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Abstra
tUsing an Earth Model of Intermediate Complexity, experiments are per-formed during the Holo
ene to study a) the seasonality of pre
ipitation inGreenland and the e�e
t on the interpretation of i
e-
ore signals, and b) pos-sible me
hanisms that 
an a

ount for the sudden de
rease in temperatureseen in i
e 
ores from Greenland 8.2 kyr ago.a) Throughout the Holo
ene orbital parameters have 
hanged resultingin a 5 W/m2 drop and a 0.9 W/m2 rise in annually averaged insolation at80 and 20◦N, respe
tively. It has been spe
ulated that this in
rease in themeridional gradient of the annual mean solar for
ing 
an lead to 
hanges inthe seasonality of Greenland pre
ipitation. The isotope signal in i
e 
oresare pre
ipitation weighted, meaning that a signal is only re
orded when itsnows, and a 
hange in the seasonality of pre
ipitation will thus 
ause a biasin the signal. If, for instan
e, the amount of summer pre
ipitation drops, thiswill appear as a 
ooling in the signal, even if the temperature is 
onstant.b) δO18 re
ords from Greenland i
e 
ores show a large ex
ursion of ∼20/00,found at 8.2 kyr ago. This 
ooling has been dete
ted in many other indi
atorsin the Greenland i
e 
ores, and in 
ores from many other lo
ations, indi
atingthat the 8.2 kyr event was not restri
ted to the North Atlanti
 region. It isbelieved, that the event is 
aused by freshwater dis
harges, originating fromthe melting of the Laurentide i
e sheet.Orbital and freshwater for
ings are built into the model, and the resultswill give an indi
ation of the e�e
ts on regional and global 
limate.



ResumeVed at benytte en såkaldt Earth Model of Intermediate Complexity, vileksperimenter gennem Holo
æn blive udført for at studere a) ændringer isæsonaliteten af nedbør i Grønland samt e�ekterne dette kan have når manskal fortolke signalerne i iskerner, og b) mulige mekanismer der kan forklareden pludselige nedkøling observeret i iskerner fra Grønland 8.200 år før nu.a) Jordens baneparametre har ændret sig gennem Holo
æn, og solind-strålingen ved 80 og 20◦ nordlig bredde er hhv. faldet 5 W/m2 og øget 0.9
W/m2. Det er blevet foreslået, at denne forøgelse af den meridionale gradi-ent kan føre til ændringer i sæsonaliteten af nedbør i Grønland. Da isotopsignaler i iskerner er nedbørs-vægtede, dvs. et signal kun bliver optaget nårdet sner, vil en ændring i sæsonaliteten af nedbør føre til forskydelser afsignalet. For eksempel vil et fald i mængden af sommernedbør give sig tiludtryk i et temperaturfald i signalet, selvom temperaturen er konstant.b) δO18 målinger fra iskerner i Grønland viser store udsving på ∼20/00for 8.200 år siden. Denne nedkøling er blevet observeret i mange andre in-dikatorer i Grønlandske iskerner samt mange andre steder på kloden, hvilketindikerer at begivenheden var et globalt fænomen. Forklaringen skal san-synligvis �ndes i udledningen af ferskvand i det nordlige Atlanterhav, derstammer fra afsmeltning fra Laurentide iskappen.Orbital- og ferskvand-for
eringer er inkorporeret i modellen, og resul-taterne vil give en indikation af e�ekterne af disse på det regionale og globaleklima.
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Chapter 1Introdu
tionClimate usually refers to the average weather 
onditions, in
luding temper-ature, humidity, pre
ipitation, wind, pressure et
., over a period of time fora given area. Sin
e the weather in�uen
es the life on our planet, 
hanges inglobal or regional 
limate is something that a�e
t all a
tivities on the Earth,and man has striven for an understanding of the me
hanisms 
ausing 
limate
hange throughout the modern era.Studies during the last few de
ades have shown that 
limate 
hange ismost likely 
aused by various natural and anthropogeni
 fa
tors su
h asvariations in solar radiation, 
hanges in o
ean 
ir
ulation, vegetation typeand density and 
hanges in greenhouse gases (GHG) and aerosols (IPCC,2007). The intera
tion between the di�erent fa
tors is 
omplex and noteasily understood.Fo
using on the Atlanti
 thermohaline 
ir
ulation (THC), it is de�ned byWuns
h (2002) as the o
ean 
ir
ulation of its mass, in
luding warm, salinesurfa
e water �owing northward and 
old, dense water �owing southward indepth. One of the main features of the THC is the redistribution of heatfrom low to high latitudes, and if this overturning 
ir
ulation is 
hanged theglobal and regional 
limate is a�e
ted in various ways (Pedlosky, 1998).Observations of the 
limate have only been 
arried out in the modernera, and proxies for past 
limate 
hange, in
luding sediment and i
e 
ores,tree rings and 
oral, are used to study past 
limate 
hange. Espe
ially i
e
ores from Greenland and Antar
ti
a have proven to be an important sour
eof information on Earth's 
limate spanning the last 800 kyr (Augustin et al.,2004). The a

umulation of snow, i
e and aerosols and the trapping of airbubbles from previous time periods makes it possible to measure the ratio ofstable water isotopes (SWI) and atmospheri
 
on
entrations of tra
e gasesin
luding GHG, dust, ash and radioa
tive substan
es. From these proxiesinformation of past temperature, pre
ipitation rates, gas 
on
entrations ofthe atmosphere and events su
h as vol
ani
 eruptions and forest �res 
an beextra
ted. Di�usion and the 
ompressing of the annual layers are important



1.1 Outline 2pro
esses within an i
e sheet (Johnsen et al., 2000), 
ausing a redu
ed timeresolution with depth. In this 
ontext proxies from many di�erent i
e 
oresare rather well resolved during the Holo
ene period (last 11,700 years, Stef-fensen et al., 2008), and variations in the 
limate 
an be identi�ed on annuals
ales.In the early Holo
ene a 
ooling event in the northern hemisphere (NH)8.2 kyr ago has been identi�ed in many i
e 
ores, e.g. von Grafenstein et al.(1998), Johnsen et al. (2001) and Thomas et al. (2007), and 
hanges in theTHC are believed to play a key role in the me
hanisms behind this 
oolingevent.Although i
e 
ores are ri
h on information, many obsta
les has to beover
ome when interpreting the di�erent signals in the 
ores. One problemarises from the fa
t that SWI signals are only re
orded when it snows, makingthe seasonality of pre
ipitation 
ru
ial to the validity of an annual signal.Studies using 
limate models have been used to estimate any possible biasin the Greenland i
e 
ores.The purpose of this thesis is to examinea) if 
hanges in orbital parameters throughout the Holo
ene 
auses anybias in the temperature re
orded in Greenland i
e 
ores, and to givean estimate of any su
h biasb) if the release of freshwater 
an a

ount for the observed 
ooling eventin the NH 8.2 kyr ago and, in the 
ase of 
hanges in the seasonality ofpre
ipitation during the event, to estimate the bias in the same way asin a)1.1 OutlineIn this 
hapter a des
ription of the various 
limate models and their evolutionwill be given, and in Chapter 2 the 
limate model used in this thesis will bepresented in details, from the governing equations to the 
limate produ
edby the model. Chapter 3 fo
uses on the spin-up of the model, ne
essary torea
h a statisti
al equilibrium state of the 
limate.Chapter 4 will be dedi
ated to experiments, where the model is for
ed by
hanges in orbital parameters, simulating Holo
ene 
on�gurations of obliq-uity, e

entri
ity and angle between vernal equinox and perihelion. Theability of the model to reprodu
e high northern latitude 
limate makes itpossible to estimate the 
hanges in the seasonality of pre
ipitation duringthe Holo
ene, and when 
al
ulating the pre
ipitation weighted temperature,these 
hanges 
ould lead to a bias in the temperature re
orded in Greenlandi
e 
ores, 
aused only by 
hanges in seasonality of pre
ipitation. A dis
ussionof the results will be followed by 
on
luding remarks on the topi
.



1.2 Climate models 3In Chapter 5 experiments are performed simulating the 8.2 kyr event.It is believed that the 
ooling is 
aused by sudden freshwater dis
hargesoriginating from meltwater reservoirs from the Laurentide i
e sheet, 
hangingthe 
ir
ulation and heat transport by the world o
eans. Results, a dis
ussionand 
on
lusions will be presented.1.2 Climate modelsThe ability to predi
t weather (and thereby the 
limate) has in
reased dra-mati
ally over the past de
ades. Although we 
annot predi
t lo
al weatheron any given day in the future, 
omputer simulations have made it possibleto estimate future 
limate 
hanges, i.e. the average weather 
onditions for agiven area. The development of 
limate models 
an be des
ribed by the 
om-plexity of the model, from the rather simple Energy Balan
e Models (EBMs)to fully 
oupled Atmosphere O
ean General Cir
ulation Models (AOGCMs).A zero-dimensional EBM treats the entire Earth as a single point, andthe system will be in a steady state, when absorbed solar radiation balan
esoutgoing longwave radiation - no energy is a

umulated. The absorbed solarradiation is an in
reasing fun
tion of temperature, sin
e the albedo (re�e
-tivity) de
reases with in
reasing temperature1. If the outgoing longwaveradiation is given by an in
reasing fun
tion of temperature, two equilibriumstates for the system may be possible depending on the initial state; onethat is totally i
e 
overed, and one that is i
e-free (Budyko, 1969 and Sell-ers, 1969).When horizontal resolution is allowed, the one-dimensional EBMs in
ludedependen
e of absorbed solar radiation and surfa
e albedo on latitude, aswell as di�erent physi
al pro
esses su
h as meridional heat �ow. The one-dimensional EBMs break the hemispheres into a number of latitude regions,and the governing equations will depend on the given latitude. This typeof one-dimensional EBM was �rst des
ribed by Budyko (1969) and Sellers(1969), and steady state solutions was found for di�erent latitudes of thei
e-line.Using the power of digital 
omputers, lo
al weather predi
tion modelshave been developed sin
e the 1950s, and the ability to predi
t weatherhas improved with more physi
al pro
esses, more feedba
k me
hanisms andin
reased resolution as some of the key progressions in 
omputer model-ing. Compared to the simple EBMs des
ribed above, these models use non-averaged equations, that are solved numeri
ally in ea
h grid 
ell and timestep de�ned by the model. Usually a physi
al grid 
overs the sphere of theEarth following the latitudes and longitudes, and the atmosphere (and o
ean,if represented) is divided into a number of verti
al layers.1When temperature in
reases, the area that is i
e-
overed de
reases, leading to a re-du
tion of the surfa
e albedo.



1.2 Climate models 4GCMs use the same set of equations as do weather predi
tion models,but the obje
tive of a GCM is shifted from short-term weather predi
tionsto long-term trends in the 
limate of the Earth, with the 
onservation ofenergy, moisture and momentum being important 
onditions in the models.Apart from the dynami
al 
ore that integrates the equations, several othersub-grid s
ale pro
esses have to be taken into a

ount su
h as 
onve
tionand 
loud pro
esses. This is done by parametrization, whereby the e�e
tsof these pro
esses are built into the model by letting the �elds, 
al
ulated inthe dynami
al 
ore, be in�uen
ed in some way e.g. by the amount of 
loudsin a 
ertain grid 
ell.Today's GCMs in
lude not only the atmosphere and o
eans, but alsointera
tion and feedba
ks from sea-i
e and land-areas, in order to simulatethe 
limate of the Earth more a

urately. Fully 
oupled AOGCMs are themost 
omplex 
limate models, and studies using di�erent AOGCMs play alarge role in 
limate resear
h and in the predi
tion of the future 
limate, e.g.IPCC (2007).In
luding more and more 
omponents of the 
limate system, AOGCMsare designed to represent the 
limate as realisti
ally as possible with onemajor drawba
k being the high 
omputational 
ost. As reported by the IPCC(2007), experiments with AOGCMs are limited to multi-de
adal simulations,making it virtually impossible to use this type of 
omputer models to studymillennial-s
ale variations in past and future 
limate.The need of 
omprehensive 
limate models that are less expensive in
omputation 
osts spawned Earth System Models of Intermediate Complex-ity (EMICs). As in the 
ase of GCMs, EMICs des
ribe most of the at-mospheri
 and o
ean pro
esses, but in a more simpli�ed or parametrizedform and often with a 
oarse resolution 
ompared to GCMs. Claussen etal. (2002) proposed a perspe
tive on the hierar
hy of 
limate models, whereea
h model is 
hara
terized by the lo
ation in a spe
trum de�ned by (i) thenumber of intera
ting 
omponents of the 
limate system expli
itly des
ribedby the model, (ii) order of magnitude of the number of grid 
ells, and (iii)the sum of spatial dimensions of the atmosphere and o
ean 
omponents.He found that the gap between EMICs and simple 
limate models is ratherlarge, whereas the most 
omplex EMICs di�er little from most GCMs.Where GCMs simulate regional 
limate far more pre
isely, EMICs haveproven to be an e�e
tive tool to understanding important pro
esses, andtheir intera
tions and feedba
ks, within the 
limate system. Equilibriumstates of the 
limate of various EMICs have been 
ompared to those of anumber of GCMs and observations, e.g. Petoukhov et al. (2005), and thegeneral 
on
lusion was, that the s
atter in EMIC results is 
lose to that ofGCMs, and for both types of 
limate models, the results agreed well withobservations.As dis
ussed above, the di�erent types of 
limate models vary in 
omplex-ity, ea
h with di�erent weaknesses and strengths in simulating the 
limate.



1.2 Climate models 5This should be taken into a

ount, when trying to answer a spe
i�
 question,and the 
hoi
e of model (simple or 
omplex) should depend on the questionasked.



Chapter 2The modelIn this 
hapter the model used in this study, ECBilt-CLIO, will be des
ribedin
luding the main physi
s and dynami
s. The model 
onsists of an at-mosphere (ECBilt) and an o
ean (in
luding sea-i
e, CLIO) part, that are
oupled through �uxes of heat, moisture and momentum. The 
y
les ofthese three quantities will be dis
ussed followed by individual des
riptions ofthe two sub-systems, and a short presentation of the 
limatology of ECBilt-CLIO.2.1 Heat, moisture and momentum 
y
lesSolar radiation serves as a heat sour
e for the 
limate in the model, and short-wave radiation heats the atmosphere and surfa
e respe
tively. The in
omingradiation has a seasonal variation in
luded. From the surfa
e long-wave radi-ation is emitted and absorbed by the atmosphere, and eventually reemittedinto spa
e and ba
k to the surfa
e giving rise to the greenhouse e�e
t. Heat istransported within the atmosphere (o
eans) by winds (
urrents), 
onve
tionand di�usion. Thermal equilibrium of the system is rea
hed when outgoinglong-wave radiation balan
es in
oming solar radiation.The moisture 
y
le is primarily driven by pre
ipitation and evaporation.In the atmosphere moisture is transported only in the layers below 500 hPa,and moisture above this height pre
ipitates down to the surfa
e. Pre
ipi-tation o

urs below 500 hPa when the relative humidity ex
eeds a 
ertainthreshold. Evaporation over land is determined by the soil moisture, andsublimation o

urs when snow or sea-i
e is present. The soil moisture is 
on-trolled by pre
ipitation, evaporation, melting of snow over land and run-o�.Another threshold for soil moisture determines when run-o� from land o
-
urs. River run-o� and run-o� from land goes into an o
ean basin determinedby the land-sea mask shown in �gure 2.1.



2.2 ECBilt 7

Figure 2.1: Land-sea mask for ECBilt. Upper 
ase 
hara
ters indi
ates run-o� area for the region given by the same lower 
ase 
hara
ter. From Opsteegh(1998).Diabati
 heating produ
es potential energy whi
h is transferred to ki-neti
 energy. The momentum generated in the atmosphere is subsequentlydissipated by internal fri
tion, and transferred to the o
eans sin
e surfa
ewinds and thermohaline pro
esses drive the 
urrents of the o
eans.2.2 ECBiltECBilt was developed by Opsteegh (1998) at KNMI, De Bilt, The Nether-lands as an alternative to the more 
omplex GCMs developed in the late1990s, using a dynami
al 
ore originally built by Molteni (1993). The goalwas to be able to des
ribe the relevant dynami
 and thermodynami
 feedba
kpro
esses, but sa
ri�
ing resolution in return for faster 
omputation time.In the original paper, model runs of 6 kyr were presented, and de
adal-longruns are easily 
arried out on standard desktop 
omputers nowadays. Thefollowing se
tion is based on the work done by Haarsma et al. (1998).The horizontal resolution of ECBilt is 5.625 × 5.625 degrees, and themodel is spe
tral with horizontal trun
ation with wavenumber 21 both zon-ally and meridionally. The governing equations are dis
retized on ea
h ver-ti
al level, solved in the spe
tral spa
e and then ba
ktransformed by FastFourier Transformation to the physi
al grid.Verti
ally the atmosphere is divided into 3 layers, at 800 hPa, 500 hPaand 200 hPa respe
tively. The 3 verti
al layers are numbered 5,3 and 1



2.2 ECBilt 8and the intermediate levels 650 hPa and 350 hPa are numbered 4 and 2respe
tively. Letting the top of the atmosphere be represented by the 0thlayer, in total 6 levels are present in the atmosphere, as well as the surfa
eof the earth, denoted by subs
ript s.2.2.1 Dynami
sA fundamental property of the equations of motion used in the model is thequasi-geostro�
 approximation, whereby an assumption of geostrophi
 equi-librium is used in 
ertain 
ontexts of the equations of motion. Parameteriza-tions for the negle
ted ageostrophi
 terms are in
orporated in the vorti
ityequation, in order to improve the simulation of the Hadley 
ir
ulation, e.g.the 
ir
ulation pattern in the tropi
s and subtropi
s, where air masses risenear equator and des
end in the subtropi
s. The �ow is poleward in 10-15km height and equatorward at the surfa
e.The model is governed by the following quasi-geostrophi
 equations ex-pressed in isobari
 
oordinate (i.e. pressure serves as the verti
al 
oordinate):
• The 
ontinuity equation:

D +
∂ω

∂p
= 0 (2.1)where D is the divergen
e of the horizontal wind, ω = dp

dt
is the verti
alvelo
ity and p is the pressure.

• The vorti
ity equation:
∂ζ

∂t
+ Vψ · ∇(ζ + f) + foD + kd∇

8ψ = −Fζ (2.2)where ζ = ∇2ψ is the verti
al 
omponent of the vorti
ity ve
tor, Vψ isthe rotational 
omponent, f is the Coriolis parameter (fo is f at 45◦Nand S) and ψ is the stream fun
tion. kd is a tunable 
oe�
ient for dif-fusion and Fζ in
ludes the ageostro�
 
orre
tion dis
ussed previously.
• The �rst law of thermodynami
s:Using the hydrostati
 equation

T = −
p

R

∂φ

∂p
(2.3)and the geostrophi
 relation

φ = foψ (2.4)



2.2 ECBilt 9where T is the temperature, R is the gas 
onstant and φ is the geopo-tential, it is possible to rewrite the �rst law of thermodynami
s inisobari
 
oordinates as
∂

∂t

(

∂ψ

∂p

)

+Vψ·∇

(

∂ψ

∂p

)

+
σ

fo
ω+kd∇

8

(

∂ψ

∂p

)

+kR

(

∂ψ

∂p

)

= −
RQ

fopcp
−FT(2.5)where σ is stati
 stability, kR is the Rayleigh damping 
oe�
ient, cp isthe spe
i�
 heat 
apa
ity, Q is the diabati
 heating and FT is adve
tionof temperature by the ageostrophi
 wind.Elimination of ω and D from the equations 2.1, 2.2 and 2.5 leads to oneequation for the quasi-geostro�
 potential vorti
ity q:

∂q

∂t
+Vψ·∇q+kd∇

8(q−f)+kR
∂

∂p

(

f2
o

σ

∂ψ

∂p

)

= −
foR

cp

∂

∂p

(

Q

σp

)

−Fζ−
∂

∂p

(

foFT
σ

)(2.6)with q de�ned by
q = ψ + f + f2

o

∂

∂p

(

1

σ

∂ψ

∂p

) (2.7)The two last terms in equation 2.6 result in the ageostro�
 for
ing, thatimproves the Hadley 
ir
ulation by 
hanging the strength and position ofthe jet stream and eddy a
tivity. In ea
h time step, values for Fζ and FTfrom the previous are used, when solving equation 2.6.Essentially, equation 2.6 governs the dynami
al behavior of the atmo-sphere. The boundary 
ondition for ω at the top of the atmosphere is givenas ω = 0, whereas for the surfa
e of the earth it is given by
ωs = −ρsg(

Cd
fo
ζs − VψS · ∇h) (2.8)where subs
ript s indi
ates surfa
e values. From here, equation 2.6 
an beapplied for ea
h of the three horizontal layers. The temperature balan
e2.5 is applied at the two intermediate layers 650 hPa and 350 hPa. Theequations for ea
h layer will then in
lude terms that depend on 
al
ulationsfrom the layer dire
tly below and above, linking the layers together. Thedis
retized equations 
an be found in Haarsma et al. (1998).2.2.2 Planetary boundary layerDue to the 
oarse verti
al resolution of ECBilt, the planetary boundary layeris not expli
itly resolved, and it is ne
essary to make assumptions about thetemperature, moisture and wind pro�les in the boundary layer.Sin
e the temperature is 
al
ulated dire
tly for the 650 and 350 hPalayers a relationship for the verti
al temperature pro�le is 
al
ulated, usingan assumption of a linear temperature pro�le in the logarithm of pressure

T (p) = T4 + γ ln(p/p4) (2.9)



2.2 ECBilt 10where
γ =

T2 − T4

p2 − p4

(2.10)Numbers as subs
ripts represent the respe
tive layer. This pro�le stret
hesfrom the surfa
e of the earth to 200 hPa, passing through the 
omputed tem-peratures at 650 and 350 hPa. Above 200 hPa the temperature is assumed
onstant.Combining 2.9, 2.3 and the ideal gas law yields the following expressionfor the temperature just above the surfa
e
T∗ =

√

T 2

3
−

2γg

r
(zh − z3) (2.11)where zh is the topogra�
 height. It is this extrapolated temperature that isused as the temperature 2 m above the surfa
e.The relative humidity is assumed 
onstant from the surfa
e to 500 hPa,and the surfa
e wind is assumed to be 80 % of the wind at 800 hPa.2.2.3 Physi
sAs des
ribed in se
tion 2.1 diabati
 heating generates momentum in the at-mosphere, and is 
aused by radiative heating and latent and sensible heatex
hange with the surfa
e. The shortwave solar radiation is only re�e
tedat the top of the atmosphere and at the surfa
e, and is reemitted dire
tlyinto spa
e, negle
ting multiple s
attering. Absorption of shortwave radia-tion in the atmosphere (and at the surfa
e) is 
al
ulated as a fra
tion ofthe in
oming radiation, depending on re�e
tion and absorption 
oe�
ients,being fun
tions of latitude, time of year and surfa
e type1. The longwaveradiation s
heme is 
ontrolled by the verti
al temperature pro�le 
al
ulatedin equation 2.9, the 
loud 
over and some empiri
al 
onstant. The longwaveradiation emitted from the surfa
e is given by the Stefan-Boltzmann law σT 4where σ is the Stefan-Boltzmann 
onstant.The atmosphere is assumed 
ompletely dry above 500 hPa, and the mois-ture budget below is 
ontrolled by the verti
al moisture transport, pre
ipi-tation P and evaporation E. The equation reads:

∂qa
∂t

= −∇3 · (Vaqa) + E − P (2.12)where qa is the water 
ontent in the moist layer of the atmosphere and Vais the transport velo
ity. Sin
e a grid 
ell is never 
ompletely saturated a
riterion for rainfall (or snow if T < 0◦C) is set up as qa > 0.8qmax where1Re�e
tion 
oe�
ients are essentially the re�e
tion at the top of the atmosphere andthe surfa
e albedo.
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qmax is the verti
ally integrated saturation spe
i�
 humidity below 500 hPa.The amount of pre
ipitation is now given by

∆qa =
qa − 0.8qmax

1 +C
(2.13)where C is a 
orre
tion for the heating of the atmosphere by 
ondensationof water vapor. The rate of pre
ipitation from a given grid 
ell, P is givenby

P =
∆qa
∆t

(2.14)where ∆t is one time step.Evaporation over land and sea, sensible and latent heat �uxes from thesurfa
e to the atmosphere and a 
onve
tive adjustment are parametrizedby properties of the surfa
e (land, sea or sea-i
e regions) and near surfa
eatmosphere. Di�erent 
riteria for temperature 
ontrol soil moisture and snow
over.This relatively simple hydrologi
al 
y
le has made it ne
essary to in
ludea �ux-
orre
tion, whi
h is des
ribed in se
tion 2.4.The forward integration in time is done using a forth order Runge-Kuttamethod to solve the quasi-geostro�
 potential vorti
ity equation 2.6, and thetime step for the atmosphere is 4 hours.2.3 CLIOThe Coupled Large-s
ale I
e O
ean model CLIO results from the 
oupling ofa global, free surfa
e OGCM to a thermodynami
al-dynami
al sea-i
e model.The model has been improved from the �rst version originally presented byGoosse and Fi
hefet (1999), and in this study CLIO v. 3.0 is used (hereafterreferred to as CLIO). The governing equations were �rst published in theCLIO S
ienti�
 Report by Goosse et al. (2000a).The o
ean part of CLIO in
ludes a relatively sophisti
ated parametriza-tion of verti
al mixing, and is governed by the primitive equations des
ribedin details below. The three-level sea-i
e 
omponent simulates the growthand de
ay of sea-i
e by 
hanges in snow and i
e thi
kness, in response toheat �uxes from the o
ean and atmosphere.The grid 
ell stru
ture of CLIO is 
omposed of two spheri
al 
oordinatesystems inter
onne
ted at the geographi
al equator, the southern-most basedon 
lassi
al latitude-longitude 
oordinates, and the northern subgrid has itspoles lo
ated at the equator. This is done to avoid a singularity at the NorthPole2. The rotated subgrid only 
overs the NA, Ar
ti
 and Mediterranean2A singularity at the South Pole does not 
ause problems sin
e the Antar
ti
 
ontinent
overs this area.



2.3 CLIO 12Sea, and the 
onne
tion is done in the equatorial Atlanti
 where the meridi-ans in one grid 
orresponds with the parallels in the other. The grid size forboth grids is 3 × 3 degrees, and the two grids 
an be seen in �gure 2.2.

Figure 2.2: Horizontal grid of CLIO. Classi
al latitude-longitude grid isshown in blue and rotated grid in green. From Goosse (2000a).Verti
ally the model is 
omposed of 20 layers, where ea
h layer is �xedin depth. The resolution is �nest near the surfa
e of the o
ean, where stronggradients, verti
al mixing and turbulen
e have a relatively larger in�uen
eon o
ean properties than deeper down. The top layer is 10 m 
ompared to750 m in the deepest part of the o
ean. The depth of the o
ean is determinedby the number of a
tive layers in ea
h grid 
ell, whi
h has been 
hosen by
omparison with real o
ean depth, and the depth is therefore represented assteps rather than sloping bathymetry.2.3.1 Governing equationsThe Navier-Stokes equations governs the o
eani
 �ow in the model, hererewritten in a rotating frame of referen
e, using the following approxima-tions:
• hydrostati
 equilibrium is assumed everywhere in the o
ean
• the Boussinesq approximation, stating that density di�eren
es are neg-ligible 
ompared to the mean density of the o
ean, ex
ept when theyappear in a term multiplied by the gravitational for
e
• the o
ean depth is negligible 
ompared to the radius of the Earth



2.3 CLIO 13
• horizontal length s
ales dominates the verti
al s
alesWith these assumptions, the governing equations are
• The 
ontinuity equation:

∇ · u +
∂w

∂z
= 0 (2.15)

• The equation of state
ρ = ρ(θ, S, z) (2.16)

• The horizontal and verti
al momentum equations:
∂u

∂t
+ u · ∇u + w

∂u

∂z
+ fez × u = −

1

ρo
∇p+ Fdu (2.17)

∂p

∂z
= −ρg (2.18)

• The equations for the time evolution of potential temperature andsalinity:
∂θ

∂t
+ u · ∇θ + w

∂θ

∂z
= Fdθ + Fvθ (2.19)

∂S

∂t
+ u · ∇S + w

∂S

∂z
= FdS (2.20)In this 
oordinate system x is towards east, y towards north and z upwards.The parameters are as follows: u and w denotes horizontal velo
ity in the

x- and y-dire
tions and verti
al velo
ity in the z-dire
tion respe
tively, ρ isdensity, θ is potential temperature, S is salinity, t is time, p is lo
al pressure,
g is the gravitational 
onstant and the Coriolis parameter is f = 2Ω sin φwhere ω is the Earth's rotational frequen
y and φ is latitude.

Fdu is a 
orre
tion term for the small s
ale vis
osity pro
esses otherwisenot in
luded in the model. The s
alar terms Fvθ and FdS a

ounts for sub-grid pro
esses like isopy
nal mixing and eddy indu
ed adve
tion in ea
h grid
ell.2.3.2 Important parameterizations used in CLIOThe verti
al mixing in the o
ean is parametrized following the work done byMellor and Yamada (1982), but introdu
ing a ba
kground di�usivity regionbelow the surfa
e mixed layer and 
onve
tive adjustment s
heme. The formermakes the model perform realisti
 for regions of low turbulen
e e.g. thedeep o
ean, and the latter makes it possible to represent areas of strong
onve
tion.The formation of Antar
ti
 Bottom Water (AABW), the out�ow of salineMediterranean Sea water and several other important pro
esses in the o
eans



2.3 CLIO 14rely strongly on the pro
ess of down sloping 
urrents 
aused by di�eren
esin density. As des
ribed earlier in this se
tion the bottom of the o
eanis everywhere �at, with step-wise 
hanges in depth from grid 
ell to grid
ell. Down sloping �ow is therefore parametrized in a simple way; if densewater spills over a 
ontinental shelf, it is moved down to the neighboring (inhorizontal dire
tion) grid 
ell with equal density. The water is assumed to�ow along the verti
al wall until it rea
hes a layer with equal density. If itis denser than the entire water 
olumn it is moved to the bottom layer.When de
adal-long simulations are needed, it is ne
essary to have timesteps in the order of hours when solving the equations 2.15 through 2.20,whi
h 
ombined with the 
oarse verti
al resolution of the model makes itimpossible to represent fast surfa
e gravity waves.The time step used when integrating the equations for s
alars 2.19 and2.20 is 24 hours, whi
h ensures stability of the system while keeping the
omputation power needed to a minimum. Ex
hange between grid 
ells areperformed by �uxes, ensuring that the di�erent 
onservation laws are ful-�lled, and most variables are lo
ated in the 
enter of ea
h grid box, followingthe theory of Messinger and Arakawa (1976).2.3.3 Sea-i
e modelThe sea-i
e 
omponent of CLIO is rather 
omplex in
luding parameteriza-tions of thermodynami
 growth and de
ay and dynami
s and transport ofthe i
e. This se
tion will brie�y dis
uss the most important pro
esses, butfor a full des
ription the reader is referred to Goosse (2000a).The growth and de
ay of sea-i
e is basi
ally a fun
tion of i
e thi
kness and
on
entration in ea
h grid 
ell, meaning that the less i
e the faster growthor de
ay. Verti
ally the growth and de
ay of the i
e is determined by ther-modynami
 pro
esses, in
luding heat �ux from the o
ean and atmosphereto the i
e. Horizontal 
ondu
tion of heat is negle
ted due to the 
oarse hor-izontal resolution, and the one-dimensional heat-di�usion equation used to
al
ulate the evolution of temperature within the i
e reads
ρcp

∂T

∂t
= G(h)k

∂2T

∂z2
(2.21)where h is the i
e thi
kness, k is the thermal 
ondu
tivity and G(h) is a 
or-re
tion fa
tor for subgrid e�e
ts. Equation 2.21 is solved numeri
ally usingan impli
it method and a time step of 24 hours. The surfa
e temperatureof the sea-i
e is 
ontrolled by an equation of heat balan
e for the top layer(i
e or snow), and at the bottom of the i
e slab, and imbalan
es in the heatbudget is 
orre
ted for by a

retion or ablation of i
e.Imbalan
es between the heat �ux within the i
e Fi and from the o
ean

Fo 
ause 
hanges in i
e thi
kness 
al
ulated by the equation
∂h

∂t
=
Fi − Fo
Li

(2.22)



2.3 CLIO 15where Li is the heat of fusion of i
e.The horizontal extent of sea-i
e is determined by the per
entage of thei
e-
overed area in ea
h grid 
ell, 1 − A where A is the per
entage of openo
ean in ea
h grid-
ell, 
alled the lead fra
tion. Even very small areas ofopen water in a grid 
ell 
an a

ount for important �uxes between the o
eanand atmosphere. The lateral growth of i
e is parametrized by
(

∂A

∂t

)

growth

= −φ(A)
(1 −A)

ho
C (2.23)where φ(A) is a de
reasing fun
tion and φ(1) = 0 and φ(0) = 1. ho is the i
ethi
kness of the i
e 
reated and the 
onstant C is 
al
ulated from the heatbudget of the o
ean surfa
e water, su
h that i
e is 
reated when C < 0, andthe thi
kness of the new i
e is h0/φ(A). When new i
e is formed, the i
ethi
kness is averaged with that of pre-existing i
e.A positive heat budget leads to verti
al melting of i
e, and the thinningof i
e eventually 
auses a redu
tion in the amount of i
e extent3. The de
ayis parametrized by

(

∂A

∂t

)

decay

= −
A

2h
Γ

(

−
∂h

∂t

) (2.24)where Γ is the unit step fun
tion. If the i
e is thinning Γ(−∂h
∂t

) > 0 and hen
e
(∂A
∂t

)decay < 0 meaning that when a positive heat budget leads to thinningof i
e, lateral de
ay will also o

ur.An equation for 
onservation of momentum for the 2-D 
ontinuum ofsea-i
e des
ribes the i
e dynami
s
m
∂u

∂t
= τa + τw −mfez × u−mg∇η + F (2.25)

m being the mass of snow and i
e per unit area, τa and τw are the for
es perunit area from the air and water respe
tively, η is the sea-surfa
e elevationand F is the internal for
e per unit area.If ϑ represents any physi
al variable that is transported in the sea-i
e
omponent, the equation des
ribing horizontal transport used in the modelreads
∂ϑ

∂t
= −∇ · (uϑ) +D∇

2ϑ+ Sϑ (2.26)where D is the horizontal di�usivity and Sϑ is a parametrization of the rateof 
hange of ϑ due to thermodynami
 e�e
ts. The two �rst terms on theright-hand side of 2.26 represents adve
tion and di�usion of the physi
alvariable.The sea-i
e 
omponent, governed by the equations 2.21 through 2.26, is
oupled to CLIO by ex
hange of momentum, heat and mass at the i
e-bottomsea-surfa
e interfa
e, and the time step for the whole sea-i
e 
omponent isthe same as for the o
ean part, i.e. 24 hours.3Compared to the verti
al thinning, lateral de
ay of i
e is negligible.



2.4 Coupling of ECBilt and CLIO 162.4 Coupling of ECBilt and CLIOECBilt has a fra
tion of ea
h grid-
ell 
overed by land surfa
e, open o
eanor sea-i
e. When 
oupling the two models, these fra
tions are used to mat
hthe area o

upied by the three types of surfa
es in the two models, in spiteof the di�erent grid-
ell stru
ture.Opsteegh et al. (1998) found, that the model overestimated pre
ipitationrates over the Atlanti
 and Ar
ti
 O
eans and a �ux-
orre
tion was builtinto the model. A redu
tion in pre
ipitation of 10 and 50% respe
tively overthese o
eans was redistributed over the North Pa
i�
 O
ean leading to morea realisti
 distribution.Sin
e the atmospheri
 and o
ean time step is 4 and 24 hours respe
tively,the atmospheri
 model has 6 time steps for ea
h o
ean time step. Duringthese 6 time steps the o
ean surfa
e is �xed, and �uxes of heat, moistureand momentum are integrated, and used in the next o
ean time step.2.5 Area and pre
ipitation weightsThe output from ECBilt-CLIO is given on the horizontal grid des
ribed inse
tion 2.2 and 2.3 respe
tively. In order to 
al
ulate average values overthe sphere of the Earth, an area weighted 
al
ulation has to be 
arried out,sin
e the area of ea
h grid 
ells di�ers from one another.The area of a given grid 
ell 
an be 
al
ulated as
Ai = a2 cosφidφidλ (2.27)where i de�nes the i'th grid 
ell, A is the area, a is Earth's radius and dφand dλ is the di�eren
e in latitude and longitude respe
tively. If ϑA is anyphysi
al variable averaged over the sphere of the Earth, it is 
al
ulated as

ϑA =

∑

i ϑiAi
∑

iAi
=

∑

i ϑi cosφidφi
∑

i cosφidφi
(2.28)where the summations are for all grid 
ells. Sin
e a2 and dλ are 
onstantsfor all grid 
ells, ϑA does not depend on them.As des
ribed in Chapter 1, the pre
ipitation weighted temperature forGreenland during the Holo
ene, TPW is 
ompared to the regular tempera-ture. The weight is simply 
al
ulated by the equation

TPW =

∑

j TA,jPA,j
∑

j TA,j
(2.29)where T is the temperature, P is pre
ipitation and subs
ript A refers tothe area weighted 
al
ulation of temperature and pre
ipitation respe
tivelygiven by equation 2.28. The summations over j de�nes the time interval overwhi
h the weight is 
al
ulated.



2.6 Climate of ECBilt-CLIO 172.6 Climate of ECBilt-CLIOOpsteegh et al. (1998) evaluated the 
limate of ECBilt by 
omparing resultsfrom a 500 year experiment with pres
ribed sea surfa
e temperature (SST,taken from the COARDS dataset) to NCEP-NCAR reanalysis data. Thezonally averaged wind and verti
al velo
ity for winter and summer agreedwell with observations, whereas the simulation of the stationary planetarywaves were too weak. The 
oupling of ECBilt and CLIO demands that thesurfa
e �uxes are realisti
, and zonal mean evaporation minus pre
ipitationplots showed good agreement with the NCEP-NCAR dataset, as did thedistribution of winter mean pre
ipitation and surfa
e heat �ux. The modelunderestimated the strength of the variability over the NA, and hen
e theNH storm tra
ks, but in general, they found reasonably realisti
 propertiesof the mean state and variability.The global o
ean 
ir
ulation of CLIO has been analyzed by Goosse andFi
hefet (1999), where they used 
limatologi
al monthly wind stress, surfa
eair temperature, pre
ipitation and freshwater �uxes, and the humidity of airto for
e the model. They integrated the model for 1,000 years, and presentedresults made from averages of the last 10 years of integration. The resultsdis
ussed here are limited to the NH.The Mar
h and September sea-i
e extent and thi
kness was found to besimulated reasonably well when 
ompared to observations, and deep 
onve
-tion o

urred in the Labrador, Greenland, I
eland and Norwegian Seas alsoin agreement with observations, although the formation of North Atlanti
Deep Water (NADW) does not penetrate all the way to the bottom of theo
ean north of 40◦N as observed (AABW o

upies the entire Atlanti
 o
ean).It should also be noted, that the response in global surfa
e temperatureto a doubling of CO2 is about 1.75 K. This 
limate sensitivity is in the lowerend, when 
ompared to GCMs and other EMICs (Petoukhov, 2005), and itis most likely a 
onsequen
e of the s
hemati
 representation of the tropi
alatmosphere, given by the ageostro�
 
orre
tion terms in equation 2.6.As des
ribed in Chapter 3, ECBilt-CLIO has been spun up for 1,500years before any experiments have been performed. During the spin-up, themodel was for
ed with present-day orbital for
ing and pre-industrial GHG
on
entrations, and after 700-800 years it rea
hed a statisti
al equilibrium.



2.6 Climate of ECBilt-CLIO 18Figure 2.3, 2.4, and 2.5 have been produ
ed, taking the average of thelast 500 years from the spin-up experiment (see �gure 3.1), and the �eldspresented in �gure 2.6 are produ
ed taking the average of a 20 year experi-ment4. These �elds are shown to give a general impression of the mean �eldsprodu
ed by ECBilt-CLIO.

Figure 2.3: Annual mean temperature at 2 m height (left) and pre
ipitation(right).The topography and latitude dependen
e of the 2 m temperature is
learly visible, but east-west gradients are too weak in the tropi
s, withtoo high temperatures in the east Pa
i�
 as a 
onsequen
e (Renssen, 2002).Xie and Arkin (1997) have used gauge and satellite observations andNCEP�NCAR reanalysis to 
reate a dataset 
ontaining global pre
ipitationdistributions 
alled CMAP. The distribution in �gure 2.3, right shows thatareas of high pre
ipitation are lo
ated in the tropi
s a
ross the great o
eans,with maxima over south-east Asia and east Afri
a. The model 
learly over-estimates the pre
ipitation rates in the latter, but in general the distributionis in good agreement with the CMAP dataset. In the extra-tropi
s the pre-
ipitation is 
on
entrated at the western boundaries of the o
eans, and overland it is primarily a fun
tion of topography and latitude.In the left panel in �gure 2.4 a 
lear di�eren
e in surfa
e salinity betweenthe Atlanti
 and Pa
i�
 O
eans is seen, espe
ially near the subtropi
al gyres.The salty out�ow from the Mediterranean Sea, rather fresh Ar
ti
 Sea nearthe Bering Strait, and salty surfa
e water o� the 
oast of Chile (
aused bylow pre
ipitation rates) are other signi�
ant features of the surfa
e salinity.4A
tually, the salinity and temperature �elds of the o
ean are produ
ed from thenewest version of ECBilt-CLIO 
alled LOVECLIM. This model uses the same atmosphereand o
ean/sea-i
e 
omponents as ECBilt-CLIO, but in
ludes 
oupled vegetation, 
arbon
y
le and i
e-sheet 
omponents. The latter three 
omponents were dea
tivated, whenexperiments with LOVECLIM were performed. LOVECLIM was used, sin
e it was notpossible to output the o
ean �elds from the ECBilt-CLIO version used in the thesis.
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 O
ean.The 
ir
ulation in the NA given by the meridional overturning 
ir
ulation(MOC), �gure 2.4 right, shows NADW in�ow with a maximum rate of 26Sv, and 12 Sv being transported to 30◦S. The AABW rea
hes 6 Sv in thedeep Atlanti
 o
ean, and is only present below 3,000 m depth. These resultsare in good agreement with the �ndings of Renssen et al. (2002).
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Figure 2.5: Maximum and minimum sea-i
e extent at the poles plotted as 20
m sea-i
e thi
kness 
ontour levels.The maximum and minimum sea-i
e extent generated by the model isplotted in �gure 2.5, and for both hemispheres it is in fairly good agreementwith observations. Maximum (minimum) sea-i
e extent is found in Mar
h(September).In �gure 2.6 the thermo
line 
an be seen in the top left panel, and thesubtropi
al gyres in
rease the depth of the thermo
line at 30◦ latitude, andthe formation of AABW is seen at high southern latitudes. Along 30◦N (topright panel) the temperature distribution at depth is rather stable, with
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Figure 2.6: Latitude-depth (at 23◦W, left) and longitude-depth at (30◦N,right) distribution of the annual mean temperature (top) and salinity (bottom)in the Atlanti
 O
ean.slightly warmer surfa
e temperatures at the western boundary. The depthof the thermo
line is 700-800 m a
ross the basin.The salinity se
tion along 23◦W (lower left panel) in the NA shows salinewater masses in the subtropi
al gyres, and the very saline out�ow fromthe Mediterranean Sea. The in�ow of rather saline NADW and the fresherAABW 
an be seen in the deep o
ean. The salty subtropi
al gyres and out-�ow from the Mediterranean Sea are 
learly visible near the surfa
e along30◦N (lower right panel). The western boundary 
urrent freshens the surfa
ewater by bringing equatorial water masses northward.2.7 The present studyIn the experiments performed in this thesis, fo
us will be on the high north-ern latitude atmosphere response to orbital for
ing, primarily Greenland(Chapter 4) and the response of o
ean 
ir
ulation and surfa
e temperaturein the NA to freshwater dis
harges in the NA (Chapter 5). In this 
ontext,



2.7 The present study 21ECBilt-CLIO has been 
hosen to perform the experiments for several reasonsalready des
ribed. To summarize,
• ECBilt-CLIO is a 
oupled atmosphere o
ean 
limate model that is ableto reprodu
e the global 
limate
• ECBilt-CLIO is parti
ularly good at reprodu
ing the 
limate of highnorthern latitudes
• CLIO in
ludes a realisti
 sea-i
e 
omponent, that a

ounts for manyimportant feedba
k pro
esses
• The low 
omputational 
ost makes it possible to perform millennial-long experimentsThese qualities of ECBilt-CLIO has made it a natural 
hoi
e for many modelstudies for past and future 
limate resear
h. The reader is referred to theKNMI homepage5 for a full list of papers on ECBilt-CLIO.

5http://www.knmi.nl/onderzk/CKO/e
bilt-papers.html



Chapter 3Spin-upBefore running model simulations with given for
ings, the model has to bespun up. The spin-up time is the time taken for the model to rea
h astate of statisti
al equilibrium under the applied for
ing, and when mod-eling Holo
ene 
limate the typi
al for
ing used to spin up the model ispre-industrial 
onditions. When applying di�erent for
ings during ea
h ex-periment, the atmosphere and o
ean must then again adapt, meaning thatthe results should be analyzed after a new statisti
al equilibrium has beenrea
hed, with the new model 
on�guration.As it is seen below, the spin-up time for the atmosphere part (ECBilt) ismu
h shorter than for the o
ean (CLIO), due to the di�erent time s
ales foratmosphere and o
ean 
ir
ulation. Limited 
omputation power and a largenumber of di�erent for
ing experiments, in�uen
es the possibilities in usingdi�erent spin-up states for ea
h individual experiment.3.1 Atmosphere spin-upTo look at the spin-up time for the atmosphere, the model was run withpres
ribed SST and sea-i
e 
limatology instead of the usual CLIO model. Itwas found, that the annual variability in surfa
e temperature (and all theother physi
al �elds of the atmosphere), was mu
h larger than any initialspin-up, meaning that the spin-up time of the atmosphere is in the orderof days to weeks. The horizontal and verti
al mixing pro
esses makes itimpossible to identify any spin-up of atmospheri
 �elds.3.2 O
ean spin-upThe spin-up state from whi
h most of the experiments are run uses presentday orbital for
ing and pre-industrial GHG levels as input to ECBilt-CLIO.In �gure 3.1 the global mean surfa
e temperature and maximum MOC in the
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ean spin-up 23NA is shown for both the raw and smoothed data for a spin-up experimentrunning 1,500 years.
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Figure 3.1: Global mean surfa
e temperature (left) and maximum MOC(right) using present day orbital for
ing and pre-industrial GHG levels. Bla
k
urve is the raw output and red 
urve is smoothed using 50 years of runningmean.After an in
rease from 15.6 to 16.7◦C within the �rst 30 years followsa relaxation of the temperature towards a 
onstant mean temperature of15.7◦C after 700-800 years. Variations at 700 and 1,200 years indi
ate, thatthe variability in surfa
e temperature is around 0.3 K.Most �elds have the same features as the global mean surfa
e tempera-ture. As another example, the maximum MOC in
reases during the �rst 100years from 28 to 32 Sv, and relaxes toward 30 Sv. Ex
ursions are found atthe same time-intervals as for the temperature.After 1,500 years of spin-up, this state is used as a starting-point for thedi�erent for
ing experiments, des
ribed in Chapter 4 and 5.3.2.1 Overturning times
alesThe world o
ean 
an roughly be divided into two regions: a) the upper mixedlayer, primarily driven by the wind-stress, large-s
ale distribution of heat,and fresh water �uxes at the surfa
e of the o
ean (typi
ally the top 50-300meters, depending on latitude, temperature et
.) and b) the deep o
ean 
har-a
terized by the everywhere very 
old temperatures (0-4 ◦C) and the densitydriven so-
alled thermohaline 
ir
ulation. For the former, equilibrium statesare rea
hed in a few de
ades, whereas it 
an take several hundred years forthe deep o
ean (Pedlosky, 1996). Sin
e the deep o
ean 
ommuni
ates withthe atmosphere through the mixed layer, the spin-up time for the 
limate ofa GCM (or, in this 
ase, an EMIC) depends strongly on the times
ales ofthe THC.Using observations of radioa
tive tra
ers in the mixed surfa
e layer anddeep o
ean, the overturning times
ales 
an be estimated from simple boxmodels, leading to estimates around 1,000 years (Sha�er and Sarmiento,



3.2 O
ean spin-up 241995), and similar results ranging from 500 to 1,300 years have been foundusing OGCMs1. Thus, the spin-up time for ECBilt-CLIO of 700-800 years isin good agreement with the general 
on
eption of the overturning times
aleof the world o
ean.

1These estimates are based on MOC values simulated by various EMICs and AOGCMs(Gregory et al., 2005).



Chapter 4Orbital for
ingThe study of various isotopes in i
e 
ores from the Greenland i
e sheet hasrevealed detailed 
limati
 re
ords rea
hing more than 100 kyr ba
k in time.Espe
ially the measurement of SWI su
h as δO18 and δD1 has been a

eptedas 
limati
 proxies for many years (e.g. Dansgaard and Johnsen, 1969 andNGRIP members, 2004). These re
ords have shown to be an enormous sour
eof information, helping to understand the natural 
limate variability duringlast gla
ial and the Holo
ene period. The ability to 
orre
tly interpret the δsignals in the 
ores is of great importan
e, and in this 
hapter fo
us will beon the possible impa
t 
hanges in seasonality of pre
ipitation 
an have oni
e 
ore interpretations.The in�uen
e of 
hanges in orbital parameters on the meridional tem-perature gradients (Liu et al., 2003) and on the seasonal 
hanges of o
eani
and atmospheri
 
ir
ulation (Masson-Delmotte et al., 1999 and Bra
onnotet al., 2000) during the Holo
ene is widely a

epted. These 
hanges in 
ir-
ulation patterns 
an a�e
t the seasonality of pre
ipitation in Greenland, asshown by e.g. Krinner and Werner (2003) and Langen and Vinter (2008).The δ signal in i
e 
ores are pre
ipitation weighted, meaning that a signalis only re
orded when it snows, and a 
hange in seasonality of pre
ipitationwill thus 
ause a bias in the signal. If, for instan
e, the amount of summerpre
ipitation drops, this will appear as a 
ooling in the signal, even if thetemperature is 
onstant.After a short introdu
tion to the 
on
ept of 
hanges in the 
limate of theEarth due to orbital for
ings, the experiments performed with ECBilt-CLIOare des
ribed. Results are presented followed by an analysis of the e�e
tsthis 
ould have on the interpretation of i
e 
ores from Greenland.1The δ notation refers to the ratio of the SWI in a sample 
ompared to that of StandardMean O
ean Water.



4.1 Milankovit
h 
y
les 264.1 Milankovit
h 
y
lesThe 
on
ept of orbital for
ing was �rst des
ribed in the 19th 
entury, wheres
ientists promoted the idea that 
hanges in orbital parameters 
ould 
hangethe 
limate of the Earth (Paillard, 2001). In the 1920s Serbian astrophysi
istMilutin Milankovit
h argued, that the main reason for transitions betweengla
ials and intergla
ials should be found from the amount of in
oming solarradiation rea
hing the Earth's atmosphere, and that the summer season was
riti
al. Now known as the Milankovit
h Theory (Hays et al., 1977), it statesthat variations in Earth's e

entri
ity, axial tilt and pre
ession 
hanges theamount and distribution of in
oming solar radiation, ultimately a�e
ting the
limate of the Earth.

Figure 4.1: Earth's orbit around the sun with s
hemati
 representation ofe

entri
ity E, axial tilt T and pre
ession P. From IPCC (2007).E

entri
ity is a measure of the shape of the Earth's orbit around thesun, whi
h varies from being nearly 
ir
ular to mildly ellipti
al, with dif-ferent 
omponents ea
h with individual periods adding up to two 
y
les ofapproximately 100 and 400 kyr. Currently the Earth's e

entri
ity is low,and the distan
e to the sun 
hanges little from perihelion (time of year whenthe Earth is 
losest to the sun) to aphelion (time of year when the Earthis farthest from the sun), leading to a 6.8% di�eren
e in insolation duringsummer in the two hemispheres. At present perihelion o

urs on January 3,and aphelion at July 4, resulting in mild NH seasons and more extreme SHseasons. Throughout the Holo
ene, e

entri
ity has been de
reasing withless seasonal variations as a result. E

entri
ity is the only orbital param-eter, that 
hanges the total amount of annual mean solar radiation, whi
h
an be seen from �gure 4.2 left, 
omparing the upper and lower panel.The axial tilt of the Earth with respe
t to its plane of orbit around thesun, 
alled obliquity, varies between 21.5 to 24.5◦ with a period of 41 kyr.Today obliquity is 23.5◦ and has been de
reasing the last 10 kyr as seenin �gure 4.2. If obliquity is small, the insolation is more evenly distributed
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Figure 4.2: Variations in orbital parameters and annual mean insolation(left) and seasonal mean insolation (right) during the Holo
ene.between summer and winter, making the seasonal variations less pronoun
ed.However, less tilt in
reases the di�eren
e in insolation between the polar andequatorial regions, in
reasing the meridional gradient of the annual meansolar for
ing. The 41 kyr period 
an be seen in �gure 4.3, right panel. Takinga 
loser look at the top left 
orner, it 
an be seen that the high latitudes havere
eived relatively more insolation during the Holo
ene, and in the future ashift towards a negative deviation from present-day values will o

ur.When the Earth rotates around the sun with its axis tilted, it 
hangesthe dire
tion of the axis in a wobbling motion with a period of 23 kyr. Thispre
essional motion is partly 
aused by the tidal for
es exerted by the sunand the moon, and partly by the pre
ession of the orbital ellipse in spa
e.When winter and summer solsti
e 
oin
ide with perihelion and aphelion re-spe
tively, the NH will experien
e greater seasonal variations sin
e summero

ur when the Earth is 
losest to the sun. As seen in �gure 4.2 left panel,the pre
ession was at a minimum at the onset of Holo
ene, whi
h impliesstrong seasonal variations. This e�e
t has been de
reasing throughout theHolo
ene, where the summer insolation has dropped ∼ 40 W/m2 for both 20and 80◦N whereas the winter insolation has in
reased ∼ 30 W/m2 as seen inthe right panel.At high latitudes the annual mean insolation is in phase with obliquity,whereas at low latitudes it is out of phase. The phase shift 
an be identi�edat 43◦ longitude on both hemispheres in �gure 4.3, right panel. This phaseshift leads to variations in the meridional gradient, and in the left panel theannual mean insolation anomaly 
al
ulated for 80◦, 50◦ and 20◦N shows a
∼ 5 W/m2 and ∼ 0.5 W/m2 drop and a ∼ 0.9 W/m2 rise in annual meaninsolation respe
tively, sin
e the onset of the Holo
ene. The e�e
t of thisin
reasing meridional gradient on the 
limate of the Earth will be dis
ussedin details later.
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Figure 4.3: Left: Annual mean insolation anomaly from todays values at 80◦,50◦ and 20◦N. The dotted line represents the onset of the Holo
ene. Right:Deviation from the present day annual mean insolation over the last 250 kyr.The dominating 41 kyr period and the phase reversal at 43◦ 
an be seen very
learly. Right panel is from Loutre et al. (2004).To sum up, the 
hanges in orbital parameters during the Holo
ene has
aused
• less seasonal variation (espe
ially in the NH)
• less global annual mean insolation
• an in
reased meridional gradient of the annual mean solar for
ingSin
e obliquity, pre
ession and the angle between vernal equinox and per-ihelion is 
oupled to ea
h other, knowledge about the former, the latter ande

entri
ity is enough to 
al
ulate the insolation everywhere on the Earth.This is used when 
al
ulating the insolation in ECBilt-CLIO.4.2 Introdu
ing orbital for
ing in ECBilt-CLIOECBilt-CLIO was originally designed to examine short-term variations inthe Earth's 
limate on the order of a few thousand years, and sin
e theorbital parameters have periods longer than 20 kyr, they were pres
ribedin the model. It was therefore ne
essary to in
orporate 
hanges in theseparameters into ECBilt-CLIO, in order to perform experiments with varyingorbital parameters.The 
ode used to 
al
ulate the e

entri
ity, obliquity and angle betweenvernal equinox and perihelion is taken from the fully-
oupled, global Com-munity Climate Model (CCM) version 3.02. The orbital parameters are2The 
ode was slightly altered to make it 
ompatible with ECBilt-CLIO. See Kiehl etal. (1996) for more details on CCM v. 3.0.
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al
ulated using the formulas des
ribed by Berger (1978). For every modelrun, these parameters 
hange the amount of in
oming solar radiation as de-s
ribed in se
tion 4.1, using the start year of the given run as input to thesubroutine 
al
ulating the three parameters, e

entri
ity, obliquity and anglebetween vernal equinox and perihelion.In the 
ode, the 
al
ulation of these parameters are written in a separatesubroutine, that is 
alled by the ECBilt 
omponent, when the run year is
hanged forward in time. An on-o� swit
h 
an be set in the namelist priorto any model run, indi
ating whether one would use the original values fororbital parameters pres
ribed by ECBilt or the CCM built-in subroutine.4.3 The experimental setupThe spin-up state des
ribed in Chapter 3 was used as a starting point forthe experiments during the Holo
ene. From here four di�erent snapshot runswere performed 12, 8, 4 and 0 kyr ago, where the in
orporated subroutine
al
ulating the orbital parameters for ea
h period for
ed the model, leadingto four di�erent 
limate states. In �gure 4.4 the global mean surfa
e tem-perature is plotted for the spin-up followed by the four for
ing experiments3.
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Figure 4.4: Global mean surfa
e temperature for the spin-up run followed bythe four snapshot runs during the Holo
ene. Data has been smoothed by 30years of running mean.From the spin-up state, the experiments are run an additional 1 kyr,letting the 
limate adapt to the 
onstant orbital for
ing. Within the �rst100 years surfa
e temperature responds to the 
hange in solar radiation,with highest temperatures in the early Holo
ene in good a

ordan
e withthe de
rease in annual mean insolation, seen in the lower panel of �gure 4.2.The results presented in the following se
tion 
ompares �elds of physi
alparameters for the four experiments, with temporal and spatial resolution3The endpoints has been left out of the �gure, sin
e the smoothing led to large �u
tu-ations.



4.4 Results 30given by ECBilt-CLIO. However the results presented are 
al
ulated averag-ing over the last 500 years of ea
h experiment, shown as solid 
olored 
urvesin �gure 4.4, smoothing out any natural de
adal variability that may o

ur.4.4 ResultsThe results in this se
tion primarily fo
us on temperature and pre
ipitation,leading to 
al
ulations of pre
ipitation weighted temperature in Greenlandfor the experiments. Other �elds of interest are presented in se
tion 4.4.3.4.4.1 Temperature and pre
ipitation
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Figure 4.5: Global and 60-90◦N mean surfa
e temperature during theHolo
ene.The global and 60-90◦N mean surfa
e temperature is 
al
ulated for ea
hexperiment and plotted in �gure 4.5 against time. The global tempera-ture de
reases 0.16 K whereas the entire north polar region responds mu
hstronger with a de
rease of 1.5 K during the Holo
ene. The linear de
rease inglobal mean temperature during the Holo
ene is a response to the de
reasingamount of total insolation seen in �gure 4.2 bottom panel.Sin
e the 80◦N summer insolation peaks 9 kyr ago and de
reases fastestbetween 6 to 2 kyr ago, this 
an explain the relatively larger 
hange in 60-90◦N mean temperatures in the mid Holo
ene.Langen (2005) has investigated the me
hanisms of polar ampli�
ationusing the CCM. For
ing the model with perturbations in surfa
e temperaturein the tropi
s, extra-tropi
s and over the entire Earth, a so-
alled ghostfor
ing, he found a typi
al polar ampli�
ation pattern as a response to thefor
ings applied. The polar ampli�
ation was found to be a superposition ofa global response to a tropi
al for
ing and a lo
al response to a high-latitude
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Figure 4.6: Left: Zonal mean temperature for the surfa
e and the four layersin the verti
al, plotted as the di�eren
e between 12 and 0 kyr ago. Right:Zonal mean surfa
e temperature averaged over ea
h season, again plotted asthe di�eren
e between 12 and 0 kyr ago.for
ing. Furthermore tropi
al SST perturbations led to warmer and moremoist 
onditions in the high-latitude troposphere. The explanation 
ould befound from the fa
t, that the poleward heat transport in
reases both with anin
reasing meridional temperature gradient as well as an in
rease in globalmean temperature.Where Langen used a simpli�ed setup without albedo feedba
k and sea-i
e, the ECBilt-CLIO results presented here all in
lude the dynami
 sea-i
e
omponent des
ribed in Chapter 2, as well as 
hanges in surfa
e albedo. Theorbital for
ing leads to somewhat similar polar ampli�
ation patterns seenin �gure 4.6. It is 
lear that the NH shows a mu
h larger ampli�
ation thanthe southern, 
aused by di�eren
es in land, o
ean and sea-i
e distributionand 
ir
ulation patterns.Another important feature is the de
reasing polar ampli�
ation withheight, seen in the left panel. The 350 hPa temperature shows a warmingtrend during the Holo
ene. Cai (2006) used a simple 4-box model to showthat 
hanges in the radiative for
ing, 
an lead to a positive polar ampli�-
ation on the surfa
e, whereas the atmosphere 
an exhibit a negative polarampli�
ation. This 
an explain the negative trend in the 350 hPa 
urve.In the right panel, the polar ampli�
ation is shown for ea
h season.Where the south polar region only shows polar ampli�
ation during bo-real summer and autumn, all four seasons show polar ampli�
ation at highnorthern latitudes. Winter and autumn temperatures de
rease up to 4 K,and 2 K during spring and summer.The negative values in winter, spring and autumn temperatures from30◦S to 50◦N might be the result of a 2-4% in
rease in the Atlanti
 heattransport from 12 kyr ago to today in this region (not shown).
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Figure 4.7: Present day surfa
e temperature (left) and surfa
e elevation(right) for Greenland.Using present day 
onditions, the spatial variations in temperature inGreenland is given in �gure 4.7 together with the topography. Obviously ameridional gradient a

ounts for large di�eren
es in temperature in Green-land, but it is also strongly in�uen
ed by the topography. The annual meantemperature of the southern tip of Greenland is very high; -9◦ 
omparedto -15◦ given by assimilated ERA40 data, whereas 
entral Greenland showsmore realisti
 temperatures around -20 to -35◦C (see se
tion 4.5.1). Ex
eptfor the northern most region of Greenland, it is 
lear that the 
oastal tem-peratures are dependent on the topography, with de
reasing temperaturesas a fun
tion of height.
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Figure 4.8: Surfa
e temperature 
hange during the Holo
ene, plotted as thedi�eren
e between 12 and 0 kyr ago temperatures. The singularities at theNorth Pole and along the 2.25◦W longitude are due to the grid 
ell stru
tureused in ECBilt-CLIO.The spatial di�eren
e in annual mean temperature in Greenland duringthe Holo
ene is plotted in �gure 4.8 as the di�eren
e between 12 and 0 kyrago temperatures. The in
reased polar response is 
learly visible in the left



4.4 Results 33panel, with the Barents Sea showing 
hanges up to 5 K, and in general landareas show smaller temperature 
hange than sea areas. In Greenland thetemperature 
hange de
reases with latitude from 2.5 K in the north to 0.5K in the south, and in the 
enter of the i
e 
ap the 
hange is around 1.5-2.0K.
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Figure 4.9: Sea-i
e extend in Mar
h (left) and September (right) for the fourexperiments. The 
ontour-lines are plotted for 20 
m sea-i
e thi
kness.The 
ooling of the Barents Sea 
an be explained partly by 
hanges in thesea-i
e extent. As seen in �gure 4.9 the sea-i
e extent has in
reased duringthe Holo
ene, and the advan
e of minimum sea-i
e extent is most notablein the right panel, 
omparing the blue and yellow 
urves. Grid 
ells thatare sea-i
e 
overed, 
an allow the surfa
e temperature to 
ool further thangrid 
ells with open o
ean, sin
e sea-i
e a
ts as an insulator from the o
eanSST as des
ribed in Chapter 2, thereby in
reasing the negative temperature
hange from 12 kyr ago to today.
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e temperature 
hangeduring the Holo
ene, plotted as the di�eren
e between the temperatures 12kyr ago and today.Figure 4.10 shows the seasonal temperature 
hange in Greenland, andmost notable is the 4 K de
rease in summer temperatures in 
entral and



4.4 Results 34northern Greenland, 
ompared to a 1.5 K de
rease in winter temperatures.Sin
e the winter insolation is 
onstant (zero) for high latitudes throughoutthe Holo
ene, the summer 
hange is expe
ted to be larger than the winter.The me
hanisms of polar ampli�
ation dis
ussed earlier (global response totropi
al for
ings), and the fa
t that the sea-i
e extent and o
ean tempera-tures are in�uen
ed by the de
reasing summer temperature, 
an explain thede
rease in winter temperature.
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Figure 4.11: Seasonal temperature (left) and snowfall (right) averaged overGreenland during the Holo
ene.For ea
h of the experiments performed during the Holo
ene, the 
hangesin the seasonal temperature and pre
ipitation signals in Greenland 
an beseen in �gure 4.11, and for ea
h season the �elds are 
al
ulated as the meanof the 
limatology of the three months in ea
h season. The spatial average is
al
ulated for all the land grid 
ells 
overing Greenland, given by the land-seamask in �gure 2.1.Where both the winter and spring temperature and snowfall 
hangeslittle during the Holo
ene, the in
reased summer response 
an be identi�edin both the left and right panel. In the autumn, the temperature 
hangeis slightly more pronoun
ed than in spring. The autumn snowfall 
hange isalmost as large as during summer.The summer temperature de
reases 
hronologi
ally 4 K, but shifts inthe autumn with higher temperature 8 kyr than 12 kyr ago. This 
an beexplained by 
hanges in orbital parameters dis
ussed in se
tion 4.1, and from�gure 4.2 it is seen that the 80◦N summer insolation peaks around 8.5 kyrago, whereas the global annual mean insolation de
reases throughout theHolo
ene, bottom panel in �gure 4.2.The seasonal 
y
le in snowfall shows relatively small amounts of winterand spring snowfall (∼ 40 
m/yr) 
ompared to summer and autumn (55-70
m/yr). The summer snowfall drops from 68 
m/yr 12 kyr ago to 57 
m/yr4 kyr ago, and in the autumn the snowfall peaks at 72 
m/yr 8 kyr ago to



4.4 Results 35present day values at 65 
m/yr4.12 kyr ago 8 kyr ago 4 kyr ago 0 kyr agoratio summer/total 0.318 0.293 0.273 0.286annual avr. [
m/yr℄ 53.6 52.7 51.0 50.8Table 4.1: Ratios of summer to total and annual averaged pre
ipitation inGreenland during the Holo
ene.Seasonal 
hanges in the snowfall 
an also be seen from the ratio of summerrelative to total snowfall shown in table 4.1. A de
rease during most of theHolo
ene, from 31.8% 12 kyr ago to 27.3% 4 kyr ago, results in relativelylarger summer weighting in the early Holo
ene, although the ratio in
reasesslightly over the last 4 kyr. The annual mean snowfall de
reases 2.8 
m/yras a result of the 
hanges in the orbital for
ing.
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Figure 4.12: Left: Present day annual mean snowfall in Greenland. Right:Changes in seasonal snowfall for north and south Greenland.Looking at the spatial distribution of snowfall in Greenland in �gure 4.12,it is 
lear, that south Greenland re
eives more snow than the north, whi
his in agreement with observations (see se
tion 4.5.1). Dividing Greenlandat 74◦N in a northern and southern part, it 
an be seen from the rightpanel, that south Greenland re
eives an equal amount of winter and summersnowfall (70 
m/yr), and almost 1 m/yr in the autumn. In north Greenlandthe amount of snowfall is smaller, but sin
e it 
overs a larger area than southGreenland5, this has greater in�uen
e on the total snowfall in Greenland.4Limitations in 
omputer storage made it impossible to output monthly mean for thefull 500 year runs used in the experiments, but shorter runs showed, that the autumnsnowfall was dominated by large September snowfall 
ompared to O
tober and November.This 
ould suggest, that the large autumn snowfall is biased towards summer snowfall.5With the grid 
ell stru
ture of ECBilt-CLIO, the area of north and south Greenlandis 40.8 and 15.5×106 km2 respe
tively.
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Figure 4.13: Yearly mean, summer and autumn snowfall plotted as the dif-feren
e between the snowfall 12 kyr ago and today.The 
hange in seasonal snowfall is plotted as the di�eren
e between 12kyr ago and today, for annual mean, summer and autumn rates in �gure4.13. Winter and spring are left out, sin
e these seasons show very little
hanges as dis
ussed earlier. Positive values represent larger snowfall 12 kyrago than today and vi
e versa.Common to all three panels is the large 
hange in snowfall in 
entralGreenland, whereas the 
oastal regions show less variation. The 
hange insnowfall is largest during summer between 30 and 40◦W (up to 25 
m/yr),and the 
hange is most pronoun
ed in four grid-
ells in 
entral and eastGreenland during autumn (∼ 15 
m/yr). This easterly shift 
ould be 
ausedby 
hanges in the atmospheri
 
ir
ulation (see se
tion 4.4.3).4.4.2 Pre
ipitation weighted temperatureFrom the results presented previously, it is now possible to 
al
ulate thepre
ipitation weighted temperature for the four experiments, as des
ribed inChapter 2. The 
hanges in seasonality of the snowfall in Greenland duringthe Holo
ene 
ause a larger weight of the summer and autumn temperaturesin the early Holo
ene 
ompared to the regular temperature6.In �gure 4.14 the annual mean temperature for Greenland 
ompared tothe pre
ipitation weighted temperature for the di�erent orbital for
ings areshown together with the di�eren
e between the two. The regular and pre
ip-itation weighted temperature drops 1.8 ± 0.1 and 2.5 ± 0.5 K, respe
tively,throughout the Holo
ene. The di�eren
e, plotted in red, shows a shift inpre
ipitation weight around 4 kyr ago: from 12 to 4 kyr ago, the e�e
t ofthe weight has been de
reasing fairly linear from 1.6 ± 0.4 to 0.7 ± 0.4 K,and in the last 4 kyr this e�e
t has been almost 
onstant. The pre
ipitationweighted temperature is higher than the regular due to the fa
t that moresnow falls during summer and autumn. The 0.9 ± 0.4 K shift in pre
ipitationweight will be dis
ussed in details later.6The term 'regular' temperature refers to the temperature 
al
ulated dire
tly be themodel.
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Figure 4.14: Annual mean pre
ipitation weighted and regular temperature inblue, and the di�eren
e between the two in red. Error bars represent twostandard deviations.
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Figure 4.15: Di�eren
e between regular and pre
ipitation weighted tempera-ture for Greenland and the ratio of summer and autumn to total pre
ipitationfor the present day experiment. Note the di�erent s
ales.For the present day experiment, the pre
ipitation weighted minus theregular temperature is shown in the left panel in �gure 4.15, and the ratio ofsummer (autumn) to total pre
ipitation in the 
enter (right).7 The weightedtemperature shows the largest 
hange in 
entral Greenland, with up to 7 Kdi�eren
e from the regular temperature, and in north Greenland the di�er-en
e is also 
learly visible. In the 
oastal regions and south Greenland thevalue is 
lose to zero and some pla
es even slightly negative. Comparingwith �gure 4.13 it 
an be seen, that the grid 
ells showing the largest dif-feren
e are also the areas with the highest in
rease in summer and autumnpre
ipitation during the Holo
ene.7Only the present day experiment is shown, sin
e these type of plots are very similarfor all four experiments.



4.4 Results 38From table 4.1 the summer to total pre
ipitation ratios were 
al
ulated asan average over Greenland. Looking at the spatial resolution in Greenland,the middle panel in �gure 4.15 shows great resemblan
e with the left panel,indi
ating that the summer pre
ipitation has the greatest in�uen
e on theweighted temperature, even with higher pre
ipitation rates during autumn(see �gure 4.11). Changes in the autumn to total ratios are primarily seenon the west 
oast. In 
entral Greenland the summer to total ratio is 0.5,meaning that half of all the pre
ipitation o

urs during summer, indi
atingthat the temperature re
orded in i
e 
ores from 
entral Greenland has beenwarm biased, even more than the 1 K shift, shown in �gure 4.14 for thewhole Greenland i
e 
ap.4.4.3 Atmospheri
 Cir
ulationChanges in atmospheri
 
ir
ulation are important sin
e these 
ir
ulationpatterns determine the amount of snowfall and sour
e regions for Green-land pre
ipitation. Most easily visualized is the seasonal mean geopotentialheight, indi
ating the strength and dire
tion of the geostro�
 winds.
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Figure 4.16: Winter mean geopotential height of the 500 hPa layer for thepresent day experiment.Figure 4.16 shows that the sour
e regions for northern Greenland pre
ip-itation 
ould be found in the north Pa
i�
, however the 
ir
ulation dire
tion
hanges very little in the four experiments (not shown), indi
ating the theGreenland moisture sour
es are mu
h alike throughout the Holo
ene.From �gure 4.11 it is seen, that the amount of snowfall 
hanges the mostin summer and autumn, indi
ating that the largest variations in atmospheri

ir
ulation should be found in these seasons as well. In �gure 4.17 the dif-feren
e in geopotential height between 12 kyr ago and today is plotted for
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Figure 4.17: Summer and autumn mean geopotential height of the 850 hPalayer, plotted as the di�eren
e between the geopotential height 12 kyr ago andtoday.the 850 hPa layer for these seasons, and they both show an in
rease in thegeopotential height a
ross the Ar
ti
 Sea during the Holo
ene, leading to anin
rease in the strength of the 
ir
ulation in the polar 
ell. This 
an alsobe seen in the 850 hPa wind �eld (not shown) whi
h in
reases in strengthduring the Holo
ene at high latitudes.4.5 Dis
ussionThe dis
ussion is split into two parts: a 
omparison with proxy data and apresentation of other model studies on the topi
 of Holo
ene 
limate variabil-ity. The former dis
usses the validity of the model results, when 
omparedto i
e and sediment 
ores and the ERA40 reanalysis dataset, and the latterwill fo
us on studies using a broad spe
trum of EMICs and GCMs.4.5.1 Comparison with proxy dataThe temperature 
hange in Greenland during the Holo
ene has been esti-mated from i
e 
ore studies. Johnsen et al. (2001) estimated a 
ooling of 3K for the NGRIP re
ord sin
e the 
limati
 optimum 8.6 kyr ago. Similar,but less pronoun
ed, results were obtained for the GRIP re
ord, indi
atingthat the Holo
ene 
ooling was more intense in north Greenland. From sedi-ment 
ores a
ross the NA and Polar Seas, a 
ooling between 1.5 and 4 K hasbeen reported (i.e. Andersen et al., 2004, Mar
hal et al., 2002, and Rimbuet al., 2003).Comparing the results from the present study, the temperature drop inGreenland is 1.8 ± 0.1 K during the Holo
ene. However, this 
hange in



4.5 Dis
ussion 40temperature is for experiments 12 kyr ago 
ompared to present day, andthe 
ooling from 8 kyr ago is only 1.4 K (�gure 4.14). Although the de-
rease in temperature is low 
ompared to the data, the shift in pre
ipitationweighted temperature around 4 kyr 
an explain the di�eren
e; the pre
ipi-tation weighted temperature 
hange in Greenland is 2.5 ± 0.4 and 1.7 ± 0.4K the last 12 and 8 kyr respe
tively, 
loser to what is found in the i
e 
ores.An in
reased response in north Greenland temperature 
hange was alsofound, in agreement with the di�eren
e between NGRIP and GRIP, and the60-90◦N average temperature showed a 
ooling of 1.5 K, whi
h is in the lowerend of the estimates from sediment 
ores.In table 4.1 the annual mean pre
ipitation rates in Greenland for thefour experiments are around 50 
m/yr. From i
e 
ore studies Johnsen etal. (1992) and NGRIP members (2004) have found 'observed' present daypre
ipitation rates in Greenland ranging from 17 
m/yr in 
entral and northGreenland to 51 
m/yr in the south, suggesting that the model overestimatesthe amount of snowfall. This may be 
aused by a too large in�uen
e of theAtlanti
 storm tra
k, and the fa
t that the step-wise 
hanges in surfa
e ele-vation from grid 
ell to grid 
ell leads to high pre
ipitation rates. In general,pre
ipitation is not easily modeled. The relatively simple hydrologi
al 
y-
le and 
oarse resolution of ECBilt-CLIO are reasons for the dis
repan
iesbetween observed and modeled pre
ipitation.
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Figure 4.18: Annual mean surfa
e temperature (a, 
) and pre
ipitation (b,d) in Greenland from ECBilt-CLIO (a, b) and from the ERA40 dataset (
,d). Note the di�erent s
alings for pre
ipitation.



4.5 Dis
ussion 41The temperature and pre
ipitation rates in Greenland for the presentday experiment have been 
ompared to assimilated ERA408 data in �gure4.18. Dis
repan
ies in temperature between ECBilt-CLIO and ERA40 datain
lude 
oastal region variations, and south Greenland temperature, but in
entral and north Greenland the temperature is in good agreement. Thegeneral distribution of pre
ipitation on the Greenland i
e sheet is in goodagreement with the data, with most snowfall 
lose to the south-eastern tipof Greenland, but the model 
learly overestimates the rates, espe
ially in
entral and south Greenland.

Figure 4.19: Ratio of summer and winter to total pre
ipitation from theERA40 dataset.The summer fra
tion of pre
ipitation from the ERA40 dataset shownin �gure 4.19 is more detailed than that produ
ed by ECBilt-CLIO (�gure4.15). Where the ratio in 
entral Greenland is 0.5 in the model, a 'tongue'stret
hes from north-west to 
entral Greenland in the assimilated data, witha maximum ratio of 0.5. As was the 
ase for temperature, the model failsto reprodu
e any signi�
ant signal along the 
oasts of Greenland, and the
oarse resolution of ECBilt-CLIO might be a possible explanation for thedi�eren
es between the assimilated data and modeled ratios.It should be noted that the state of the 
limate from whi
h the experi-ments are performed does not take into a

ount the transition of the majori
e sheets from last gla
ial period to the Holo
ene 
limate (see Chapter 3).Where the temperature re
orded in the i
e 
ores in
reased during the tran-sition and peaked at the 
limati
 optimum 8.6 kyr ago, no su
h variationsare simulated in the experiments, where the variations in temperature andpre
ipitation responded only to 
hanges in orbital parameters 0, 4, 8 and 12kyr ago. However, the di�eren
es in various �elds between the 12 kyr agoand present day experiments still 
apture the main me
hanisms for 
hangesin pre
ipitation weighted temperature, leading to a possible warm bias inthe temperature re
orded in the i
e 
ores as argued above, regardless of themissing simulation of the temperature in
rease during the transition from8Data obtained from http://www.e
mwf.int/resear
h/era/do/get/era-40



4.5 Dis
ussion 42gla
ial to Holo
ene 
limate.4.5.2 Other model studiesAOGCM studies by Liu et al. (2003) showed a 
ooling of the Ar
ti
 regionof ∼ 1 K sin
e the early Holo
ene as a response to 
hanges in orbital for
ing.Renssen et al. (2005) have used a version of ECBilt-CLIO that has a dynami
global vegetation model 
oupled to the atmosphere and o
ean part, ECBilt-CLIO-VECODE, to study the high northern latitude 
limate during theHolo
ene. A transient simulation over the Holo
ene, where the model wasfor
ed with 
hanges in orbital parameters and GHG 
on
entrations (CO2 andCH4) showed a de
rease in annual mean temperatures of 1-3 K, a redu
tionin summer pre
ipitation and an expansion of the sea-i
e extent, very similarto the results presented in this study, although they found that the GHGfor
ing partly 
ountera
ted the de
rease in summer insolation. Of spe
ialinterest is their results for the Greenland i
e sheet, showing a 
lear 
hangein seasonality of pre
ipitation in 
entral Greenland, with the fra
tion ofsummer to total pre
ipitation de
reasing 10% during the Holo
ene. Wherethe summer fra
tion in the experiments des
ribed in se
tion 4.4 only showa 3% de
rease for the Greenland mean, �gure 4.15 indi
ates that this valueis substantially higher in 
entral Greenland, 
onsistent with the result ofRenssen et al. (2005).The de
rease in summer temperature 
ause an expansion in the minimumsea-i
e extent, with an in
rease in surfa
e albedo and a de
rease in heattransport from the o
ean to the atmosphere as a 
onsequen
e, and thesetwo positive feedba
k me
hanisms enhan
e the temperature response at highlatitudes. Renssen et al. (2005) analyzed the e�e
ts of the expansion inthe sea-i
e extent and found that, besides the i
e-albedo and i
e-insulatorfeedba
ks, a strong in�uen
e of 
hanges in sea-i
e extent on the pre
ipitationnear the i
e-line. It is very possible that the same me
hanisms in�uen
e the
hanges in pre
ipitation in Greenland presented previously, given the 
loserelationship between the models used to perform the experiments.Many studies of the impa
t of 
hanges in seasonality on the interpreta-tion of the signals re
orded in i
e 
ores have been published, e.g. Werneret al. (2000), Krinner et al. (1997, 2003), Masson et al. (2000), Johnsenet al. (2001) and Langen and Vinter (2008), and it is widely a

epted thatsu
h 
hanges 
an a

ount for some of the dis
repan
y between the temper-ature 
al
ulated from '
lassi
al' δO18 re
ords and that from borehole andgas di�usion thermometry (Krinner, 2003 and referen
es therein). Wherethe former indi
ates a 10 K di�eren
e in temperature between present dayand Last Gla
ial Maximum (LGM), the latter has shown that LGM surfa
etemperatures were about 20 K 
older than today. In this study, a warm biasof 1 K for the entire Greenland i
e sheet is found during the Holo
ene, withthe possibility of even higher biases in 
entral Greenland.



4.5 Dis
ussion 43Changes in moisture sour
e regions for both Greenland and Antar
ti
pre
ipitation have been reported during the Holo
ene, as a possible explana-tion for �u
tuations in the deuterium ex
ess9 re
ords from di�erent i
e 
ores,e.g. Masson-Delmotte et al. (2005a) and Vimeux et al. (2001). Where δO18and δD are used as high-latitude temperature proxies, the deuterium ex
ess
an be used to obtain information on remote 
hanges, e.g. 
hanges in mois-ture sour
es. Both studies attribute some of the 
hanges in the deuteriumex
ess to a stronger atmospheri
 
ir
ulation throughout the Holo
ene, witha possible in�uen
e on the seasonality of pre
ipitation in the Antar
ti
 andGreenland i
e sheets. This is 
onsistent with the model results presented inse
tion 4.4.3, where the 
ir
ulation in the polar 
ell has been in
reasing sin
ethe early Holo
ene.Turning to the LGM, Langen and Vinter (2008) used the CCM to tra
kthe 
hanges in moisture sour
es for Greenland pre
ipitation to gla
ial bound-ary 
onditions, and found that at the LGM the moisture sour
es were shiftedtoward the Pa
i�
, thereby altering the signal in the Greenland i
e 
ores.Moreover, they found that in the annual mean, the 
hanges 
ould be de-
omposed into linear 
ontributions from temperature 
hanges, seasonality
hanges and sour
e distribution 
hanges. This supports the idea that the
ooling re
orded in Greenland i
e 
ores throughout the Holo
ene is a 
om-bination of a de
rease in temperature and warm bias in the early to midHolo
ene 
aused by a shift in the seasonality of pre
ipitation.Loutre et al. (2004) have examined the e�e
t of 
hanges in orbital pa-rameters on 
limate. Where 
lassi
al Milankovit
h theory fo
uses on thehigh latitude NH summer insolation, as the main for
ing 
ontrolling gla
ial-intergla
ial variations, they show that 
hanges in obliquity are more likelyto be responsible for the 
limate variations seen in some paleo
limate data.Moreover, they found that the meridional gradient of annual mean solarfor
ing has large impa
t on 
limate variations. For instan
e, an in
rease inthe meridional temperature gradient, 
ould a

ount for a greater polewardmoisture transport, thereby a�e
ting the seasonality of high-latitude pre
ip-itation, in a similar way as found by Langen and Vinter (2008) and in thisstudy.The results presented in se
tion 4.4 show a somewhat similar pattern.The meridional temperature gradient in
reases leading to a polar ampli-�
ation. This a�e
ts the atmospheri
 
ir
ulation and thus the moisturetransport to and the amount of pre
ipitation in the polar regions. The sum-mer and autumn pre
ipitation ratios seems to be a�e
ted the most by these
hanges.9The deuterium ex
ess d is de�ned by Dansgaard (1964) as d = δD−8δO18.



4.6 Con
lusion 444.6 Con
lusionExperiments have been performed with the intermediate 
omplexity atmo-sphere - o
ean - sea-i
e model ECBilt-CLIO, simulating the 
limate at var-ious periods during the Holo
ene. After an initial spin-up time, the modelwas for
ed by 
hanges in orbital parameters 
al
ulated 12, 8, 4 and 0 kyr agoby an in
orporated subroutine in the model 
ode. These four experimentsled to di�erent states of the 
limate, and fo
us has been on high northernlatitudes, parti
ularly Greenland, a region in whi
h the modeled 
limate hasproven to be in good a

ordan
e with the observed 
limate.Both proxy data and other model studies have shown a de
rease in surfa
etemperature in the NA region and in Greenland. Model results showed a 0.16K de
rease in global mean temperature during the last 12 kyr, whereas the60-90◦N and Greenland mean temperature de
reased substantially more; 1.5and 1.7 K respe
tively, whi
h is in the lower end of what has been found inproxy data and with other models.This polar ampli�
ation is most pronoun
ed 
lose to the surfa
e and inwinter and autumn, probably due to variations in the i
e extent, with vari-ous positive feedba
k pro
esses, su
h as the i
e-albedo and i
e-insulator feed-ba
ks, playing important roles in the temperature response at high northernlatitudes.The temperature 
hange in Greenland o

urs mostly during the summerseason, whi
h mat
hes the seasonal variation in high latitude solar insolation;the insolation is zero during the winter and most of spring and autumn, andhen
e variations in the summer insolation are most important for the heatbudget. The temperature 
hange is largest in north and 
entral Greenland(up to 4 K). These results are 
onsistent with what has been found in othermodel studies. As was the 
ase with temperature, the 
hanges in pre
ipi-tation rates in Greenland are highest in 
entral Greenland in the summer,and to some extent in autumn, in good agreement with the 
hanges in 
ir-
ulation patterns. The ratio of summer to total pre
ipitation is 3% lowerin the present day experiment than 12 kyr ago, and some areas in 
entralGreenland the summer pre
ipitation a

ounts for 50% of the annual rates.The di�eren
e between pre
ipitation weighted and regular temperaturede
reases linearly from 1.6 ± 0.5 K 12 kyr ago to 0.7 ± 0.4 K 4 kyr ago,and remains at this value for the last 4 kyr. This indi
ates that the temper-ature re
orded in Greenland i
e 
ores has been warm biased throughout theHolo
ene, 
aused only by 
hanges in the seasonality of pre
ipitation. These
hanges are the result of a response in atmosphere and o
ean 
ir
ulation tothe orbital for
ing applied.This should be taken into a

ount when 
al
ulating the temperature fromthe δ signals measured in the i
e 
ores. This temperature 
ould be explainedas a superposition of the 'real' de
rease in temperature and a bias, dependingof the age of the i
e.



4.6 Con
lusion 45Although the model produ
es a realisti
 temperature response, it shouldbe noted that the boundary 
onditions are not 
hanged in ea
h experiment,e.g. the in�uen
e of 
hanges in the major i
e sheets have not been in
luded.It is well do
umented that this have huge in�uen
e on surfa
e albedo, at-mospheri
 
ir
ulation and other fa
tors (e.g. Renssen et al., 2005). Otherlimitations of the model are dis
ussed in Chapter 2 and 6.



Chapter 5Freshwater for
ingAfter an introdu
tion to the possible trigger me
hanisms, that 
ould have
aused the 8.2 kyr event, the experimental setup with ECBilt-CLIO is pre-sented. The results using ECBilt-CLIO are followed by a dis
ussion and
on
lusion on the subje
t.5.1 The 8.2 kyr event
δO18 re
ords from Greenland spanning the Holo
ene and last gla
ial pe-riod show abrupt 
limate 
hanges, the so-
alled Dansgaard-Oes
hger (D-O)events, during the gla
ial period (Dansgaard et al., 1993 and Grootes et al.,1993). The temperature 
hange in Greenland during the D-O events has beenestimated to range from 9 to 16 K (Lang et al., 1999), and it is believed thatthe trigger for su
h events is 
hanges in the THC, thereby altering the heattransport by the o
ean (Ruddiman and M
Intyre, 1981). When the THC isa
tive, heat is transported to high northern latitudes, and a shutdown (orredu
tion) of the THC would 
ause this region to 
ool substantially, and atthe same time warm the SH by trapping heat (Sto
ker and Johnsen, 2003,and referen
es therein).I
e 
ore re
ords of δD from Antar
ti
a show less abrupt 
hanges in tem-perature (Johnsen et al., 1972), although smaller warmings and 
oolings arefound during the last gla
ial period. The warmings and 
oolings are in an-tiphase and lag the signals re
orded in Greenland i
e 
ores. It has beenproposed that this di�eren
e in amplitude, phase and delay in the responsebetween the Greenland and Antar
ti
 i
e 
ores indi
ates that the 
limate inthe north polar region leads that of the SH (Sto
ker and Johnsen, 2003).In 
ontrast to the i
e 
ore signals during gla
ial periods, the Holo
ene
limate varies mu
h less (Dansgaard et al., 1993, and Grootes et al., 1993).Johnsen et al. (2001) have used GRIP δO18 and borehole thermometry to
al
ulate the temperature 
hange on Summit, Greenland for the Holo
eneand last gla
ial period, shown in �gure 5.1. The temperatures in the LGM
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Figure 5.1: Past temperature 
hanges for Summit, Greenland, based on GRIP
δO18 and borehole thermometry 
alibrations. From Johnsen et al. (2001).are about 20 K 
older than those of today, and the D-O events dis
ussedabove are dominant between 80 to 15 kyr ago.Where �u
tuations of 5-70/00 in δO18 during last gla
ial are 
ommon, thelargest ex
ursion in Greenland i
e 
ores during the Holo
ene is ∼20/00, found8.2 kyr ago (von Grafenstein et al., 1998). This 
ooling has been dete
ted inmany other indi
ators in the Greenland i
e 
ores, su
h as methane, dust, saltand pre
ipitation rates (Alley et al., 1997, Blunier et al., 1995, and Chapellaz,1997), and in 
ores from many other lo
ations, parti
ularly Europe (vonGrafenstein et al., 1998) and the NA, but also indi
ations of sudden 
hangesin atmospheri
 
ir
ulation in Afri
a and Asia have been reported (Gasse andVan Campo, 1994 and Gasse, 2000), indi
ating that the 8.2 event was notrestri
ted to the NA and north polar region.It is believed that the 8.2 kyr event seen in �gure 5.2 is 
aused by fresh-water dis
harges, de
reasing the strength of the THC with similar (but op-posite in sign and smaller) responses as for the D-O events. The freshwateroriginates from the melting of the Laurentide i
e sheet, and after being 
ol-le
ted in large reservoirs, sudden drainage 
ould a

ount for su
h freshwaterdis
harges (von Grafenstein et al., 1998).In the model simulations des
ribed in the following se
tion, the amount offreshwater has been kept �xed at 4.73×1014m3, based on geologi
al estimatesof 5 × 1014m3 (von Grafenstein et al., 1998)1.

1
4.73 × 10

14m3 is used sin
e 0.75 Sv over 20 years yields this number.
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Figure 5.2: 20-year resolution of δO18 pro�les from GRIP and NGRIP. Thesolid 
urves represent a 1 kyr low-pass �ltered version of the data. The dotted
urve is the GRIP 1 kyr low-pass data shown together with the NGRIP data.The 8.2 kyr event is 
learly evident in both i
e 
ore signals. From Johnsenet al. (2001).5.2 The experimental setupUsing the spin-up state des
ribed in Chapter 3, experiments have been per-formed with ECBilt-CLIO for
ing the model with freshwater pulses releasedat di�erent lo
ations in the NA. The total amount of freshwater releasedhas been kept �xed, but the time over whi
h the for
ing is applied has beenvaried, with varying intensity of the freshwater dis
harge as a 
onsequen
e.Sin
e the spin-up state from whi
h the experiments are run uses present-day orbital for
ing, it has been examined to what extent the overturning
ir
ulation responds to di�erent orbital for
ings during the Holo
ene. In�gure 5.3 the maximum MOC for the four for
ing experiments dis
ussed inChapter 4 is plotted, and the �u
tuations in the strength of the overturning
ir
ulation are very similar for all experiments, varying between 28 and 30Sv. Comparing the results of typi
al freshwater for
ing experiments (e.g.�gure 5.5), it is seen that the in�uen
e of orbital for
ing on overturning
ir
ulation is very small, 
ompared to that of freshwater for
ings. Basedon this argument, the present-day orbital for
ing used in the spin-up statehas not been altered when running the model with the freshwater for
ing
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Figure 5.3: Maximum MOC for the spin-up run followed by the di�erent or-bital for
ing experiments plotted against time. The 
urves has been smoothedby 30 years of running mean.des
ribed in this se
tion.In ECBilt-CLIO ea
h land area is 
oupled to an o
ean grid 
ell throughthe land-sea mask given in �gure 2.1. The hosing of freshwater is written intothe 
ode by adding extra run-o� into the desired sea-mask in ea
h time step,and the freshwater is then spread out in the o
eans by the o
ean 
ir
ulationand mixing pro
esses. As a 
onsequen
e the freshwater is not released in asingle grid 
ell, but distributed evenly over the amount of o
ean grid 
ellsthat belongs to the given land-sea mask.In the �rst two experiments, freshwater has been released in the LabradorSea (land-sea mask M, hereafter referred to as experiment A) and the NAo� the 
oast of S
andinavia (land-sea mask F, experiment B), and in both
ases a 0.75 Sv freshwater pulse lasting 20 years, was hosed into the o
ean.The model was then run another 500 years in order to 
at
h the di�eren
ein response to su
h for
ings2. Although the setup in experiment A is mostlikely to explain the me
hanisms 
ausing the 8.2 kyr event (see se
tion 5.4),experiment B gives an insight to the model response to freshwater for
ingsat di�erent lo
ations.In �gure 5.4 the freshwater �ux at the o
ean surfa
e is plotted for thetwo experiments at a time when the hosing o

urs. The freshwater �ux forexperiment A is more intense but distributed over a smaller area (fewer grid
ells) than for experiment B. Note that the freshwater input in experimentB is spread out from the Barents Sea in the north to the 
oast of Spain in2In Chapter 3, it was found that the o
ean spin-up time is around 700-800 years, buttypi
al freshwater experiments show little to no variation in 
limate 300 years after a givenfor
ing was applied (e.g. �gure 5.5).
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Figure 5.4: Annual mean freshwater �ux at the o
ean surfa
e for experimentA and B in [Sv℄.the south.To 
he
k the stability in the response three realizations of experiment Ahas been performed (experiments A1, A2 and A3). In ea
h 
ase, the initial
onditions are perturbed by letting the experiments start from the spin-upstate with 5 year intervals.The last set of experiments, A10, A20 and A50, uses the same setup asexperiment A, but the time over whi
h the pulse lasts is set to 10, 20 and 50years, and sin
e the total amount of freshwater release is �xed, the strengthof the pulse be
omes 1.5, 0.75 and 0.3 Sv respe
tively.Analyzing and 
omparing the results to data from di�erent i
e and sedi-ment 
ores will indi
ate, whi
h of the 
on�gurations are most likely to explainthe 8.2 kyr event.5.3 ResultsThe results for the three sets of experiments are presented in the follow-ing se
tion, mainly fo
using on the response of the maximum MOC in theAtlanti
 O
ean and (sea)surfa
e temperature to the for
ings applied.The maximum MOC is ∼29 Sv when the system is in statisti
al equi-librium given by the the spin-up state, and when freshwater is released, themaximum MOC de
reases as long as the for
ing is applied (�gure 5.5 left).In experiment A the maximum MOC de
reases qui
kly to a minimum of 21Sv and in
reases gradually after 20 years of for
ing and after 125 years it hasrea
hed the same level as before the for
ing was applied. In experiment Bthe de
rease persists 25 years after the for
ing was applied, rea
hing 20 Svbefore it starts to in
rease again and it takes 200 years to reestablish at 29Sv. The asso
iated annual mean temperature response in a northern NA,Greenland and north polar region 
on�ned by the boundaries 90-0◦W and
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A
BFigure 5.5: Maximum MOC (left) and NA annual mean surfa
e temperatureresponse (right) plotted as anomalies from the mean temperature in the spin-up experiment for experiments A and B, smoothed by 10 years of runningmean. The blue shading marks the time when the freshwater for
ing wasapplied.60-90◦N (hereafter referred to as 'NA temperature', �gure 5.5 right) showsperturbations of -3 K at year 60 in experiment A, whereas the temperatureresponse in experiment B is -10 K at year 50. In both experiments thetemperature in
reases 1.9 K as an initial response to the freshwater dis
harge.
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time [yr]Figure 5.6: Same as �gure 5.5 but for experiments A1, A2, and A3. Theembedded plot shows the �rst 50 years of the maximum MOC.The starting point of ea
h ensemble run A1, A2 and A3 has been per-turbed, and they all show very similar responses to the for
ing applied (thesame as in experiment A). In �gure 5.6 the maximum MOC and NA tem-perature response are shown for the ensemble runs, and the resemblan
e is



5.3 Results 52striking, even during the time when the for
ing is applied (embedded plot).The maximum MOC in experiment A1 and A2 (A3) is reestablished in year125 (200), and the initial temperature in
rease and following de
rease hasalmost the same amplitudes in all experiments. Furthermore, the Atlanti
zonal mean anomalies in northward heat transport and SST (not shown) aremu
h alike in all ensemble runs as well, and although the response in A3is slightly di�erent from A1 and A2, no important di�eren
es between thethree are observed.
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Figure 5.7: Atlanti
 zonal mean anomalies in northward heat transport (left)and SST (right) for Aens (blue) and B (red).Following the terminology used in se
tion 5.1, the THC is a
tive when nofor
ing is applied and redu
ed as a 
onsequen
e of the release of freshwater.Letting the a
tive mode be de�ned by temporal averages between year 450and 470 in ea
h experiment, and the redu
ed by a 20 year mean during themaximum ex
ursion of MOC, the 
ooling of the NA 
an be explained by ade
rease in northward o
eani
 heat transport. In the left panel in �gure 5.7,the zonal mean anomaly of the latter shows negative values for the ensem-ble mean of experiments A1, A2 and A3 (Aens) and B, thus a�e
ting highlatitude temperatures in the NH (�gure 5.7, right). Again, the response isgreatest in experiment B, with anomalies in heat transport and temperatureof -0.35 PW at 45◦N and -5.0 K at 85◦N respe
tively. In experiment Aensthe heat transport anomaly gradually in
reases with latitude from -0.15 to+0.05 PW. Although the anomaly in experiment Aens is mu
h less than inB, in both 
ases less heat is transported north, 
ausing the SH to warm ∼1K from the Equator to 60◦S in both experiments. It should also be notedthat the heat transport anomaly is slightly positive around 70◦N for Aenspartly 
ountera
ting the 
ooling of the high northern latitudes.
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Figure 5.8: Latitude-depth distribution of the MOC in the Atlanti
 for thea
tive and redu
ed modes in Aens.Sin
e heat is adve
ted in the Atlanti
, the 
hange in heat transport 
anbe visualized by plotting the MOC in the two di�erent modes (a
tive andredu
ed, �gure 5.8). In the a
tive mode, heat is transported northward in thetop 1,200 to 1,500 m with a maximum transport of 24 Sv3, and this transportis redu
ed throughout the Atlanti
 O
ean with a maximum transport of 18Sv. In the deep o
ean the �ow of AABW of 3 Sv in the a
tive mode in
reasesto 6 Sv in the redu
ed mode.The amount and extent of sea-i
e in the perturbed, 
old state in
reasesas seen in �gure 5.9, espe
ially the maximum sea-i
e extent o� the south-eastern and south-western 
oast of Greenland. The minimum sea-i
e extenddoes not 
hange mu
h between the two states. Similar plots for the southpolar region, show a small de
rease in maximum sea-i
e extent (not shown).The three 
on�gurations, A10, A20 and A50, lead to di�erent responsesas seen in �gure 5.10. In ea
h of the experiments A10 and A20 the strengthof the maximum MOC de
reases as long as the for
ing is applied, and theresponse is very similar, with a de
rease of 8 Sv at run year 25 in both 
ases.In experiment A50, the for
ing persists for 50 years and throughout thisperiod the maximum MOC is around 6 Sv lower than in the steady state.The NH temperature exhibits the same features in experiments A10 andA20, although the maximum temperature ex
ursion is larger in experimentA10 than in A20 (-4 
ompared to -3 K). An initial in
rease in temperatureis 
ommon for all three experiments, whereas the negative response at runyear 50 only 
an be identi�ed for A10 and A20. In experiment A50, thetemperature drops -3 K at run year 80. It takes ∼ 150 years for both the3The 
ontours does not show the a
tual maximum MOC, but in �gure 5.5 it is seenthat the value is around 30 Sv.
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Figure 5.9: Maximum (September) and minimum (Mar
h) sea-i
e extent inthe perturbed (blue) and steady (red) states for Aens. Contour lines represents20 
m sea-i
e thi
kness.
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Figure 5.10: Same as �gure 5.5 but for experiments A10, A20 and A50.maximum MOC and the temperature to rea
h steady state values in all threeexperiments.A 
omparison of the NA and SH temperature response to the for
ingapplied in experiment Aens is given in �gure 5.11. Both 
urves show aninitial in
rease of 1.8-2 K, but where the NA temperature de
reases after
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Figure 5.11: Left: Average surfa
e temperature response to the for
ing appliedin Aens for the NA and SH, plotted as anomalies from the mean temperaturein the spin-up experiment. Data has been smoothed by 10 years of runningmean. Right: Surfa
e temperature anomalies in K, again for Aens. Note thenon-linear s
ale.the for
ing is shut o�, the SH temperature is slowly restored. This warminglasts ∼ 200 years, and 
an in some way be explained by a bipolar seesawme
hanism trapping heat in the SH des
ribed earlier. In the right panel thetrapping of heat in the SH 
an be visualized in a map showing temperaturedi�eren
es between the equilibrium steady state 
limate and the mean tem-perature during years of maximum ex
ursion. The warming in the SH showan in
rease in temperature of 1-4.5 K distributed o� the 
oast of Antar
ti
a,mainly in the southern Atlanti
 and Indian O
ean. The in
reased sea-i
eextent o� the southern 
oast of Greenland 
an also be seen as a de
rease intemperature.Sin
e Chapter 4 
on
luded that the pre
ipitation weighted temperature
al
ulated from the model results should be 
ompared to data from Green-land i
e 
ores, a 
omparison of the regular and pre
ipitation weighted tem-perature has been 
arried out for four grid 
ells in 
entral Greenland.P [◦C℄ S [◦C℄ S - P [K℄TA -27.0 -23.6 3.4 ± 0.6TPW -23.3 -21.9 1.4 ± 0.4Table 5.1: Central Greenland regular (TA) and pre
ipitation weighted (TPW )temperature in the perturbed (P) and steady (S) state and the di�eren
e be-tween the two. All values are 
al
ulated for Aens, and standard deviationsare only shown for S − P values.In table 5.1 the pre
ipitation weighted temperature shows a 1.4 ± 0.4 Kdi�eren
e between the perturbed and steady state. On the other hand, theregular temperature di�eren
e is 3.4 ± 0.6 K indi
ating that the seasonality
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ipitation is shifted between the two states. Indeed, looking at �gure5.12 the summer and autumn pre
ipitation ratios are 6 and 4% larger inthe perturbed state than in the steady state, while the winter and springpre
ipitation ratios have de
rease a

ordingly.
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Figure 5.12: Ratio of seasonal to total pre
ipitation for the perturbed andsteady state of Aens. Error bars represent two standard deviations.5.4 Dis
ussionAs was the 
ase in Chapter 4, di�erent studies on proxy data eviden
e andmodel simulations on the topi
 will be presented below.5.4.1 Proxy dataThe 8.2 kyr event has been observed in many indi
ators of 
limate, espe
iallyin the Greenland i
e 
ores. Alley et al. (1997) used GISP2 i
e 
ore data to
al
ulate the de
rease in temperature to 6 ± 2 K and the approximate du-ration of the event was reportedly anything from 100 to 1,000 years. vonGrafenstein (1998) found a 200 year negative ex
ursion in a European sedi-ment 
ore 
oin
iding with the δO18 ex
ursion found in the GRIP 
ore around8.2 kyr ago and estimated the asso
iated temperature drop in Greenland to2.8 K.Re
ent studies have shown that the event is observed as a 160.5 yearperiod of redu
ed δ ratios, within whi
h there is a 69 year period with signif-i
antly lower values than the early Holo
ene average, see �gure 5.13 (Thomaset al., 2007). This is done by a 
olle
tion of high-resolution 
hemistry andisotope re
ords from Dye3, GISP2, GRIP, and NGRIP and the lo
al tem-perature drop at the i
e 
ore sites is estimated to 3-8 K. Leuenberger et al.
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Figure 5.13: δO18 ratios for GRIP (red), GISP2 (bla
k), NGRIP (blue),and Dye 3 (green) plotted on the GRIP depth s
ale and GICC05 age s
ale.Curves in upper (lower) panel are smoothed by 20 (10) years of runningmean. Dashed lines represents the onset and termination of the whole and
entral 8.2 kyr event. From Thomas et al. (2007).(1999) have performed similar studies on Greenland i
e 
ores and found thatthe ex
ursion in around 5.4 to 11.7 K. These values are somewhat largerthan the estimated pre
ipitation weighted temperature in 
entral Greenlandby the model (1.4 ± 0.4 K). Furthermore, the results presented in se
tion5.3 indi
ates that the a
tual de
rease in temperature is higher than what ismeasured in the i
e 
ores, given the shift in seasonality of pre
ipitation andthe di�eren
e between the regular and pre
ipitation weighted temperature,i.e. the warm bias during the 
ooling event, is 2 ± 0.6 K.Rohling et al. (2005) questioned the geographi
al extent of the rapid
ooling event 8.2 kyr ago. They 
ompared anomalies in 
limate proxies fromlo
ations around the globe and found that the event is most likely to bea superposition of a long-term 
ooling lasting from 8.6 to 8.0 kyr ago andthe sudden 
ooling 8.2 kyr ago. Proxies showed less pronoun
ed Indian andAsian monsoons, a temperature de
rease at two sites in the MediterraneanSea and one in Ireland, Germany and the Norwegian Sea, lower pre
ipitationrates o� the 
oast of Venezuela and the advan
e of Norwegian gla
iers. Giventhe perturbed and steady state des
ribed in se
tion 5.3, anomalies in tem-
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Figure 5.14: Pre
ipitation anomalies in the Atlanti
 tropi
s for the perturbedstate of Aens. Units are 
m/yr.perature and pre
ipitation for the regions given above have been 
omparedto those examined by Rohling et al. (2005). No signi�
ant temperaturesignal was found in the model results in the di�erent regions and only inthe Mediterranean Sea and o� the 
oast of Venezuela anomalies in pre
ip-itation was observed ranging from -8 to -16 
m/yr (�gure 5.14). Rohlinget al. (2005) attributed the aridity in some of the monsoon re
ords to ade
rease in the northward migration of the intertropi
al 
onvergen
e zone.In the Atlanti
 the model results show an in
rease of pre
ipitation 
lose tothe Equator, indi
ating a southward shift in the tropi
s (�gure 5.14).The duration of the event in all experiments were all around 150-200years and it 
an be 
on
luded, that the experiments performed are able toexplain possible trigger me
hanisms for the 8.2 kyr event. It is di�
ult tosay whi
h of the experiments A10, A20 and A50 is most likely to explain theevent, given their very similar response in both maximum MOC and NAtemperature.5.4.2 Other model studiesRenssen et al. (2001) has also used ECBilt-CLIO to perform freshwaterfor
ing experiments. The spin-up state was rea
hed using 8.5 kyr boundary
onditions su
h as adjustments in insolation, GHG 
on
entrations, surfa
ealbedo and surfa
e height and following the terminology used in se
tion5.3 the experiments in
luded A10, A20, A50 and A500 type setups. Exam-ining the maximum MOC in the NA (between 60-80◦N) they found thatthe A500 experiment resulted in very small perturbations, whereas the otherthree resulted in event-like weakenings of the maximum MOC. Moreover,
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ussion 59A10 resulted in a permanent weakening of the maximum MOC lasting forat least 1,000 years, while the A20 and A50 maximum MOC re
overed topre-perturbed values after 145 and 320 years respe
tively. They also founda shift in the main 
onve
tion site from south of Svalbard to o� the 
oast ofNorway, an in
rease in sea-i
e extent and a de
rease in near-surfa
e temper-ature over the Nordi
 Seas (5-10 K) and Greenland (2-5 K), all very 
lose towhat is reported in se
tion 5.3. In a later study they performed 5 ensembleruns of A10, A20 and A50 and found, that the maximum MOC re
overed inall A50, in three of A20 and in only one of the A10 experiments4 (Renssen etal. 2002). They proposed that the likeliness of a maximum MOC re
overyin
reases with the duration of the freshwater pulse. The positive i
e-albedofeedba
k was proposed as a stabilizing fa
tor resulting in in
reased re
overytime.Many other studies with EMICs and AOGMCs have been publishedon the topi
 over the past years, e.g. Manabe and Stou�er (1995), Al-ley et al. (1997), Wiersma and Renssen (2005), Long et al. (2006) andLeGrande et al. (2006, 2008). In a series of 
oordinated experiments theCoupled Model Inter
omparison Proje
t/Paleo-Modeling Inter
omparisonProje
t (CMIP/PMIP) 
ommittee has examined the THC response to a 0.1and 1.0 Sv freshwater perturbation over the 50-70◦N of the NA lasting 100years and the asso
iated 
limate 
hanges using a broad spe
trum of EMICsand AOGCMs, ECBilt-CLIO in
luded (Stou�er et al., 2006). In all modelsthe THC weakened rapidly; the maximum MOC de
reased 6 Sv for the en-semble mean for all models in
luded, with a 
ooling of the NH and a lessintense warming of the SH as a 
onsequen
e. In some of the models theTHC re
overed whereas it remained in a redu
ed mode in others. Stou�eret al. (2006) proposed three possible explanations for this in
onsisten
y 1)the redu
ed mode is unstable, 2) the duration of the freshwater pulse is tooshort, or 3) the intensity of the pulse is too small to rea
h a stable redu
edmode. Considering the results of Renssen et al. (2002) a 
ombination of2) and 3) seems to apply for ECBilt-CLIO sin
e it 
an exhibit steady-statemodes lasting more than 1,000 years. In general, the ECBilt-CLIO responsein maximum MOC of 7-8 Sv is in reasonable agreement with what is foundusing other models.The 
ontrol runs, i.e. experiments where the models are in statisti
alequilibrium, showed very di�erent intensity of the THC among the modelsparti
ipating in the CMIP/PMIP analysis. Stou�er et al. (2006) divided themodels into three groups, a) models exhibiting strong and large multide
adalvariations in THC (maximum MOC 20-30 Sv), b) models with less intenseand less variation in the THC (maximum MOC 13-20 Sv) and 
) less 
omplexEMICs with little or no variation in THC. As mentioned in Chapter 2 and3 ECBilt-CLIO is relatively 
lose to AOGCMs (Claussen et al., 2002) and4In this 
ontext, no re
overy represents a re
overy time > 500 years.



5.4 Dis
ussion 60the simulation of the THC belongs to the a)-type models, as the only EMICpartitioning in the 
omparison analysis. The intensity of the THC in theunperturbed state in the experiments des
ribed in se
tion 5.3 is in the higherend, with maximum MOC ∼ 29 Sv.

Figure 5.15: The ensemble mean anomalies of surfa
e air temperature inK between the 0.1 Sv and 
ontrol experiment (
olor shades) and standarddeviation among model simulations (solid lines). From Stou�er et al. (2006).Comparing the surfa
e temperature 
hange from the results from ex-periment Aens (�gure 5.11, right panel) to the 0.1 Sv experiment from theCMIP/PMIP analysis (�gure 5.15) the resemblan
e is striking. The warm-ing of Southern O
ean is 
learly evident in both �gures, as well as a surfa
etemperature dipole in the northern NA with a warming over the Barentsand Nordi
 Seas and a 
ooling south of Greenland. This dipole is probably
losely related to the shift in main 
onve
tion sites reported by Renssen etal. (2001) and this pattern might be a key indi
ator of future 
hanges in theTHC. It should be noted that the temperature 
hange is mu
h higher in theresults from experiment Aens (4-8 K) 
ompared to those in �gure 5.15 (1-3K), but given the di�eren
e in intensity of the for
ing applied (0.1 Sv for 100years and 0.75 Sv for 20 years) this is what 
ould be expe
ted.Ganopolski and Rahmstorf (2001) have used an EMIC (CLIMBER-2) toperform a stability analysis with LGM boundary 
onditions and found thatthe boundary 
onditions play an important role for the stability of the THC.Sin
e the boundary 
onditions used in this thesis di�ers from what is used byRenssen et al. (2001, 2002) as already des
ribed, this 
ould explain why allensemble runs show a restoring trend in the maximum MOC, while Renssenet al. (2002) found various responses to the same type of for
ing applied.It seems that the present day boundary 
onditions lead to a more unstableredu
ed mode and hen
e the THC restores more easily after a given for
inghas been applied, when 
ompared to early Holo
ene boundary 
onditions.



5.5 Con
lusion 61This aspe
t 
ould be useful in future 
limate resear
h.It is widely a

epted that the 8.2 kyr event is 
aused by freshwater dis-
harges from the melting of the Laurentide i
e sheet, as dis
ussed above.Results from experiment B also 
on�rms that this setup results in an unre-alisti
 temperature response of -10 K in the NA.In all experiments performed with ECBilt-CLIO the temperature in-
reases 1-2 K as an initial response to the freshwater dis
harge, but theme
hanisms 
ausing this in
rease is not easily understood and more work isneeded to explain this response.The antiphase response in temperature of the NA and SH has been stud-ied intensely by e.g. Sto
ker (1998) and Sto
ker and Johnsen (2003). Inthe latter study, they used a very simple model to explain the 'seesaw-like'inter
onne
tion between the hemispheres also seen in �gure 5.11, left panel.The input for the model was GRIP δO18 re
ords and the model then re-produ
ed a lagged 'SH temperature' response and they found a delay of ∼1,120 years yielded the most realisti
 SH temperatures when 
ompared tothe δO18 re
ord from the Antar
ti
 i
e 
ore Byrd. This delay represents theoverturning times
ales of the o
eans meaning that a NH 
limati
 event willbe delayed by this me
hanism. In �gure 5.11 left panel, no su
h delay is seen;the SH responds as qui
kly as the NA temperature to the for
ing applied.Sin
e heat is adve
ted in the Atlanti
 O
ean by the surfa
e water a weak-ening of the 
ir
ulation 
auses heat to be trapped in the SH rather qui
kly.Barron and Kara (2008) has estimated the SST time s
ale to range between10 to 30 days depending on latitude and this 
ould explain the 'missing'delay in SH temperature response.5.5 Con
lusionA rapid 
ooling event spanning 160 years is found in proxy data 8.2 kyr ago,and the event is parti
ularly evident in Greenland i
e 
ores. The release ofmelt water from the Laurentide i
e sheet is believed to have 
aused 
hangesin the THC, thereby 
hanging the 
limate state. Model simulations 
on�rmsthat su
h a freshwater pulse is able to a

ount for the 
ooling found in theGreenland i
e 
ores.



5.5 Con
lusion 62In the present study the intermediate 
omplexity model ECBilt-CLIOwas used to 
arry out experiments simulating the release of freshwater. Thewater was added to the run-o� from land areas 
lose to the Labrador Sea,the amount added was based on geologi
al eviden
e, and the time over whi
hthe water was released was varied. Furthermore an ensemble mean of threeexperiments was performed in order to 
he
k the variability in the 
limateresponse to su
h for
ings.All experiments showed 
onsistent results, with minor di�eren
es in theresponse to a given for
ing applied and the most prominent 
hanges in the
limate during the 
ooling event were
• a de
rease in the maximum MOC of 6 to 7 Sv
• a weakening of the northward heat transport in the Atlanti
, trappingheat in the SH
• a 3-4 K de
rease in the NA temperature
• expanding (and less pronoun
ed retreating) sea-i
e o� the southern
oast of Greenland (around Antar
ti
a)
• a bipolar shift in temperature with in
reased temperatures at the Bar-ents Sea and de
reased temperatures o� the southern 
oast of Green-land
• an in
rease in Southern O
ean temperatures of 1-4.5 K
• a shift toward more summer and autumn pre
ipitation and less duringwinter and spring
• a di�eren
e between the de
rease in regular and pre
ipitation weightedtemperature in 
entral Greenland of 3.4 ± 0.6 and 1.4 ± 0.4 K respe
-tivelyIt was found that the 
limate in the perturbed state was 
omparable to proxydata from Greenland, although the de
rease in temperature was in the lowerend of what is estimated from i
e 
ore data. However, previous model studieshave very similar results 
ompared to what is presented in the list above.Moreover, the results indi
ated that the temperature ex
ursions found ini
e 
ores are warm biased 2.0 ± 0.6 K, i.e. the 
ooling event might be evenmore extreme than what the measured δO18 signals show.The duration of the event (150 years) was in good agreement both withproxy data and previous model results.As was the 
ase with the orbital for
ing experiments, no 
hanges inboundary 
onditions were taken into a

ount.



Chapter 6Final 
on
lusionThe fo
us of this thesis has been on the study of two main aspe
ts; a) sea-sonality 
hanges of pre
ipitation during the Holo
ene in Greenland and thein�uen
e of this on the pre
ipitation weighted temperature, and b) possibleexplanations of the 8.2 kyr event. This has been done for
ing the 
ompre-hensive EMIC ECBilt-CLIO with a) Holo
ene orbital parameters and b)freshwater dis
harges in the NA and the main results are;a) the pre
ipitation weighted temperature in Greenland was 1.6 ± 0.5 to0.7 ± 0.4 K higher than the regular temperature during the Holo
ene,with a shift o

urring around 4 kyr ago. This bias is 
aused by a shifttoward greater summer pre
ipitation rates, a result of 
hanges in theorbital parametersb) the 8.2 kyr event 
an be explained by the release of freshwater intothe NA. In the model, su
h for
ings set o� a 
ooling event a
ross thenorthern NA and north polar region, with a de
rease in temperatureof 3-4 K. In 
entral Greenland the pre
ipitation weighted temperatureex
ursion was 2 ± 0.6 K higher than the regular temperature, indi
at-ing that the event might have been more extreme than what is foundin the i
e 
oresIn general a reasonable 
orresponden
e was found between the results andproxy data and previous model studies. Assuming that the modeled 
limateresponds 
orre
tly, the results give 
on�den
e in the 
on
ept of the in�uen
eof 
hanging orbital parameters on the pre
ipitation weighted temperatureand the explanation of the 8.2 kyr event.In Chapter 2 the physi
s and parameterizations in
luded in ECBilt-CLIOwere des
ribed. One should keep in mind, that the results depend stronglyon the ability to represent the atmosphere and o
ean 
orre
tly. The simplehydrologi
al 
y
le, the parameterization of 
louds and verti
al mixing inthe o
ean, �ux-
orre
tions et
. are all examples of tunable parameters ea
h



6.1 Outlook 64in�uen
ing the output of the model. Although the results are in reasonablea

ordan
e with proxy data, this should always be 
onsidered.6.1 OutlookAs des
ribed in se
tion 4.5, many fa
tors have the potential to 
hange theseasonality of pre
ipitation at high latitudes, 
hanges in orbital parametersbeing one of them. Other me
hanisms that are possible to in
orporate in themodel, 
ould be 
hanges in boundary 
onditions throughout the Holo
enesu
h as GHG, vegetation types and the extent of the major i
e sheets in-
luding 
hanges in the orography. These improvements 
ould lead to a moresophisti
ated pi
ture of the Holo
ene 
limate, thus a�e
ting the results fromsimilar experiments as performed in Chapter 4 and 5. Su
h improvements
ould be a
hieved by performing the experiments with the newest version ofECBilt-CLIO, 
alled LOVECLIM whi
h in
ludes dynami
al vegetation andi
e sheet 
omponents.It would also be of interest to perform a transient experiment throughoutthe Holo
ene, with 
hanges in orbital parameters. This might shed morelight on the 
hanges in the seasonality of pre
ipitation. Likewise, performingmore ensemble runs of the freshwater for
ing experiments 
ould to someextent validate the results and experiments with varying total amount offreshwater release would be of interest.
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Appendix AList of Symbols
a radius of the Earth
A area
A lead fra
tionAABW Antar
ti
 Bottom Water(AO)GCM (Atmosphere O
ean) General Cir
ulation Model
cp spe
i�
 heat 
apa
ity
C 
onstant 
al
ulated from the heat budget of open water
C heating of the atmosphere by 
ondensation of water vaporCCM Community Climate ModelCLIO Coupled Large-s
ale I
e O
ean
d deuterium ex
ess
D divergen
e of the horizontal wind
D horizontal di�usivityEBM Energy Balan
e ModelEMIC Earth Model of Intermediate Complexity
fo Coriolis parameter at 45◦N and S
f Coriolis parameter
FdS s
alar 
orre
tion term
Fdu 
orre
tion term for the small s
ale vis
osity
Fi heat �ux within the i
e
Fo heat �ux from the o
ean to the i
e
FT adve
tion of temperature by the ageostrophi
 wind
Fvθ s
alar 
orre
tion term
Fζ ageostro�
 
orre
tion fa
tor
F internal for
e per unit area
g gravitational 
onstant
G(h) 
orre
tion termGHG greenhouse gas
h i
e thi
kness
i i'th grid 
ell
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kd tunable 
oe�
ient for di�usion
kR Rayleigh damping 
oe�
ient
k thermal 
ondu
tivity
Li heat of fusion of i
eLOVECLIM LO
h�Ve
ode-E
bilt-CLio-agIsm Model
m mass of snow and i
e per unit areaMOC Meridional Overturning Cir
ulationNA North Atlanti
NADW North Atlanti
 Deep WaterNH northern hemisphere
p pressureP perturbed state
P pre
ipitation
qa water 
ontent in the moist layer
qmax integrated saturation spe
i�
 humidity below 500 hPaQ diabati
 heating
R gas 
onstant
Sϑ rate of 
hange of ϑ due to thermodynami
 e�e
ts
S salinityS steady stateSH southern hemisphereSST sea surfa
e temperatureSWI stable water isotopest time
T temperatureTHC thermohaline 
ir
ulation
u horizontal velo
ity
Va transport velo
ity
Vψ rotational 
omponent
w verti
al velo
ity
x x-
oordinate, towards east
y y-
oordinate, towards north
zh topogra�
 height
z z-
oordinate, upwards
δ ratio of SWI in a sample to that of SMOW
η sea-surfa
e elevation
Γ unit step fun
tion
λ longitude
ω verti
al velo
ity
φ geopotential
φ latitude
φ(A) de
reasing fun
tion de�ned for 0 ≤ A ≤ 1
ψ stream fun
tion
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ρ density
σ stati
 stability
σ Stefan-Boltzmann 
onstant
τa for
e per unit area from the air
τw for
e per unit area from the water
θ potential temperature
ϑ any physi
al variable
ζ verti
al 
omponent of the vorti
ity ve
tor
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