 
urve from[MZH+08℄ (blue). A posterioritemperature 
urve (bla
k/grey).Equilibrium temperature T0 (t)(red/pink).B: A posteriori sea level 
urve(bla
k/grey). Sea level proxy datarepresented by a polynomial �t,
utaway view (red/pink).Un
ertainty bands 1σ and 2σ.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Results (2)
◮ We �nd an optimal τ value of ∼ 400 years but with rathermu
h un
ertainty: 200-1000 years. Our results are not
ompatible with τ = ∞

◮ The ba
kground sea level rise rate (�in�nite� time s
ale) isnon-zero (though small)
◮ For the 20th and 21st Centuries, model redu
es to earlier(dual) one � a design 
onstraint
◮ Work done by: Andrew Kemp, Ben Horton, Je� Donnelly,Stefan Rahmstorf, Mi
hael E. Mann and yours truly.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
al modelling of the sea level � temperature relationship



NTSLF-Challenger Symposium �Sea level rise and 
oastal �ooding: understanding the risks�Royal So
iety of London � November 2-3, 2009Greenland �ngerprintSea level rise is far from uniform! When using proxy sealevel data, one should
onsider, besides the
orre
tion for gla
ialisostati
 adjustmentafter the last i
e age,also the �ngerprint ofthe various 
ontinentali
e sheets.Left: Greenland,Mitrovi
a et al. 2001[MTDM01℄.Martin Vermeer martin.vermeer�tkk.fi Department of Surveying, Aalto University, HelsinkiSemi-empiri
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