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Abstract

Using an Earth Model of Intermediate Complexity, experiments are per-
formed during the Holocene to study a) the seasonality of precipitation in
Greenland and the effect on the interpretation of ice-core signals, and b) pos-
sible mechanisms that can account for the sudden decrease in temperature
seen in ice cores from Greenland 8.2 kyr ago.

a) Throughout the Holocene orbital parameters have changed resulting
in a 5 W/m? drop and a 0.9 W/m? rise in annually averaged insolation at
80 and 20°N, respectively. It has been speculated that this increase in the
meridional gradient of the annual mean solar forcing can lead to changes in
the seasonality of Greenland precipitation. The isotope signal in ice cores
are precipitation weighted, meaning that a signal is only recorded when it
snows, and a change in the seasonality of precipitation will thus cause a bias
in the signal. If, for instance, the amount of summer precipitation drops, this
will appear as a cooling in the signal, even if the temperature is constant.

b) 508 records from Greenland ice cores show a large excursion of ~20/p,
found at 8.2 kyr ago. This cooling has been detected in many other indicators
in the Greenland ice cores, and in cores from many other locations, indicating
that the 8.2 kyr event was not restricted to the North Atlantic region. It is
believed, that the event is caused by freshwater discharges, originating from
the melting of the Laurentide ice sheet.

Orbital and freshwater forcings are built into the model, and the results
will give an indication of the effects on regional and global climate.



Resume

Ved at benytte en sékaldt Earth Model of Intermediate Complexity, vil
eksperimenter gennem Holocaen blive udfert for at studere a) sendringer i
sasonaliteten af nedbgr i Grgnland samt effekterne dette kan have nar man
skal fortolke signalerne i iskerner, og b) mulige mekanismer der kan forklare
den pludselige nedkgling observeret i iskerner fra Grgnland 8.200 ar fgr nu.

a) Jordens baneparametre har sendret sig gennem Holocaen, og solind-
stralingen ved 80 og 20° nordlig bredde er hhv. faldet 5 W/m? og gget 0.9
W/m?2. Det er blevet foresliet, at denne forggelse af den meridionale gradi-
ent kan fore til eendringer i ssesonaliteten af nedber i Grgnland. Da isotop
signaler i iskerner er nedbgrs-vaegtede, dvs. et signal kun bliver optaget nar
det sner, vil en sndring i sesonaliteten af nedbgr fgre til forskydelser af
signalet. For eksempel vil et fald i meengden af sommernedbgr give sig til
udtryk i et temperaturfald i signalet, selvom temperaturen er konstant.

b) §O'® malinger fra iskerner i Grgnland viser store udsving pa ~2%y
for 8.200 ar siden. Denne nedkgling er blevet observeret i mange andre in-
dikatorer i Grgnlandske iskerner samt mange andre steder pa kloden, hvilket
indikerer at begivenheden var et globalt feenomen. Forklaringen skal san-
synligvis findes i udledningen af ferskvand i det nordlige Atlanterhav, der
stammer fra afsmeltning fra Laurentide iskappen.

Orbital- og ferskvand-forceringer er inkorporeret i modellen, og resul-
taterne vil give en indikation af effekterne af disse p& det regionale og globale
klima.
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Chapter 1

Introduction

Climate usually refers to the average weather conditions, including temper-
ature, humidity, precipitation, wind, pressure etc., over a period of time for
a given area. Since the weather influences the life on our planet, changes in
global or regional climate is something that affect all activities on the Earth,
and man has striven for an understanding of the mechanisms causing climate
change throughout the modern era.

Studies during the last few decades have shown that climate change is
most likely caused by various natural and anthropogenic factors such as
variations in solar radiation, changes in ocean circulation, vegetation type
and density and changes in greenhouse gases (GHG) and aerosols (IPCC,
2007). The interaction between the different factors is complex and not
easily understood.

Focusing on the Atlantic thermohaline circulation (THC), it is defined by
Wunsch (2002) as the ocean circulation of its mass, including warm, saline
surface water flowing northward and cold, dense water flowing southward in
depth. One of the main features of the THC is the redistribution of heat
from low to high latitudes, and if this overturning circulation is changed the
global and regional climate is affected in various ways (Pedlosky, 1998).

Observations of the climate have only been carried out in the modern
era, and proxies for past climate change, including sediment and ice cores,
tree rings and coral, are used to study past climate change. Especially ice
cores from Greenland and Antarctica have proven to be an important source
of information on Earth’s climate spanning the last 800 kyr (Augustin et al.,
2004). The accumulation of snow, ice and aerosols and the trapping of air
bubbles from previous time periods makes it possible to measure the ratio of
stable water isotopes (SWI) and atmospheric concentrations of trace gases
including GHG, dust, ash and radioactive substances. From these proxies
information of past temperature, precipitation rates, gas concentrations of
the atmosphere and events such as volcanic eruptions and forest fires can be
extracted. Diffusion and the compressing of the annual layers are important
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processes within an ice sheet (Johnsen et al., 2000), causing a reduced time
resolution with depth. In this context proxies from many different ice cores
are rather well resolved during the Holocene period (last 11,700 years, Stef-
fensen et al., 2008), and variations in the climate can be identified on annual
scales.

In the early Holocene a cooling event in the northern hemisphere (NH)
8.2 kyr ago has been identified in many ice cores, e.g. von Grafenstein et al.
(1998), Johnsen et al. (2001) and Thomas et al. (2007), and changes in the
THC are believed to play a key role in the mechanisms behind this cooling
event.

Although ice cores are rich on information, many obstacles has to be
overcome when interpreting the different signals in the cores. One problem
arises from the fact that SWI signals are only recorded when it snows, making
the seasonality of precipitation crucial to the validity of an annual signal.
Studies using climate models have been used to estimate any possible bias
in the Greenland ice cores.

The purpose of this thesis is to examine

a) if changes in orbital parameters throughout the Holocene causes any
bias in the temperature recorded in Greenland ice cores, and to give
an estimate of any such bias

b) if the release of freshwater can account for the observed cooling event
in the NH 8.2 kyr ago and, in the case of changes in the seasonality of
precipitation during the event, to estimate the bias in the same way as
in a)

1.1 Outline

In this chapter a description of the various climate models and their evolution
will be given, and in Chapter 2 the climate model used in this thesis will be
presented in details, from the governing equations to the climate produced
by the model. Chapter 3 focuses on the spin-up of the model, necessary to
reach a statistical equilibrium state of the climate.

Chapter 4 will be dedicated to experiments, where the model is forced by
changes in orbital parameters, simulating Holocene configurations of oblig-
uity, eccentricity and angle between vernal equinox and perihelion. The
ability of the model to reproduce high northern latitude climate makes it
possible to estimate the changes in the seasonality of precipitation during
the Holocene, and when calculating the precipitation weighted temperature,
these changes could lead to a bias in the temperature recorded in Greenland
ice cores, caused only by changes in seasonality of precipitation. A discussion
of the results will be followed by concluding remarks on the topic.
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In Chapter 5 experiments are performed simulating the 8.2 kyr event.
It is believed that the cooling is caused by sudden freshwater discharges
originating from meltwater reservoirs from the Laurentide ice sheet, changing
the circulation and heat transport by the world oceans. Results, a discussion
and conclusions will be presented.

1.2 Climate models

The ability to predict weather (and thereby the climate) has increased dra-
matically over the past decades. Although we cannot predict local weather
on any given day in the future, computer simulations have made it possible
to estimate future climate changes, i.e. the average weather conditions for a
given area. The development of climate models can be described by the com-
plexity of the model, from the rather simple Energy Balance Models (EBMs)
to fully coupled Atmosphere Ocean General Circulation Models (AOGCMs).

A zero-dimensional EBM treats the entire Earth as a single point, and
the system will be in a steady state, when absorbed solar radiation balances
outgoing longwave radiation - no energy is accumulated. The absorbed solar
radiation is an increasing function of temperature, since the albedo (reflec-
tivity) decreases with increasing temperature!. If the outgoing longwave
radiation is given by an increasing function of temperature, two equilibrium
states for the system may be possible depending on the initial state; one
that is totally ice covered, and one that is ice-free (Budyko, 1969 and Sell-
ers, 1969).

When horizontal resolution is allowed, the one-dimensional EBMs include
dependence of absorbed solar radiation and surface albedo on latitude, as
well as different physical processes such as meridional heat flow. The one-
dimensional EBMs break the hemispheres into a number of latitude regions,
and the governing equations will depend on the given latitude. This type
of one-dimensional EBM was first described by Budyko (1969) and Sellers
(1969), and steady state solutions was found for different latitudes of the
ice-line.

Using the power of digital computers, local weather prediction models
have been developed since the 1950s, and the ability to predict weather
has improved with more physical processes, more feedback mechanisms and
increased resolution as some of the key progressions in computer model-
ing. Compared to the simple EBMs described above, these models use non-
averaged equations, that are solved numerically in each grid cell and time
step defined by the model. Usually a physical grid covers the sphere of the
Earth following the latitudes and longitudes, and the atmosphere (and ocean,
if represented) is divided into a number of vertical layers.

!When temperature increases, the area that is ice-covered decreases, leading to a re-
duction of the surface albedo.
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GCMs use the same set of equations as do weather prediction models,
but the objective of a GCM is shifted from short-term weather predictions
to long-term trends in the climate of the Earth, with the conservation of
energy, moisture and momentum being important conditions in the models.
Apart from the dynamical core that integrates the equations, several other
sub-grid scale processes have to be taken into account such as convection
and cloud processes. This is done by parametrization, whereby the effects
of these processes are built into the model by letting the fields, calculated in
the dynamical core, be influenced in some way e.g. by the amount of clouds
in a certain grid cell.

Today’s GCMs include not only the atmosphere and oceans, but also
interaction and feedbacks from sea-ice and land-areas, in order to simulate
the climate of the Earth more accurately. Fully coupled AOGCMs are the
most complex climate models, and studies using different AOGCMs play a
large role in climate research and in the prediction of the future climate, e.g.
IPCC (2007).

Including more and more components of the climate system, AOGCMs
are designed to represent the climate as realistically as possible with one
major drawback being the high computational cost. Asreported by the IPCC
(2007), experiments with AOGCMs are limited to multi-decadal simulations,
making it virtually impossible to use this type of computer models to study
millennial-scale variations in past and future climate.

The need of comprehensive climate models that are less expensive in
computation costs spawned Earth System Models of Intermediate Complex-
ity (EMICs). As in the case of GCMs, EMICs describe most of the at-
mospheric and ocean processes, but in a more simplified or parametrized
form and often with a coarse resolution compared to GCMs. Claussen et
al. (2002) proposed a perspective on the hierarchy of climate models, where
each model is characterized by the location in a spectrum defined by (i) the
number of interacting components of the climate system explicitly described
by the model, (ii) order of magnitude of the number of grid cells, and (iii)
the sum of spatial dimensions of the atmosphere and ocean components.
He found that the gap between EMICs and simple climate models is rather
large, whereas the most complex EMICs differ little from most GCMs.

Where GCMs simulate regional climate far more precisely, EMICs have
proven to be an effective tool to understanding important processes, and
their interactions and feedbacks, within the climate system. Equilibrium
states of the climate of various EMICs have been compared to those of a
number of GCMs and observations, e.g. Petoukhov et al. (2005), and the
general conclusion was, that the scatter in EMIC results is close to that of
GCMs, and for both types of climate models, the results agreed well with
observations.

As discussed above, the different types of climate models vary in complex-
ity, each with different weaknesses and strengths in simulating the climate.
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This should be taken into account, when trying to answer a specific question,
and the choice of model (simple or complex) should depend on the question
asked.



Chapter 2

The model

In this chapter the model used in this study, ECBIilt-CLIO, will be described
including the main physics and dynamics. The model consists of an at-
mosphere (ECBIlt) and an ocean (including sea-ice, CLIO) part, that are
coupled through fluxes of heat, moisture and momentum. The cycles of
these three quantities will be discussed followed by individual descriptions of
the two sub-systems, and a short presentation of the climatology of ECBilt-
CLIO.

2.1 Heat, moisture and momentum cycles

Solar radiation serves as a heat source for the climate in the model, and short-
wave radiation heats the atmosphere and surface respectively. The incoming
radiation has a seasonal variation included. From the surface long-wave radi-
ation is emitted and absorbed by the atmosphere, and eventually reemitted
into space and back to the surface giving rise to the greenhouse effect. Heat is
transported within the atmosphere (oceans) by winds (currents), convection
and diffusion. Thermal equilibrium of the system is reached when outgoing
long-wave radiation balances incoming solar radiation.

The moisture cycle is primarily driven by precipitation and evaporation.
In the atmosphere moisture is transported only in the layers below 500 hPa,
and moisture above this height precipitates down to the surface. Precipi-
tation occurs below 500 hPa when the relative humidity exceeds a certain
threshold. Evaporation over land is determined by the soil moisture, and
sublimation occurs when snow or sea-ice is present. The soil moisture is con-
trolled by precipitation, evaporation, melting of snow over land and run-off.
Another threshold for soil moisture determines when run-off from land oc-
curs. River run-off and run-off from land goes into an ocean basin determined
by the land-sea mask shown in figure 2.1.
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Figure 2.1: Land-sea mask for ECBilt. Upper case characters indicates run-
off area for the region given by the same lower case character. From Opsteegh

(1998).

Diabatic heating produces potential energy which is transferred to ki-
netic energy. The momentum generated in the atmosphere is subsequently
dissipated by internal friction, and transferred to the oceans since surface
winds and thermohaline processes drive the currents of the oceans.

2.2 ECBIlt

ECBilt was developed by Opsteegh (1998) at KNMI, De Bilt, The Nether-
lands as an alternative to the more complex GCMs developed in the late
1990s, using a dynamical core originally built by Molteni (1993). The goal
was to be able to describe the relevant dynamic and thermodynamic feedback
processes, but sacrificing resolution in return for faster computation time.
In the original paper, model runs of 6 kyr were presented, and decadal-long
runs are easily carried out on standard desktop computers nowadays. The
following section is based on the work done by Haarsma et al. (1998).

The horizontal resolution of ECBIilt is 5.625 x 5.625 degrees, and the
model is spectral with horizontal truncation with wavenumber 21 both zon-
ally and meridionally. The governing equations are discretized on each ver-
tical level, solved in the spectral space and then backtransformed by Fast
Fourier Transformation to the physical grid.

Vertically the atmosphere is divided into 3 layers, at 800 hPa, 500 hPa
and 200 hPa respectively. The 3 vertical layers are numbered 5,3 and 1
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and the intermediate levels 650 hPa and 350 hPa are numbered 4 and 2
respectively. Letting the top of the atmosphere be represented by the 0th
layer, in total 6 levels are present in the atmosphere, as well as the surface
of the earth, denoted by subscript s.

2.2.1 Dynamics

A fundamental property of the equations of motion used in the model is the
quasi-geostrofic approximation, whereby an assumption of geostrophic equi-
librium is used in certain contexts of the equations of motion. Parameteriza-
tions for the neglected ageostrophic terms are incorporated in the vorticity
equation, in order to improve the simulation of the Hadley circulation, e.g.
the circulation pattern in the tropics and subtropics, where air masses rise
near equator and descend in the subtropics. The flow is poleward in 10-15
km height and equatorward at the surface.

The model is governed by the following quasi-geostrophic equations ex-
pressed in isobaric coordinate (i.e. pressure serves as the vertical coordinate):

e The continuity equation:

ow
D+8_p =0 (2.1)

where D is the divergence of the horizontal wind, w = g—f is the vertical
velocity and p is the pressure.

e The vorticity equation:

% +Vy - V(C+ )+ foD+ kqV81 = =k (2.2)

where ¢ = V24 is the vertical component of the vorticity vector, Vy is
the rotational component, f is the Coriolis parameter (f, is f at 45°N
and S) and ) is the stream function. k4 is a tunable coefficient for dif-
fusion and F{ includes the ageostrofic correction discussed previously.

e The first law of thermodynamics:

Using the hydrostatic equation

and the geostrophic relation
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where 7' is the temperature, R is the gas constant and ¢ is the geopo-
tential, it is possible to rewrite the first law of thermodynamics in
isobaric coordinates as

o o g 0¥ o RQ
— = —-F
ot <0p>+ v V( >+fo TRV p ) T\ oy ey
(2.5)
where o is static stability, kg is the Rayleigh damping coefficient, ¢, is

the specific heat capacity, Q is the diabatic heating and F7 is advection
of temperature by the ageostrophic wind.

Elimination of w and D from the equations 2.1, 2.2 and 2.5 leads to one
equation for the quasi-geostrofic potential vorticity ¢:

9 29 R 0 of”
atJrVQ,, Va+kaV®(q— f)+k'Ra (f 1/}) - <g>_FC 8p<f T>

dp & ap \ op o
(2.6)
with ¢ defined by
0 1 azp
_ 27

The two last terms in equation 2.6 result in the ageostrofic forcing, that
improves the Hadley circulation by changing the strength and position of
the jet stream and eddy activity. In each time step, values for Fy and Fr
from the previous are used, when solving equation 2.6.

Essentially, equation 2.6 governs the dynamical behavior of the atmo-
sphere. The boundary condition for w at the top of the atmosphere is given
as w = 0, whereas for the surface of the earth it is given by

C
—psg(f—dCs — Vys - Vh) (2.8)

o

where subscript s indicates surface values. From here, equation 2.6 can be
applied for each of the three horizontal layers. The temperature balance
2.5 is applied at the two intermediate layers 650 hPa and 350 hPa. The
equations for each layer will then include terms that depend on calculations
from the layer directly below and above, linking the layers together. The
discretized equations can be found in Haarsma et al. (1998).

2.2.2 Planetary boundary layer

Due to the coarse vertical resolution of ECBIlt, the planetary boundary layer
is not explicitly resolved, and it is necessary to make assumptions about the
temperature, moisture and wind profiles in the boundary layer.

Since the temperature is calculated directly for the 650 and 350 hPa
layers a relationship for the vertical temperature profile is calculated, using
an assumption of a linear temperature profile in the logarithm of pressure

T(p) = Ty + vIn(p/ps) (2.9)
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where
1Ty
P2 — P4
Numbers as subscripts represent the respective layer. This profile stretches
from the surface of the earth to 200 hPa, passing through the computed tem-
peratures at 650 and 350 hPa. Above 200 hPa the temperature is assumed
constant.
Combining 2.9, 2.3 and the ideal gas law yields the following expression
for the temperature just above the surface

(2.10)

2
T, = \/Tg 9 (2~ 2) (2.11)
T

where zjp, is the topografic height. It is this extrapolated temperature that is
used as the temperature 2 m above the surface.

The relative humidity is assumed constant from the surface to 500 hPa,
and the surface wind is assumed to be 80 % of the wind at 800 hPa.

2.2.3 Physics

As described in section 2.1 diabatic heating generates momentum in the at-
mosphere, and is caused by radiative heating and latent and sensible heat
exchange with the surface. The shortwave solar radiation is only reflected
at the top of the atmosphere and at the surface, and is reemitted directly
into space, neglecting multiple scattering. Absorption of shortwave radia-
tion in the atmosphere (and at the surface) is calculated as a fraction of
the incoming radiation, depending on reflection and absorption coefficients,
being functions of latitude, time of year and surface type'. The longwave
radiation scheme is controlled by the vertical temperature profile calculated
in equation 2.9, the cloud cover and some empirical constant. The longwave
radiation emitted from the surface is given by the Stefan-Boltzmann law o7
where o is the Stefan-Boltzmann constant.

The atmosphere is assumed completely dry above 500 hPa, and the mois-
ture budget below is controlled by the vertical moisture transport, precipi-
tation P and evaporation E. The equation reads:

0

% = V3 (Vaga) + E— P (2.12)
where ¢, is the water content in the moist layer of the atmosphere and V,
is the transport velocity. Since a grid cell is never completely saturated a

criterion for rainfall (or snow if 7' < 0°C) is set up as qg > 0.8¢mar Where

'Reflection coefficients are essentially the reflection at the top of the atmosphere and
the surface albedo.
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Gmaz 18 the vertically integrated saturation specific humidity below 500 hPa.
The amount of precipitation is now given by

da — O-SQmax

Ag, =
9 1+C

(2.13)
where C' is a correction for the heating of the atmosphere by condensation
of water vapor. The rate of precipitation from a given grid cell, P is given
by

AV

P= At

(2.14)

where At is one time step.

Evaporation over land and sea, sensible and latent heat fluxes from the
surface to the atmosphere and a convective adjustment are parametrized
by properties of the surface (land, sea or sea-ice regions) and near surface
atmosphere. Different criteria for temperature control soil moisture and snow
cover.

This relatively simple hydrological cycle has made it necessary to include
a flux-correction, which is described in section 2.4.

The forward integration in time is done using a forth order Runge-Kutta
method to solve the quasi-geostrofic potential vorticity equation 2.6, and the
time step for the atmosphere is 4 hours.

2.3 CLIO

The Coupled Large-scale Ice Ocean model CLIO results from the coupling of
a global, free surface OGCM to a thermodynamical-dynamical sea-ice model.
The model has been improved from the first version originally presented by
Goosse and Fichefet (1999), and in this study CLIO v. 3.0 is used (hereafter
referred to as CLIO). The governing equations were first published in the
CLIO Scientific Report by Goosse et al. (2000a).

The ocean part of CLIO includes a relatively sophisticated parametriza-
tion of vertical mixing, and is governed by the primitive equations described
in details below. The three-level sea-ice component simulates the growth
and decay of sea-ice by changes in snow and ice thickness, in response to
heat fluxes from the ocean and atmosphere.

The grid cell structure of CLIO is composed of two spherical coordinate
systems interconnected at the geographical equator, the southern-most based
on classical latitude-longitude coordinates, and the northern subgrid has its
poles located at the equator. This is done to avoid a singularity at the North
Pole?. The rotated subgrid only covers the NA, Arctic and Mediterranean

%A singularity at the South Pole does not cause problems since the Antarctic continent
covers this area.
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Sea, and the connection is done in the equatorial Atlantic where the meridi-
ans in one grid corresponds with the parallels in the other. The grid size for
both grids is 3 x 3 degrees, and the two grids can be seen in figure 2.2.

Figure 2.2: Horizontal grid of CLIO. Classical latitude-longitude grid is
shown in blue and rotated grid in green. From Goosse (2000a).

Vertically the model is composed of 20 layers, where each layer is fixed
in depth. The resolution is finest near the surface of the ocean, where strong
gradients, vertical mixing and turbulence have a relatively larger influence
on ocean properties than deeper down. The top layer is 10 m compared to
750 m in the deepest part of the ocean. The depth of the ocean is determined
by the number of active layers in each grid cell, which has been chosen by
comparison with real ocean depth, and the depth is therefore represented as
steps rather than sloping bathymetry.

2.3.1 Governing equations

The Navier-Stokes equations governs the oceanic flow in the model, here
rewritten in a rotating frame of reference, using the following approxima-
tions:

e hydrostatic equilibrium is assumed everywhere in the ocean

e the Boussinesq approximation, stating that density differences are neg-
ligible compared to the mean density of the ocean, except when they
appear in a term multiplied by the gravitational force

e the ocean depth is negligible compared to the radius of the Earth
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e horizontal length scales dominates the vertical scales
With these assumptions, the governing equations are

e The continuity equation:

ow
. —— =0 2.15
V-u+ % (2.15)
e The equation of state
p=p(0,5,2) (2.16)

e The horizontal and vertical momentum equations:

1
%—ltl—i—u-Vu—kwg—lZl—kfezxu:—EVp—i—qu (2.17)
dp
- 2.1
5, = P9 (2.18)
e The equations for the time evolution of potential temperature and
salinity:
00 00
il . —_=F F 2.1
8t+u V9+w8z do + L'vg (2.19)
oS oS

In this coordinate system z is towards east, y towards north and z upwards.
The parameters are as follows: u and w denotes horizontal velocity in the
x- and y-directions and vertical velocity in the z-direction respectively, p is
density, 0 is potential temperature, .S is salinity, ¢ is time, p is local pressure,
g is the gravitational constant and the Coriolis parameter is f = 2Qsin ¢
where w is the Earth’s rotational frequency and ¢ is latitude.

F g, is a correction term for the small scale viscosity processes otherwise
not included in the model. The scalar terms F,y and Fjg accounts for sub-
grid processes like isopycnal mixing and eddy induced advection in each grid
cell.

2.3.2 Important parameterizations used in CLIO

The vertical mixing in the ocean is parametrized following the work done by
Mellor and Yamada (1982), but introducing a background diffusivity region
below the surface mixed layer and convective adjustment scheme. The former
makes the model perform realistic for regions of low turbulence e.g. the
deep ocean, and the latter makes it possible to represent areas of strong
convection.

The formation of Antarctic Bottom Water (AABW), the outflow of saline
Mediterranean Sea water and several other important processes in the oceans
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rely strongly on the process of down sloping currents caused by differences
in density. As described earlier in this section the bottom of the ocean
is everywhere flat, with step-wise changes in depth from grid cell to grid
cell. Down sloping flow is therefore parametrized in a simple way; if dense
water spills over a continental shelf, it is moved down to the neighboring (in
horizontal direction) grid cell with equal density. The water is assumed to
flow along the vertical wall until it reaches a layer with equal density. If it
is denser than the entire water column it is moved to the bottom layer.

When decadal-long simulations are needed, it is necessary to have time
steps in the order of hours when solving the equations 2.15 through 2.20,
which combined with the coarse vertical resolution of the model makes it
impossible to represent fast surface gravity waves.

The time step used when integrating the equations for scalars 2.19 and
2.20 is 24 hours, which ensures stability of the system while keeping the
computation power needed to a minimum. Exchange between grid cells are
performed by fluxes, ensuring that the different conservation laws are ful-
filled, and most variables are located in the center of each grid box, following
the theory of Messinger and Arakawa (1976).

2.3.3 Sea-ice model

The sea-ice component of CLIO is rather complex including parameteriza-
tions of thermodynamic growth and decay and dynamics and transport of
the ice. This section will briefly discuss the most important processes, but
for a full description the reader is referred to Goosse (2000a).

The growth and decay of sea-ice is basically a function of ice thickness and
concentration in each grid cell, meaning that the less ice the faster growth
or decay. Vertically the growth and decay of the ice is determined by ther-
modynamic processes, including heat flux from the ocean and atmosphere
to the ice. Horizontal conduction of heat is neglected due to the coarse hor-
izontal resolution, and the one-dimensional heat-diffusion equation used to
calculate the evolution of temperature within the ice reads

or o*T
Pepar = G(h)kw
where h is the ice thickness, k is the thermal conductivity and G(h) is a cor-
rection factor for subgrid effects. Equation 2.21 is solved numerically using
an implicit method and a time step of 24 hours. The surface temperature
of the sea-ice is controlled by an equation of heat balance for the top layer
(ice or snow), and at the bottom of the ice slab, and imbalances in the heat
budget is corrected for by accretion or ablation of ice.

Imbalances between the heat flux within the ice F; and from the ocean

F, cause changes in ice thickness calculated by the equation
oh  F;—F,
ot L

(2.21)

(2.22)
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where L; is the heat of fusion of ice.

The horizontal extent of sea-ice is determined by the percentage of the
ice-covered area in each grid cell, 1 — A where A is the percentage of open
ocean in each grid-cell, called the lead fraction. Even very small areas of
open water in a grid cell can account for important fluxes between the ocean
and atmosphere. The lateral growth of ice is parametrized by

<8A> = —p(A) =4 (2.23)
growth

ot ho

where ¢(A) is a decreasing function and ¢(1) = 0 and ¢(0) = 1. h, is the ice
thickness of the ice created and the constant C' is calculated from the heat
budget of the ocean surface water, such that ice is created when C' < 0, and
the thickness of the new ice is ho/¢(A). When new ice is formed, the ice
thickness is averaged with that of pre-existing ice.

A positive heat budget leads to vertical melting of ice, and the thinning
of ice eventually causes a reduction in the amount of ice extent®. The decay

is parametrized by
0A A oh
— =——I —— 2.24
< ot >decay 2h < ot > ( )

where I' is the unit step function. If the ice is thinning F(—%—}t‘) > 0 and hence
(%)demy < 0 meaning that when a positive heat budget leads to thinning
of ice, lateral decay will also occur.

An equation for conservation of momentum for the 2-D continuum of

sea-ice describes the ice dynamics

maa—lt1 =Tq+ Tw —mfe, xu—mgVn+F (2.25)

m being the mass of snow and ice per unit area, 7, and 7, are the forces per

unit area from the air and water respectively, 17 is the sea-surface elevation
and F is the internal force per unit area.

If ¥ represents any physical variable that is transported in the sea-ice

component, the equation describing horizontal transport used in the model

reads
09

o = V() + DV?9 + Sy (2.26)

where D is the horizontal diffusivity and Sy is a parametrization of the rate
of change of ¥ due to thermodynamic effects. The two first terms on the
right-hand side of 2.26 represents advection and diffusion of the physical
variable.

The sea-ice component, governed by the equations 2.21 through 2.26, is
coupled to CLIO by exchange of momentum, heat and mass at the ice-bottom
sea-surface interface, and the time step for the whole sea-ice component is
the same as for the ocean part, i.e. 24 hours.

3Compared to the vertical thinning, lateral decay of ice is negligible.
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2.4 Coupling of ECBilt and CLIO

ECBIilt has a fraction of each grid-cell covered by land surface, open ocean
or sea-ice. When coupling the two models, these fractions are used to match
the area occupied by the three types of surfaces in the two models, in spite
of the different grid-cell structure.

Opsteegh et al. (1998) found, that the model overestimated precipitation
rates over the Atlantic and Arctic Oceans and a flux-correction was built
into the model. A reduction in precipitation of 10 and 50% respectively over
these oceans was redistributed over the North Pacific Ocean leading to more
a realistic distribution.

Since the atmospheric and ocean time step is 4 and 24 hours respectively,
the atmospheric model has 6 time steps for each ocean time step. During
these 6 time steps the ocean surface is fixed, and fluxes of heat, moisture
and momentum are integrated, and used in the next ocean time step.

2.5 Area and precipitation weights

The output from ECBIlt-CLIO is given on the horizontal grid described in
section 2.2 and 2.3 respectively. In order to calculate average values over
the sphere of the Earth, an area weighted calculation has to be carried out,
since the area of each grid cells differs from one another.

The area of a given grid cell can be calculated as

A; = a® cos ¢id;d\ (2.27)

where i defines the i’th grid cell, A is the area, a is Earth’s radius and d¢
and d\ is the difference in latitude and longitude respectively. If ¥4 is any
physical variable averaged over the sphere of the Earth, it is calculated as

. Zz 192A2 o Zz 192 COS (Zﬁzd(zﬁz
- > A a >, cos ¢ido;

where the summations are for all grid cells. Since a? and d\ are constants
for all grid cells, ¥ 4 does not depend on them.

As described in Chapter 1, the precipitation weighted temperature for
Greenland during the Holocene, Tpy is compared to the regular tempera-
ture. The weight is simply calculated by the equation

- > TajPa,
PW — —~— =+~
Zj Ta,

Ja

(2.28)

(2.29)

where T is the temperature, P is precipitation and subscript A refers to
the area weighted calculation of temperature and precipitation respectively
given by equation 2.28. The summations over j defines the time interval over
which the weight is calculated.
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2.6 Climate of ECBIilt-CLIO

Opsteegh et al. (1998) evaluated the climate of ECBIilt by comparing results
from a 500 year experiment with prescribed sea surface temperature (SST,
taken from the COARDS dataset) to NCEP-NCAR reanalysis data. The
zonally averaged wind and vertical velocity for winter and summer agreed
well with observations, whereas the simulation of the stationary planetary
waves were too weak. The coupling of ECBilt and CLIO demands that the
surface fluxes are realistic, and zonal mean evaporation minus precipitation
plots showed good agreement with the NCEP-NCAR dataset, as did the
distribution of winter mean precipitation and surface heat flux. The model
underestimated the strength of the variability over the NA, and hence the
NH storm tracks, but in general, they found reasonably realistic properties
of the mean state and variability.

The global ocean circulation of CLIO has been analyzed by Goosse and
Fichefet (1999), where they used climatological monthly wind stress, surface
air temperature, precipitation and freshwater fluxes, and the humidity of air
to force the model. They integrated the model for 1,000 years, and presented
results made from averages of the last 10 years of integration. The results
discussed here are limited to the NH.

The March and September sea-ice extent and thickness was found to be
simulated reasonably well when compared to observations, and deep convec-
tion occurred in the Labrador, Greenland, Iceland and Norwegian Seas also
in agreement with observations, although the formation of North Atlantic
Deep Water (NADW) does not penetrate all the way to the bottom of the
ocean north of 40°N as observed (AABW occupies the entire Atlantic ocean).

It should also be noted, that the response in global surface temperature
to a doubling of CO4 is about 1.75 K. This climate sensitivity is in the lower
end, when compared to GCMs and other EMICs (Petoukhov, 2005), and it
is most likely a consequence of the schematic representation of the tropical
atmosphere, given by the ageostrofic correction terms in equation 2.6.

As described in Chapter 3, ECBIlt-CLIO has been spun up for 1,500
years before any experiments have been performed. During the spin-up, the
model was forced with present-day orbital forcing and pre-industrial GHG
concentrations, and after 700-800 years it reached a statistical equilibrium.
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Figure 2.3, 2.4, and 2.5 have been produced, taking the average of the
last 500 years from the spin-up experiment (see figure 3.1), and the fields
presented in figure 2.6 are produced taking the average of a 20 year experi-
ment®. These fields are shown to give a general impression of the mean fields
produced by ECBIlt-CLIO.
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Figure 2.3: Annual mean temperature at 2 m height (left) and precipitation
(right).

The topography and latitude dependence of the 2 m temperature is
clearly visible, but east-west gradients are too weak in the tropics, with
too high temperatures in the east Pacific as a consequence (Renssen, 2002).

Xie and Arkin (1997) have used gauge and satellite observations and
NCEP-NCAR reanalysis to create a dataset containing global precipitation
distributions called CMAP. The distribution in figure 2.3, right shows that
areas of high precipitation are located in the tropics across the great oceans,
with maxima over south-east Asia and east Africa. The model clearly over-
estimates the precipitation rates in the latter, but in general the distribution
is in good agreement with the CMAP dataset. In the extra-tropics the pre-
cipitation is concentrated at the western boundaries of the oceans, and over
land it is primarily a function of topography and latitude.

In the left panel in figure 2.4 a clear difference in surface salinity between
the Atlantic and Pacific Oceans is seen, especially near the subtropical gyres.
The salty outflow from the Mediterranean Sea, rather fresh Arctic Sea near
the Bering Strait, and salty surface water off the coast of Chile (caused by
low precipitation rates) are other significant features of the surface salinity.

*Actually, the salinity and temperature fields of the ocean are produced from the
newest version of ECBIilt-CLIO called LOVECLIM. This model uses the same atmosphere
and ocean/sea-ice components as ECBilt-CLIO, but includes coupled vegetation, carbon
cycle and ice-sheet components. The latter three components were deactivated, when
experiments with LOVECLIM were performed. LOVECLIM was used, since it was not
possible to output the ocean fields from the ECBilt-CLIO version used in the thesis.
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Figure 2.4: Annual mean sea-surface salinity and latitude-depth distribution
of the annual mean MOC in the Atlantic Ocean.

The circulation in the NA given by the meridional overturning circulation
(MOCQ), figure 2.4 right, shows NADW inflow with a maximum rate of 26
Sv, and 12 Sv being transported to 30°S. The AABW reaches 6 Sv in the
deep Atlantic ocean, and is only present below 3,000 m depth. These results
are in good agreement with the findings of Renssen et al. (2002).

North Polar Region South Polar Region

Maximum

—— Minimum

Figure 2.5: Mazimum and minimum sea-ice extent at the poles plotted as 20
cm sea-ice thickness contour levels.

The maximum and minimum sea-ice extent generated by the model is
plotted in figure 2.5, and for both hemispheres it is in fairly good agreement
with observations. Maximum (minimum) sea-ice extent is found in March
(September).

In figure 2.6 the thermocline can be seen in the top left panel, and the
subtropical gyres increase the depth of the thermocline at 30° latitude, and
the formation of AABW is seen at high southern latitudes. Along 30°N (top
right 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 Atlantic Ocean.

slightly warmer surface temperatures at the western boundary. The depth
of the thermocline is 700-800 m across the basin.

The salinity section along 23°W (lower left panel) in the NA shows saline
water masses in the subtropical gyres, and the very saline outflow from
the Mediterranean Sea. The inflow of rather saline NADW and the fresher
AABW can be seen in the deep ocean. The salty subtropical gyres and out-
flow from the Mediterranean Sea are clearly visible near the surface along
30°N (lower right panel). The western boundary current freshens the surface
water by bringing equatorial water masses northward.

2.7 The present study

In the experiments performed in this thesis, focus will be on the high north-
ern latitude atmosphere response to orbital forcing, primarily Greenland
(Chapter 4) and the response of ocean circulation and surface temperature
in the NA to freshwater discharges in the NA (Chapter 5). In this context,



2.7 The present study 21

ECBIlt-CLIO has been chosen to perform the experiments for several reasons
already described. To summarize,

e ECBIlt-CLIO is a coupled atmosphere ocean climate model that is able
to reproduce the global climate

e ECBIlt-CLIO is particularly good at reproducing the climate of high
northern latitudes

e CLIO includes a realistic sea-ice component, that accounts for many
important feedback processes

e The low computational cost makes it possible to perform millennial-
long experiments

These qualities of ECBIilt-CLIO has made it a natural choice for many model
studies for past and future climate research. The reader is referred to the
KNMI homepage® for a full list of papers on ECBilt-CLIO.

*http://www.knmi.nl/onderzk/CK0/ecbilt-papers.html



Chapter 3
Spin-up

Before running model simulations with given forcings, the model has to be
spun up. The spin-up time is the time taken for the model to reach a
state of statistical equilibrium under the applied forcing, and when mod-
eling Holocene climate the typical forcing used to spin up the model is
pre-industrial conditions. When applying different forcings during each ex-
periment, the atmosphere and ocean must then again adapt, meaning that
the results should be analyzed after a new statistical equilibrium has been
reached, with the new model configuration.

As it is seen below, the spin-up time for the atmosphere part (ECBIlt) is
much shorter than for the ocean (CLIO), due to the different time scales for
atmosphere and ocean circulation. Limited computation power and a large
number of different forcing experiments, influences the possibilities in using
different spin-up states for each individual experiment.

3.1 Atmosphere spin-up

To look at the spin-up time for the atmosphere, the model was run with
prescribed SST and sea-ice climatology instead of the usual CLIO model. It
was found, that the annual variability in surface temperature (and all the
other physical fields of the atmosphere), was much larger than any initial
spin-up, meaning that the spin-up time of the atmosphere is in the order
of days to weeks. The horizontal and vertical mixing processes makes it
impossible to identify any spin-up of atmospheric fields.

3.2 Ocean spin-up

The spin-up state from which most of the experiments are run uses present
day orbital forcing and pre-industrial GHG levels as input to ECBilt-CLIO.
In figure 3.1 the global mean surface temperature and maximum MOC in the
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NA is shown for both the raw and smoothed data for a spin-up experiment
running 1,500 years.

temperature [°C]

o 500 1000 1500
time [yr]

time [yr]

Figure 3.1: Global mean surface temperature (left) and mazimum MOC
(right) using present day orbital forcing and pre-industrial GHG levels. Black
curve is the raw output and red curve is smoothed using 50 years of running
mean.

After an increase from 15.6 to 16.7°C within the first 30 years follows
a relaxation of the temperature towards a constant mean temperature of
15.7°C after 700-800 years. Variations at 700 and 1,200 years indicate, that
the variability in surface temperature is around 0.3 K.

Most fields have the same features as the global mean surface tempera-
ture. As another example, the maximum MOC increases during the first 100
years from 28 to 32 Sv, and relaxes toward 30 Sv. Excursions are found at
the same time-intervals as for the temperature.

After 1,500 years of spin-up, this state is used as a starting-point for the
different forcing experiments, described in Chapter 4 and 5.

3.2.1 Overturning timescales

The world ocean can roughly be divided into two regions: a) the upper mixed
layer, primarily driven by the wind-stress, large-scale distribution of heat,
and fresh water fluxes at the surface of the ocean (typically the top 50-300
meters, depending on latitude, temperature etc.) and b) the deep ocean char-
acterized by the everywhere very cold temperatures (0-4 °C) and the density
driven so-called thermohaline circulation. For the former, equilibrium states
are reached in a few decades, whereas it can take several hundred years for
the deep ocean (Pedlosky, 1996). Since the deep ocean communicates with
the atmosphere through the mixed layer, the spin-up time for the climate of
a GCM (or, in this case, an EMIC) depends strongly on the timescales of
the THC.

Using observations of radioactive tracers in the mixed surface layer and
deep ocean, the overturning timescales can be estimated from simple box
models, leading to estimates around 1,000 years (Shaffer and Sarmiento,
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1995), and similar results ranging from 500 to 1,300 years have been found
using OGCMs!. Thus, the spin-up time for ECBilt-CLIO of 700-800 years is
in good agreement with the general conception of the overturning timescale
of the world ocean.

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



Chapter 4

Orbital forcing

The study of various isotopes in ice cores from the Greenland ice sheet has
revealed detailed climatic records reaching more than 100 kyr back in time.
Especially the measurement of SWI such as §0'® and D' has been accepted
as climatic proxies for many years (e.g. Dansgaard and Johnsen, 1969 and
NGRIP members, 2004). These records have shown to be an enormous source
of information, helping to understand the natural climate variability during
last glacial and the Holocene period. The ability to correctly interpret the §
signals in the cores is of great importance, and in this chapter focus will be
on the possible impact changes in seasonality of precipitation can have on
ice core interpretations.

The influence of changes in orbital parameters on the meridional tem-
perature gradients (Liu et al., 2003) and on the seasonal changes of oceanic
and atmospheric circulation (Masson-Delmotte et al., 1999 and Braconnot
et al., 2000) during the Holocene is widely accepted. These changes in cir-
culation patterns can affect the seasonality of precipitation in Greenland, as
shown by e.g. Krinner and Werner (2003) and Langen and Vinter (2008).
The § signal in ice cores are precipitation weighted, meaning that a signal
is only recorded when it snows, and a change in seasonality of precipitation
will thus cause a bias in the signal. If, for instance, the amount of summer
precipitation drops, this will appear as a cooling in the signal, even if the
temperature is constant.

After a short introduction to the concept of changes in the climate of the
Earth due to orbital forcings, the experiments performed with ECBilt-CLIO
are described. Results are presented followed by an analysis of the effects
this could have on the interpretation of ice cores from Greenland.

!The § notation refers to the ratio of the SWI in a sample compared to that of Standard
Mean Ocean Water.
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4.1 Milankovitch cycles

The concept of orbital forcing was first described in the 19th century, where
scientists promoted the idea that changes in orbital parameters could change
the climate of the Earth (Paillard, 2001). In the 1920s Serbian astrophysicist
Milutin Milankovitch argued, that the main reason for transitions between
glacials and interglacials should be found from the amount of incoming solar
radiation reaching the Earth’s atmosphere, and that the summer season was
critical. Now known as the Milankovitch Theory (Hays et al., 1977), it states
that variations in Earth’s eccentricity, axial tilt and precession changes the
amount and distribution of incoming solar radiation, ultimately affecting the
climate of the Earth.

Figure 4.1: FEarth’s orbit around the sun with schematic representation of
eccentricity E, azial tilt T and precession P. From IPCC (2007).

Eccentricity is a measure of the shape of the Earth’s orbit around the
sun, which varies from being nearly circular to mildly elliptical, with dif-
ferent components each with individual periods adding up to two cycles of
approximately 100 and 400 kyr. Currently the Earth’s eccentricity is low,
and the distance to the sun changes little from perihelion (time of year when
the Earth is closest to the sun) to aphelion (time of year when the Earth
is farthest from the sun), leading to a 6.8% difference in insolation during
summer in the two hemispheres. At present perihelion occurs on January 3,
and aphelion at July 4, resulting in mild NH seasons and more extreme SH
seasons. Throughout the Holocene, eccentricity has been decreasing with
less seasonal variations as a result. Eccentricity is the only orbital param-
eter, that changes the total amount of annual mean solar radiation, which
can be seen from figure 4.2 left, comparing the upper and lower panel.

The axial tilt of the Earth with respect to its plane of orbit around the
sun, called obliquity, varies between 21.5 to 24.5° with a period of 41 kyr.
Today obliquity is 23.5° and has been decreasing the last 10 kyr as seen
in figure 4.2. If obliquity is small, the insolation is more evenly distributed



4.1 Milankovitch cycles 27

eccentricity|

obliquty | 100

20°N summer
,,,,,,,,,,,,,,,,,,,,,,,,,,, — 20°N winter
250 — 80°N summer

300 T SES

250
kyr ago kyr ago

Figure 4.2: Varations in orbital parameters and annual mean insolation
(left) and seasonal mean insolation (right) during the Holocene.

between summer and winter, making the seasonal variations less pronounced.
However, less tilt increases the difference in insolation between the polar and
equatorial regions, increasing the meridional gradient of the annual mean
solar forcing. The 41 kyr period can be seen in figure 4.3, right panel. Taking
a closer look at the top left corner, it can be seen that the high latitudes have
received relatively more insolation during the Holocene, and in the future a
shift towards a negative deviation from present-day values will occur.

When the Earth rotates around the sun with its axis tilted, it changes
the direction of the axis in a wobbling motion with a period of 23 kyr. This
precessional motion is partly caused by the tidal forces exerted by the sun
and the moon, and partly by the precession of the orbital ellipse in space.
When winter and summer solstice coincide with perihelion and aphelion re-
spectively, the NH will experience greater seasonal variations since summer
occur when the Earth is closest to the sun. As seen in figure 4.2 left panel,
the precession was at a minimum at the onset of Holocene, which implies
strong seasonal variations. This effect has been decreasing throughout the
Holocene, where the summer insolation has dropped ~ 40 W/m? for both 20
and 80°N whereas the winter insolation has increased ~ 30 W/m? as seen in
the 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 can be identified
at 43° longitude on both hemispheres in figure 4.3, right panel. This phase
shift leads to variations in the meridional gradient, and in the left panel the
annual mean insolation anomaly calculated for 80°, 50° and 20°N shows a
~ 5 W/m? and ~ 0.5 W/m? drop and a ~ 0.9 W/m? rise in annual mean
insolation respectively, since the onset of the Holocene. The effect of this
increasing meridional gradient on the climate of the Earth will be discussed
in 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 Holocene. Right:
Deuwiation from the present day annual mean insolation over the last 250 kyr.
The dominating 41 kyr period and the phase reversal at 43° can be seen very
clearly. Right panel is from Loutre et al. (2004).

To sum up, the changes in orbital parameters during the Holocene has
caused

e less seasonal variation (especially in the NH)
e less global annual mean insolation
e an increased meridional gradient of the annual mean solar forcing

Since obliquity, precession and the angle between vernal equinox and per-
ihelion is coupled to each other, knowledge about the former, the latter and
eccentricity is enough to calculate the insolation everywhere on the Earth.
This is used when calculating the insolation in ECBIlt-CLIO.

4.2 Introducing orbital forcing in ECBIilt-CLIO

ECBIilt-CLIO was originally designed to examine short-term variations in
the Earth’s climate on the order of a few thousand years, and since the
orbital parameters have periods longer than 20 kyr, they were prescribed
in the model. It was therefore necessary to incorporate changes in these
parameters into ECBIilt-CLIO, in order to perform experiments with varying
orbital parameters.

The code used to calculate the eccentricity, obliquity and angle between
vernal equinox and perihelion is taken from the fully-coupled, global Com-
munity Climate Model (CCM) version 3.02. The orbital parameters are

2The code was slightly altered to make it compatible with ECBilt-CLIO. See Kiehl et
al. (1996) for more details on CCM v. 3.0.
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calculated using the formulas described by Berger (1978). For every model
run, these parameters change the amount of incoming solar radiation as de-
scribed in section 4.1, using the start year of the given run as input to the
subroutine calculating the three parameters, eccentricity, obliquity and angle
between vernal equinox and perihelion.

In the code, the calculation of these parameters are written in a separate
subroutine, that is called by the ECBilt component, when the run year is
changed forward in time. An on-off switch can be set in the namelist prior
to any model run, indicating whether one would use the original values for
orbital parameters prescribed by ECBIilt or the CCM built-in subroutine.

4.3 The experimental setup

The spin-up state described in Chapter 3 was used as a starting point for
the experiments during the Holocene. From here four different snapshot runs
were performed 12, 8, 4 and 0 kyr ago, where the incorporated subroutine
calculating the orbital parameters for each period forced the model, leading
to four different climate states. In figure 4.4 the global mean surface tem-
perature is plotted for the spin-up followed by the four forcing experiments?.

spinup

12 kyr ago
— 8 kyrago
— 4 kyr ago
0 kyr ago

temperature [°C]

I I I I I}
500 1000 1500 2000 2500
time [yr]

Figure 4.4: Global mean surface temperature for the spin-up run followed by
the four snapshot runs during the Holocene. Data has been smoothed by 30
years of running mean.

From the spin-up state, the experiments are run an additional 1 kyr,
letting the climate adapt to the constant orbital forcing. Within the first
100 years surface temperature responds to the change in solar radiation,
with highest temperatures in the early Holocene in good accordance with
the decrease in annual mean insolation, seen in the lower panel of figure 4.2.

The results presented in the following section compares fields of physical
parameters for the four experiments, with temporal and spatial resolution

3The endpoints has been left out of the figure, since the smoothing led to large fluctu-
ations.
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given by ECBIlt-CLIO. However the results presented are calculated averag-
ing over the last 500 years of each experiment, shown as solid colored curves
in figure 4.4, smoothing out any natural decadal variability that may occur.

4.4 Results

The results in this section primarily focus on temperature and precipitation,
leading to calculations of precipitation weighted temperature in Greenland
for the experiments. Other fields of interest are presented in section 4.4.3.

4.4.1 Temperature and precipitation
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Figure 4.5: Global and 60-90°N mean surface temperature during the
Holocene.

The global and 60-90°N mean surface temperature is calculated for each
experiment and plotted in figure 4.5 against time. The global tempera-
ture decreases 0.16 K whereas the entire north polar region responds much
stronger with a decrease of 1.5 K during the Holocene. The linear decrease in
global mean temperature during the Holocene is a response to the decreasing
amount of total insolation seen in figure 4.2 bottom panel.

Since the 80°N summer insolation peaks 9 kyr ago and decreases fastest
between 6 to 2 kyr ago, this can explain the relatively larger change in 60-
90°N mean temperatures in the mid Holocene.

Langen (2005) has investigated the mechanisms of polar amplification
using the CCM. Forcing the model with perturbations in surface temperature
in the tropics, extra-tropics and over the entire Earth, a so-called ghost
forcing, he found a typical polar amplification pattern as a response to the
forcings applied. The polar amplification was found to be a superposition of
a global response to a tropical forcing and a local response to a high-latitude
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Figure 4.6: Left: Zonal mean temperature for the surface and the four layers
in the vertical, plotted as the difference between 12 and 0 kyr ago. Right:
Zonal mean surface temperature averaged over each season, again plotted as
the difference between 12 and 0 kyr ago.

forcing. Furthermore tropical SST perturbations led to warmer and more
moist conditions in the high-latitude troposphere. The explanation could be
found from the fact, that the poleward heat transport increases both with an
increasing meridional temperature gradient as well as an increase in global
mean temperature.

Where Langen used a simplified setup without albedo feedback and sea-
ice, the ECBIlt-CLIO results presented here all include the dynamic sea-ice
component described in Chapter 2, as well as changes in surface albedo. The
orbital forcing leads to somewhat similar polar amplification patterns seen
in figure 4.6. It is clear that the NH shows a much larger amplification than
the southern, caused by differences in land, ocean and sea-ice distribution
and circulation patterns.

Another important feature is the decreasing polar amplification with
height, seen in the left panel. The 350 hPa temperature shows a warming
trend during the Holocene. Cai (2006) used a simple 4-box model to show
that changes in the radiative forcing, can lead to a positive polar amplifi-
cation on the surface, whereas the atmosphere can exhibit a negative polar
amplification. This can explain the negative trend in the 350 hPa curve.

In the right panel, the polar amplification is shown for each season.
Where the south polar region only shows polar amplification during bo-
real summer and autumn, all four seasons show polar amplification at high
northern latitudes. Winter and autumn temperatures decrease up to 4 K,
and 2 K during spring and summer.

The negative values in winter, spring and autumn temperatures from
30°S to 50°N might be the result of a 2-4% increase in the Atlantic heat
transport from 12 kyr ago to today in this region (not shown).
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Temperature C] Surface elevation [m]

Figure 4.7: Present day surface temperature (left) and surface elevation
(right) for Greenland.

Using present day conditions, the spatial variations in temperature in
Greenland is given in figure 4.7 together with the topography. Obviously a
meridional gradient accounts for large differences in temperature in Green-
land, but it is also strongly influenced by the topography. The annual mean
temperature of the southern tip of Greenland is very high; -9° compared
to -15° given by assimilated ERA40 data, whereas central Greenland shows
more realistic temperatures around -20 to -35°C (see section 4.5.1). Except
for the northern most region of Greenland, it is clear that the coastal tem-
peratures are dependent on the topography, with decreasing temperatures
as a function of height.
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Figure 4.8: Surface temperature change during the Holocene, plotted as the
difference between 12 and 0 kyr ago temperatures. The singularities at the
North Pole and along the 2.25°W longitude are due to the grid cell structure
used wn ECBilt-CLIO.

The spatial difference in annual mean temperature in Greenland during
the Holocene is plotted in figure 4.8 as the difference between 12 and 0 kyr
ago temperatures. The increased polar response is clearly visible in the left
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panel, with the Barents Sea showing changes up to 5 K, and in general land
areas show smaller temperature change than sea areas. In Greenland the
temperature change decreases with latitude from 2.5 K in the north to 0.5
K in the south, and in the center of the ice cap the change is around 1.5-2.0
K.

Maximum sea-ice extent

12 kyr ago Minimum sea-ice extent
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Z e ? — 8 kyrago
=
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Figure 4.9: Sea-ice extend in March (left) and September (right) for the four
experiments. The contour-lines are plotted for 20 cm sea-ice thickness.

The cooling of the Barents Sea can be explained partly by changes in the
sea-ice extent. As seen in figure 4.9 the sea-ice extent has increased during
the Holocene, and the advance of minimum sea-ice extent is most notable
in the right panel, comparing the blue and yellow curves. Grid cells that
are sea-ice covered, can allow the surface temperature to cool further than
grid cells with open ocean, since sea-ice acts as an insulator from the ocean
SST as described in Chapter 2, thereby increasing the negative temperature
change from 12 kyr ago to today.

Winter Summer

Figure 4.10: Winter (left) and summer (right) surface temperature change
during the Holocene, plotted as the difference between the temperatures 12
kyr ago and today.

Figure 4.10 shows the seasonal temperature change in Greenland, and
most notable is the 4 K decrease in summer temperatures in central and
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northern Greenland, compared to a 1.5 K decrease in winter temperatures.
Since the winter insolation is constant (zero) for high latitudes throughout
the Holocene, the summer change is expected to be larger than the winter.
The mechanisms of polar amplification discussed earlier (global response to
tropical forcings), and the fact that the sea-ice extent and ocean tempera-
tures are influenced by the decreasing summer temperature, can explain the
decrease in winter temperature.
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Figure 4.11: Seasonal temperature (left) and snowfall (right) averaged over
Greenland during the Holocene.

For each of the experiments performed during the Holocene, the changes
in the seasonal temperature and precipitation signals in Greenland can be
seen in figure 4.11, and for each season the fields are calculated as the mean
of the climatology of the three months in each season. The spatial average is
calculated for all the land grid cells covering Greenland, given by the land-sea
mask in figure 2.1.

Where both the winter and spring temperature and snowfall changes
little during the Holocene, the increased summer response can be identified
in both the left and right panel. In the autumn, the temperature change
is slightly more pronounced than in spring. The autumn snowfall change is
almost as large as during sumimer.

The summer temperature decreases chronologically 4 K, but shifts in
the autumn with higher temperature 8 kyr than 12 kyr ago. This can be
explained by changes in orbital parameters discussed in section 4.1, and from
figure 4.2 it is seen that the 80°N summer insolation peaks around 8.5 kyr
ago, whereas the global annual mean insolation decreases throughout the
Holocene, bottom panel in figure 4.2.

The seasonal cycle in snowfall shows relatively small amounts of winter
and spring snowfall (~ 40 cm/yr) compared to summer and autumn (55-70
cm/yr). The summer snowfall drops from 68 cm/yr 12 kyr ago to 57 cm/yr
4 kyr ago, and in the autumn the snowfall peaks at 72 cm/yr 8 kyr ago to
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present day values at 65 cm/yr?.

‘ 12 kyr ago ‘ 8 kyr ago ‘ 4 kyr ago ‘ 0 kyr ago
ratio summer/total 0.318 0.293 0.273 0.286
annual avr. [cm/yr| 53.6 52.7 51.0 50.8

Table 4.1: Ratios of summer to total and annual averaged precipitation in
Greenland during the Holocene.

Seasonal changes in the snowfall can also be seen from the ratio of summer
relative to total snowfall shown in table 4.1. A decrease during most of the
Holocene, from 31.8% 12 kyr ago to 27.3% 4 kyr ago, results in relatively
larger summer weighting in the early Holocene, although the ratio increases
slightly over the last 4 kyr. The annual mean snowfall decreases 2.8 cm/yr
as a result of the changes in the orbital forcing.
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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 figure 4.12,
it is clear, that south Greenland receives more snow than the north, which
is in agreement with observations (see section 4.5.1). Dividing Greenland
at 74°N in a northern and southern part, it can be seen from the right
panel, that south Greenland receives an equal amount of winter and summer
snowfall (70 cm/yr), and almost 1 m/yr in the autumn. In north Greenland
the amount of snowfall is smaller, but since it covers a larger area than south
Greenland®, this has greater influence on the total snowfall in Greenland.

*Limitations in computer storage made it impossible to output monthly mean for the
full 500 year runs used in the experiments, but shorter runs showed, that the autumn
snowfall was dominated by large September snowfall compared to October and November.
This could suggest, that the large autumn snowfall is biased towards summer snowfall.

*With the grid cell structure of ECBilt-CLIO, the area of north and south Greenland
is 40.8 and 15.5x10° km? respectively.
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Yearly mean [cm/yr] Summer [cm/yr] Autumn [cm/yr]

Figure 4.13: Yearly mean, summer and autumn snowfall plotted as the dif-
ference between the snowfall 12 kyr ago and today.

The change in seasonal snowfall is plotted as the difference between 12
kyr ago and today, for annual mean, summer and autumn rates in figure
4.13. Winter and spring are left out, since these seasons show very little
changes as discussed earlier. Positive values represent larger snowfall 12 kyr
ago than today and vice versa.

Common to all three panels is the large change in snowfall in central
Greenland, whereas the coastal regions show less variation. The change in
snowfall is largest during summer between 30 and 40°W (up to 25 cm/yr),
and the change is most pronounced in four grid-cells in central and east
Greenland during autumn (~ 15 cm/yr). This easterly shift could be caused
by changes in the atmospheric circulation (see section 4.4.3).

4.4.2 Precipitation weighted temperature

From the results presented previously, it is now possible to calculate the
precipitation weighted temperature for the four experiments, as described in
Chapter 2. The changes in seasonality of the snowfall in Greenland during
the Holocene cause a larger weight of the summer and autumn temperatures
in the early Holocene compared to the regular temperaturef.

In figure 4.14 the annual mean temperature for Greenland compared to
the precipitation weighted temperature for the different orbital forcings are
shown together with the difference between the two. The regular and precip-
itation weighted temperature drops 1.8 4+ 0.1 and 2.5 & 0.5 K, respectively,
throughout the Holocene. The difference, plotted in red, shows a shift in
precipitation weight around 4 kyr ago: from 12 to 4 kyr ago, the effect of
the weight has been decreasing fairly linear from 1.6 £+ 0.4 to 0.7 + 04 K,
and in the last 4 kyr this effect has been almost constant. The precipitation
weighted temperature is higher than the regular due to the fact that more
snow falls during summer and autumn. The 0.9 4 0.4 K shift in precipitation
weight will be discussed in details later.

®The term ’regular’ temperature refers to the temperature calculated directly be the
model.
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Figure 4.14: Annual mean precipitation weighted and regular temperature in
blue, and the difference between the two in red. Error bars represent two
standard deviations.
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Figure 4.15: Difference between reqular and precipitation weighted tempera-
ture for Greenland and the ratio of summer and autumn to total precipitation
for the present day experiment. Note the different scales.

For the present day experiment, the precipitation weighted minus the
regular temperature is shown in the left panel in figure 4.15, and the ratio of
summer (autumn) to total precipitation in the center (right).” The weighted
temperature shows the largest change in central Greenland, with up to 7 K
difference from the regular temperature, and in north Greenland the differ-
ence is also clearly visible. In the coastal regions and south Greenland the
value is close to zero and some places even slightly negative. Comparing
with figure 4.13 it can be seen, that the grid cells showing the largest dif-
ference are also the areas with the highest increase in summer and autumn
precipitation during the Holocene.

"Only the present day experiment is shown, since these type of plots are very similar
for all four experiments.
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From table 4.1 the summer to total precipitation ratios were calculated as
an average over Greenland. Looking at the spatial resolution in Greenland,
the middle panel in figure 4.15 shows great resemblance with the left panel,
indicating that the summer precipitation has the greatest influence on the
weighted temperature, even with higher precipitation rates during autumn
(see figure 4.11). Changes in the autumn to total ratios are primarily seen
on the west coast. In central Greenland the summer to total ratio is 0.5,
meaning that half of all the precipitation occurs during summer, indicating
that the temperature recorded in ice cores from central Greenland has been
warm biased, even more than the 1 K shift, shown in figure 4.14 for the
whole Greenland ice cap.

4.4.3 Atmospheric Circulation

Changes in atmospheric circulation are important since these circulation
patterns determine the amount of snowfall and source regions for Green-
land precipitation. Most easily visualized is the seasonal mean geopotential
height, indicating the strength and direction of the geostrofic winds.

Winter [m]

Figure 4.16: Winter mean geopotential height of the 500 hPa layer for the
present day experiment.

Figure 4.16 shows that the source regions for northern Greenland precip-
itation could be found in the north Pacific, however the circulation direction
changes very little in the four experiments (not shown), indicating the the
Greenland moisture sources are much alike throughout the Holocene.

From figure 4.11 it is seen, that the amount of snowfall changes the most
in summer and autumn, indicating that the largest variations in atmospheric
circulation should be found in these seasons as well. In figure 4.17 the dif-
ference in geopotential height between 12 kyr ago and today is plotted for
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Summer [m] Autumn [m]

Figure 4.17: Summer and autumn mean geopotential height of the 850 hPa
layer, plotted as the difference between the geopotential height 12 kyr ago and
today.

the 850 hPa layer for these seasons, and they both show an increase in the
geopotential height across the Arctic Sea during the Holocene, leading to an
increase in the strength of the circulation in the polar cell. This can also
be seen in the 850 hPa wind field (not shown) which increases in strength
during the Holocene at high latitudes.

4.5 Discussion

The discussion is split into two parts: a comparison with proxy data and a
presentation of other model studies on the topic of Holocene climate variabil-
ity. The former discusses the validity of the model results, when compared
to ice and sediment cores and the ERA40 reanalysis dataset, and the latter
will focus on studies using a broad spectrum of EMICs and GCMs.

4.5.1 Comparison with proxy data

The temperature change in Greenland during the Holocene has been esti-
mated from ice core studies. Johnsen et al. (2001) estimated a cooling of 3
K for the NGRIP record since the climatic optimum 8.6 kyr ago. Similar,
but less pronounced, results were obtained for the GRIP record, indicating
that the Holocene cooling was more intense in north Greenland. From sedi-
ment cores across the NA and Polar Seas, a cooling between 1.5 and 4 K has
been reported (i.e. Andersen et al., 2004, Marchal et al., 2002, and Rimbu
et al., 2003).

Comparing the results from the present study, the temperature drop in
Greenland is 1.8 4+ 0.1 K during the Holocene. However, this change in
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temperature is for experiments 12 kyr ago compared to present day, and
the cooling from 8 kyr ago is only 1.4 K (figure 4.14). Although the de-
crease in temperature is low compared to the data, the shift in precipitation
weighted temperature around 4 kyr can explain the difference; the precipi-
tation weighted temperature change in Greenland is 2.5 + 0.4 and 1.7 + 0.4
K the last 12 and 8 kyr respectively, closer to what is found in the ice cores.

An increased response in north Greenland temperature change was also
found, in agreement with the difference between NGRIP and GRIP, and the
60-90°N average temperature showed a cooling of 1.5 K, which is in the lower
end of the estimates from sediment cores.

In table 4.1 the annual mean precipitation rates in Greenland for the
four experiments are around 50 cm/yr. From ice core studies Johnsen et
al. (1992) and NGRIP members (2004) have found ’observed’ present day
precipitation rates in Greenland ranging from 17 cm/yr in central and north
Greenland to 51 cm/yr in the south, suggesting that the model overestimates
the amount of snowfall. This may be caused by a too large influence of the
Atlantic storm track, and the fact that the step-wise changes in surface ele-
vation from grid cell to grid cell leads to high precipitation rates. In general,
precipitation is not easily modeled. The relatively simple hydrological cy-
cle and coarse resolution of ECBIilt-CLIO are reasons for the discrepancies
between observed and modeled precipitation.

10

150

100

Figure 4.18: Annual mean surface temperature (a, c) and precipitation (b,
d) in Greenland from ECBilt-CLIO (a, b) and from the ERA40 dataset (c,
d). Note the different scalings for precipitation.
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The temperature and precipitation rates in Greenland for the present
day experiment have been compared to assimilated ERA40% data in figure
4.18. Discrepancies in temperature between ECBIilt-CLIO and ERA40 data
include coastal region variations, and south Greenland temperature, but in
central and north Greenland the temperature is in good agreement. The
general distribution of precipitation on the Greenland ice sheet is in good
agreement with the data, with most snowfall close to the south-eastern tip
of Greenland, but the model clearly overestimates the rates, especially in
central and south Greenland.

Summer fraction Winter fraction

Figure 4.19: Ratio of summer and winter to total precipitation from the

ERA/0 dataset.

The summer fraction of precipitation from the ERA40 dataset shown
in figure 4.19 is more detailed than that produced by ECBIlt-CLIO (figure
4.15). Where the ratio in central Greenland is 0.5 in the model, a ’tongue’
stretches from north-west to central Greenland in the assimilated data, with
a maximum ratio of 0.5. As was the case for temperature, the model fails
to reproduce any significant signal along the coasts of Greenland, and the
coarse resolution of ECBIilt-CLIO might be a possible explanation for the
differences between the assimilated data and modeled ratios.

It should be noted that the state of the climate from which the experi-
ments are performed does not take into account the transition of the major
ice sheets from last glacial period to the Holocene climate (see Chapter 3).
Where the temperature recorded in the ice cores increased during the tran-
sition and peaked at the climatic optimum 8.6 kyr ago, no such variations
are simulated in the experiments, where the variations in temperature and
precipitation responded only to changes in orbital parameters 0, 4, 8 and 12
kyr ago. However, the differences in various fields between the 12 kyr ago
and present day experiments still capture the main mechanisms for changes
in precipitation weighted temperature, leading to a possible warm bias in
the temperature recorded in the ice cores as argued above, regardless of the
missing simulation of the temperature increase during the transition from

¥Data obtained from http://www.ecmwf.int /research/era/do/get/era-40
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glacial to Holocene climate.

4.5.2 Other model studies

AOGCM studies by Liu et al. (2003) showed a cooling of the Arctic region
of ~ 1 K since the early Holocene as a response to changes in orbital forcing.
Renssen et al. (2005) have used a version of ECBIilt-CLIO that has a dynamic
global vegetation model coupled to the atmosphere and ocean part, ECBilt-
CLIO-VECODE, to study the high northern latitude climate during the
Holocene. A transient simulation over the Holocene, where the model was
forced with changes in orbital parameters and GHG concentrations (CO4 and
CHy4) showed a decrease in annual mean temperatures of 1-3 K, a reduction
in summer precipitation and an expansion of the sea-ice extent, very similar
to the results presented in this study, although they found that the GHG
forcing partly counteracted the decrease in summer insolation. Of special
interest is their results for the Greenland ice sheet, showing a clear change
in seasonality of precipitation in central Greenland, with the fraction of
summer to total precipitation decreasing 10% during the Holocene. Where
the summer fraction in the experiments described in section 4.4 only show
a 3% decrease for the Greenland mean, figure 4.15 indicates that this value
is substantially higher in central Greenland, consistent with the result of
Renssen et al. (2005).

The decrease in summer temperature cause an expansion in the minimum
sea-ice extent, with an increase in surface albedo and a decrease in heat
transport from the ocean to the atmosphere as a consequence, and these
two positive feedback mechanisms enhance the temperature response at high
latitudes. Renssen et al. (2005) analyzed the effects of the expansion in
the sea-ice extent and found that, besides the ice-albedo and ice-insulator
feedbacks, a strong influence of changes in sea-ice extent on the precipitation
near the ice-line. It is very possible that the same mechanisms influence the
changes in precipitation in Greenland presented previously, given the close
relationship between the models used to perform the experiments.

Many studies of the impact of changes in seasonality on the interpreta-
tion of the signals recorded in ice cores have been published, e.g. Werner
et al. (2000), Krinner et al. (1997, 2003), Masson et al. (2000), Johnsen
et al. (2001) and Langen and Vinter (2008), and it is widely accepted that
such changes can account for some of the discrepancy between the temper-
ature calculated from ’classical’ §O'® records and that from borehole and
gas diffusion thermometry (Krinner, 2003 and references therein). Where
the former indicates a 10 K difference in temperature between present day
and Last Glacial Maximum (LGM), the latter has shown that LGM surface
temperatures were about 20 K colder than today. In this study, a warm bias
of 1 K for the entire Greenland ice sheet is found during the Holocene, with
the possibility of even higher biases in central Greenland.
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Changes in moisture source regions for both Greenland and Antarctic
precipitation have been reported during the Holocene, as a possible explana-
tion for fluctuations in the deuterium excess® records from different ice cores,
e.g. Masson-Delmotte et al. (2005a) and Vimeux et al. (2001). Where §O'®
and 0D are used as high-latitude temperature proxies, the deuterium excess
can be used to obtain information on remote changes, e.g. changes in mois-
ture sources. Both studies attribute some of the changes in the deuterium
excess to a stronger atmospheric circulation throughout the Holocene, with
a possible influence on the seasonality of precipitation in the Antarctic and
Greenland ice sheets. This is consistent with the model results presented in
section 4.4.3, where the circulation in the polar cell has been increasing since
the early Holocene.

Turning to the LGM, Langen and Vinter (2008) used the CCM to track
the changes in moisture sources for Greenland precipitation to glacial bound-
ary conditions, and found that at the LGM the moisture sources were shifted
toward the Pacific, thereby altering the signal in the Greenland ice cores.
Moreover, they found that in the annual mean, the changes could be de-
composed into linear contributions from temperature changes, seasonality
changes and source distribution changes. This supports the idea that the
cooling recorded in Greenland ice cores throughout the Holocene is a com-
bination of a decrease in temperature and warm bias in the early to mid
Holocene caused by a shift in the seasonality of precipitation.

Loutre et al. (2004) have examined the effect of changes in orbital pa-
rameters on climate. Where classical Milankovitch theory focuses on the
high latitude NH summer insolation, as the main forcing controlling glacial-
interglacial variations, they show that changes in obliquity are more likely
to be responsible for the climate variations seen in some paleoclimate data.
Moreover, they found that the meridional gradient of annual mean solar
forcing has large impact on climate variations. For instance, an increase in
the meridional temperature gradient, could account for a greater poleward
moisture transport, thereby affecting the seasonality of high-latitude precip-
itation, in a similar way as found by Langen and Vinter (2008) and in this
study.

The results presented in section 4.4 show a somewhat similar pattern.
The meridional temperature gradient increases leading to a polar ampli-
fication. This affects the atmospheric circulation and thus the moisture
transport to and the amount of precipitation in the polar regions. The sum-
mer and autumn precipitation ratios seems to be affected the most by these
changes.

®The deuterium excess d is defined by Dansgaard (1964) as d = 6D—850'%,
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4.6 Conclusion

Experiments have been performed with the intermediate complexity atmo-
sphere - ocean - sea-ice model ECBIlt-CLIO, simulating the climate at var-
ious periods during the Holocene. After an initial spin-up time, the model
was forced by changes in orbital parameters calculated 12, 8, 4 and 0 kyr ago
by an incorporated subroutine in the model code. These four experiments
led to different states of the climate, and focus has been on high northern
latitudes, particularly Greenland, a region in which the modeled climate has
proven to be in good accordance with the observed climate.

Both proxy data and other model studies have shown a decrease in surface
temperature in the NA region and in Greenland. Model results showed a 0.16
K decrease in global mean temperature during the last 12 kyr, whereas the
60-90°N and Greenland mean temperature decreased substantially more; 1.5
and 1.7 K respectively, which is in the lower end of what has been found in
proxy data and with other models.

This polar amplification is most pronounced close to the surface and in
winter and autumn, probably due to variations in the ice extent, with vari-
ous positive feedback processes, such as the ice-albedo and ice-insulator feed-
backs, playing important roles in the temperature response at high northern
latitudes.

The temperature change in Greenland occurs mostly during the summer
season, which matches the seasonal variation in high latitude solar insolation;
the insolation is zero during the winter and most of spring and autumn, and
hence variations in the summer insolation are most important for the heat
budget. The temperature change is largest in north and central Greenland
(up to 4 K). These results are consistent with what has been found in other
model studies. As was the case with temperature, the changes in precipi-
tation rates in Greenland are highest in central Greenland in the summer,
and to some extent in autumn, in good agreement with the changes in cir-
culation patterns. The ratio of summer to total precipitation is 3% lower
in the present day experiment than 12 kyr ago, and some areas in central
Greenland the summer precipitation accounts for 50% of the annual rates.

The difference between precipitation weighted and regular temperature
decreases 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 indicates that the temper-
ature recorded in Greenland ice cores has been warm biased throughout the
Holocene, caused only by changes in the seasonality of precipitation. These
changes are the result of a response in atmosphere and ocean circulation to
the orbital forcing applied.

This should be taken into account when calculating the temperature from
the ¢ signals measured in the ice cores. This temperature could be explained
as a superposition of the real’ decrease in temperature and a bias, depending
of the age of the ice.



4.6 Conclusion 45

Although the model produces a realistic temperature response, it should
be noted that the boundary conditions are not changed in each experiment,
e.g. the influence of changes in the major ice sheets have not been included.
It is well documented that this have huge influence on surface albedo, at-
mospheric circulation and other factors (e.g. Renssen et al., 2005). Other
limitations of the model are discussed in Chapter 2 and 6.



Chapter 5

Freshwater forcing

After an introduction to the possible trigger mechanisms, that could have
caused the 8.2 kyr event, the experimental setup with ECBIlt-CLIO is pre-
sented. The results using ECBIilt-CLIO are followed by a discussion and
conclusion on the subject.

5.1 The 8.2 kyr event

50O' records from Greenland spanning the Holocene and last glacial pe-
riod show abrupt climate changes, the so-called Dansgaard-Oeschger (D-O)
events, during the glacial period (Dansgaard et al., 1993 and Grootes et al.,
1993). The temperature change in Greenland during the D-O events has been
estimated to range from 9 to 16 K (Lang et al., 1999), and it is believed that
the trigger for such events is changes in the THC, thereby altering the heat
transport by the ocean (Ruddiman and Mclntyre, 1981). When the THC is
active, heat is transported to high northern latitudes, and a shutdown (or
reduction) of the THC would cause this region to cool substantially, and at
the same time warm the SH by trapping heat (Stocker and Johnsen, 2003,
and references therein).

Ice core records of 0D from Antarctica show less abrupt changes in tem-
perature (Johnsen et al., 1972), although smaller warmings and coolings are
found during the last glacial period. The warmings and coolings are in an-
tiphase and lag the signals recorded in Greenland ice cores. It has been
proposed that this difference in amplitude, phase and delay in the response
between the Greenland and Antarctic ice cores indicates that the climate in
the north polar region leads that of the SH (Stocker and Johnsen, 2003).

In contrast to the ice core signals during glacial periods, the Holocene
climate varies much less (Dansgaard et al., 1993, and Grootes et al., 1993).
Johnsen et al. (2001) have used GRIP §O'® and borehole thermometry to
calculate the temperature change on Summit, Greenland for the Holocene
and last glacial period, shown in figure 5.1. The temperatures in the LGM
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Figure 5.1: Past temperature changes for Summait, Greenland, based on GRIP
5O and borehole thermometry calibrations. From Johnsen et al. (2001).

are about 20 K colder than those of today, and the D-O events discussed
above are dominant between 80 to 15 kyr ago.

Where fluctuations of 5-70/pg in 5018 during last glacial are common, the
largest excursion in Greenland ice cores during the Holocene is ~20/y, found
8.2 kyr ago (von Grafenstein et al., 1998). This cooling has been detected in
many other indicators in the Greenland ice cores, such as methane, dust, salt
and precipitation rates (Alley et al., 1997, Blunier et al., 1995, and Chapellaz,
1997), and in cores from many other locations, particularly Europe (von
Grafenstein et al., 1998) and the NA, but also indications of sudden changes
in atmospheric circulation in Africa and Asia have been reported (Gasse and
Van Campo, 1994 and Gasse, 2000), indicating that the 8.2 event was not
restricted to the NA and north polar region.

It is believed that the 8.2 kyr event seen in figure 5.2 is caused by fresh-
water discharges, decreasing the strength of the THC with similar (but op-
posite in sign and smaller) responses as for the D-O events. The freshwater
originates from the melting of the Laurentide ice sheet, and after being col-
lected in large reservoirs, sudden drainage could account for such freshwater
discharges (von Grafenstein et al., 1998).

In the model simulations described in the following section, the amount of
freshwater has been kept fixed at 4.73x 10 m3, based on geological estimates
of 5 x 101*m? (von Grafenstein et al., 1998).

14.73 x 10"m? is used since 0.75 Sv over 20 years yields this number.
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Figure 5.2: 20-year resolution of 5O profiles from GRIP and NGRIP. The
solid curves represent a 1 kyr low-pass filtered version of the data. The dotted
curve is the GRIP 1 kyr low-pass data shown together with the NGRIP data.
The 8.2 kyr event is clearly evident in both ice core signals. From Johnsen

et al. (2001).

5.2 The experimental setup

Using the spin-up state described in Chapter 3, experiments have been per-
formed with ECBIilt-CLIO forcing the model with freshwater pulses released
at different locations in the NA. The total amount of freshwater released
has been kept fixed, but the time over which the forcing is applied has been
varied, with varying intensity of the freshwater discharge as a consequence.

Since the spin-up state from which the experiments are run uses present-
day orbital forcing, it has been examined to what extent the overturning
circulation responds to different orbital forcings during the Holocene. In
figure 5.3 the maximum MOC for the four forcing experiments discussed in
Chapter 4 is plotted, and the fluctuations in the strength of the overturning
circulation are very similar for all experiments, varying between 28 and 30
Sv. Comparing the results of typical freshwater forcing experiments (e.g.
figure 5.5), it is seen that the influence of orbital forcing on overturning
circulation is very small, compared to that of freshwater forcings. Based
on this argument, the present-day orbital forcing used in the spin-up state
has not been altered when running the model with the freshwater forcing
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Figure 5.3: Mazimum MOC for the spin-up run followed by the different or-
bital forcing experiments plotted against time. The curves has been smoothed
by 30 years of running mean.

described in this section.

In ECBIlt-CLIO each land area is coupled to an ocean grid cell through
the land-sea mask given in figure 2.1. The hosing of freshwater is written into
the code by adding extra run-off into the desired sea-mask in each time step,
and the freshwater is then spread out in the oceans by the ocean circulation
and mixing processes. As a consequence the freshwater is not released in a
single grid cell, but distributed evenly over the amount of ocean grid cells
that belongs to the given land-sea mask.

In the first two experiments, freshwater has been released in the Labrador
Sea (land-sea mask M, hereafter referred to as experiment A) and the NA
off the coast of Scandinavia (land-sea mask F, experiment B), and in both
cases a 0.75 Sv freshwater pulse lasting 20 years, was hosed into the ocean.
The model was then run another 500 years in order to catch the difference
in response to such forcings?. Although the setup in experiment A is most
likely to explain the mechanisms causing the 8.2 kyr event (see section 5.4),
experiment B gives an insight to the model response to freshwater forcings
at different locations.

In figure 5.4 the freshwater flux at the ocean surface is plotted for the
two experiments at a time when the hosing occurs. The freshwater flux for
experiment A is more intense but distributed over a smaller area (fewer grid
cells) than for experiment B. Note that the freshwater input in experiment
B is spread out from the Barents Sea in the north to the coast of Spain in

2In Chapter 3, it was found that the ocean spin-up time is around 700-800 years, but
typical freshwater experiments show little to no variation in climate 300 years after a given
forcing was applied (e.g. figure 5.5).
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Figure 5.4: Annual mean freshwater flux at the ocean surface for experiment

A and B in [Sv].

the south.

To check the stability in the response three realizations of experiment A
has been performed (experiments Al, A2 and A3). In each case, the initial
conditions are perturbed by letting the experiments start from the spin-up
state with 5 year intervals.

The last set of experiments, A1y, Aoy and Asg, uses the same setup as
experiment A, but the time over which the pulse lasts is set to 10, 20 and 50
years, and since the total amount of freshwater release is fixed, the strength
of the pulse becomes 1.5, 0.75 and 0.3 Sv respectively.

Analyzing and comparing the results to data from different ice and sedi-
ment cores will indicate, which of the configurations are most likely to explain
the 8.2 kyr event.

5.3 Results

The results for the three sets of experiments are presented in the follow-
ing section, mainly focusing on the response of the maximum MOC in the
Atlantic Ocean and (sea)surface temperature to the forcings applied.

The maximum MOC is ~29 Sv when the system is in statistical equi-
librium given by the the spin-up state, and when freshwater is released, the
maximum MOC decreases as long as the forcing is applied (figure 5.5 left).
In experiment A the maximum MOC decreases quickly to a minimum of 21
Sv and increases gradually after 20 years of forcing and after 125 years it has
reached the same level as before the forcing was applied. In experiment B
the decrease persists 25 years after the forcing was applied, reaching 20 Sv
before it starts to increase again and it takes 200 years to reestablish at 29
Sv.

The associated annual mean temperature response in a northern NA,
Greenland and north polar region confined by the boundaries 90-0°W and
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Figure 5.5: Mazimum MOC (left) and NA annual mean surface temperature
response (right) plotted as anomalies from the mean temperature in the spin-
up experiment for erperiments A and B, smoothed by 10 years of running
mean. The blue shading marks the time when the freshwater forcing was
applied.

60-90°N (hereafter referred to as 'NA temperature’, figure 5.5 right) shows
perturbations of -3 K at year 60 in experiment A, whereas the temperature
response in experiment B is -10 K at year 50. In both experiments the
temperature increases 1.9 K as an initial response to the freshwater discharge.
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Figure 5.6: Same as figure 5.5 but for experiments Al, A2, and A3. The
embedded plot shows the first 50 years of the mazimum MOC.

The starting point of each ensemble run Al, A2 and A3 has been per-
turbed, and they all show very similar responses to the forcing applied (the
same as in experiment A). In figure 5.6 the maximum MOC and NA tem-
perature response are shown for the ensemble runs, and the resemblance is
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striking, even during the time when the forcing is applied (embedded plot).
The maximum MOC in experiment Al and A2 (A3) is reestablished in year
125 (200), and the initial temperature increase and following decrease has
almost the same amplitudes in all experiments. Furthermore, the Atlantic
zonal mean anomalies in northward heat transport and SST (not shown) are
much alike in all ensemble runs as well, and although the response in A3
is slightly different from Al and A2, no important differences between the
three are observed.
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Figure 5.7: Atlantic zonal mean anomalies in northward heat transport (left)
and SST (right) for Aens (blue) and B (red).

Following the terminology used in section 5.1, the THC is active when no
forcing is applied and reduced as a consequence of the release of freshwater.
Letting the active mode be defined by temporal averages between year 450
and 470 in each experiment, and the reduced by a 20 year mean during the
maximum excursion of MOC, the cooling of the NA can be explained by a
decrease in northward oceanic heat transport. In the left panel in figure 5.7,
the zonal mean anomaly of the latter shows negative values for the ensem-
ble mean of experiments Al, A2 and A3 (A.,s) and B, thus affecting high
latitude temperatures in the NH (figure 5.7, right). Again, the response is
greatest in experiment B, with anomalies in heat transport and temperature
of -0.35 PW at 45°N and -5.0 K at 85°N respectively. In experiment A,
the heat transport anomaly gradually increases with latitude from -0.15 to
+0.05 PW. Although the anomaly in experiment A.,s is much less than in
B, in both cases less heat is transported north, causing the SH to warm ~1
K from the Equator to 60°S in both experiments. It should also be noted
that the heat transport anomaly is slightly positive around 70°N for A,
partly counteracting the cooling of the high northern latitudes.
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Figure 5.8: Latitude-depth distribution of the MOC in the Atlantic for the
active and reduced modes in Agps.

Since heat is advected in the Atlantic, the change in heat transport can
be visualized by plotting the MOC in the two different modes (active and
reduced, figure 5.8). In the active mode, heat is transported northward in the
top 1,200 to 1,500 m with a maximum transport of 24 Sv3, and this transport
is reduced throughout the Atlantic Ocean with a maximum transport of 18
Sv. In the deep ocean the flow of AABW of 3 Sv in the active mode increases
to 6 Sv in the reduced mode.

The amount and extent of sea-ice in the perturbed, cold state increases
as seen in figure 5.9, especially the maximum sea-ice extent off the south-
eastern and south-western coast of Greenland. The minimum sea-ice extend
does not change much between the two states. Similar plots for the south
polar region, show a small decrease in maximum sea-ice extent (not shown).

The three configurations, Ajp, Agy and Asg, lead to different responses
as seen in figure 5.10. In each of the experiments Ajg and Ay the strength
of the maximum MOC decreases as long as the forcing is applied, and the
response is very similar, with a decrease of 8 Sv at run year 25 in both cases.
In experiment Asg, the forcing persists for 50 years and throughout this
period the maximum MOC is around 6 Sv lower than in the steady state.

The NH temperature exhibits the same features in experiments Ajg and
Agg, although the maximum temperature excursion is larger in experiment
Aqp than in Agy (-4 compared to -3 K). An initial increase in temperature
is common for all three experiments, whereas the negative response at run
year 50 only can be identified for Ajp and Agy. In experiment Asg, the
temperature drops -3 K at run year 80. It takes ~ 150 years for both the

3The contours does not show the actual maximum MOC, but in figure 5.5 it is seen
that the value is around 30 Sv.
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Figure 5.9: Mazimum (September) and minimum (March) sea-ice extent in
the perturbed (blue) and steady (red) states for Acns. Contour lines represents
20 cm sea-ice thickness.
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Figure 5.10: Same as figure 5.5 but for experiments Aig, Asy and Asg.

maximum MOC and the temperature to reach steady state values in all three
experiments.

A comparison of the NA and SH temperature response to the forcing
applied in experiment A.,s is given in figure 5.11. Both curves show an
initial increase of 1.8-2 K, but where the NA temperature decreases after
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Figure 5.11: Left: Average surface temperature response to the forcing applied
in Aens for the NA and SH, plotted as anomalies from the mean temperature
in the spin-up experiment. Data has been smoothed by 10 years of running
mean. Right: Surface temperature anomalies in K, again for Aens. Note the
non-linear scale.

the forcing is shut off, the SH temperature is slowly restored. This warming
lasts ~ 200 years, and can in some way be explained by a bipolar seesaw
mechanism trapping heat in the SH described earlier. In the right panel the
trapping of heat in the SH can be visualized in a map showing temperature
differences between the equilibrium steady state climate and the mean tem-
perature during years of maximum excursion. The warming in the SH show
an increase in temperature of 1-4.5 K distributed off the coast of Antarctica,
mainly in the southern Atlantic and Indian Ocean. The increased sea-ice
extent off the southern coast of Greenland can also be seen as a decrease in
temperature.

Since Chapter 4 concluded that the precipitation weighted temperature
calculated from the model results should be compared to data from Green-
land ice cores, a comparison of the regular and precipitation weighted tem-
perature has been carried out for four grid cells in central Greenland.

| P°C] | S[°C]|S-PIK]
Ta ‘ -27.0 ‘ -23.6 ‘3.4i0.6

Tpw | -23.3 | -219 |14 +£04

Table 5.1: Central Greenland regular (Ta) and precipitation weighted (Tpw )
temperature in the perturbed (P) and steady (S) state and the difference be-
tween the two. All values are calculated for Aens, and standard deviations
are only shown for S — P wvalues.

In table 5.1 the precipitation weighted temperature shows a 1.4 + 0.4 K
difference between the perturbed and steady state. On the other hand, the
regular temperature difference is 3.4 £+ 0.6 K indicating that the seasonality
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of precipitation is shifted between the two states. Indeed, looking at figure
5.12 the summer and autumn precipitation ratios are 6 and 4% larger in
the perturbed state than in the steady state, while the winter and spring
precipitation ratios have decrease accordingly.

Perturbed state
0.4

Steady state

0.35-

0.3F

Ratio

0.25
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0.1 i i i i
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Figure 5.12: Ratio of seasonal to total precipitation for the perturbed and
steady state of Aens. Error bars represent two standard deviations.

5.4 Discussion

As was the case in Chapter 4, different studies on proxy data evidence and
model simulations on the topic will be presented below.

5.4.1 Proxy data

The 8.2 kyr event has been observed in many indicators of climate, especially
in the Greenland ice cores. Alley et al. (1997) used GISP2 ice core data to
calculate the decrease in temperature to 6 + 2 K and the approximate du-
ration of the event was reportedly anything from 100 to 1,000 years. von
Grafenstein (1998) found a 200 year negative excursion in a European sedi-
ment core coinciding with the 60'® excursion found in the GRIP core around
8.2 kyr ago and estimated the associated temperature drop in Greenland to
2.8 K.

Recent studies have shown that the event is observed as a 160.5 year
period of reduced § ratios, within which there is a 69 year period with signif-
icantly lower values than the early Holocene average, see figure 5.13 (Thomas
et al., 2007). This is done by a collection of high-resolution chemistry and
isotope records from Dye3, GISP2, GRIP, and NGRIP and the local tem-
perature drop at the ice core sites is estimated to 3-8 K. Leuenberger et al.
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Figure 5.13: §O ratios for GRIP (red), GISP2 (black), NGRIP (blue),
and Dye 3 (green) plotted on the GRIP depth scale and GICC05 age scale.
Curves in upper (lower) panel are smoothed by 20 (10) years of running
mean. Dashed lines represents the onset and termination of the whole and
central 8.2 kyr event. From Thomas et al. (2007).

(1999) have performed similar studies on Greenland ice cores and found that
the excursion in around 5.4 to 11.7 K. These values are somewhat larger
than the estimated precipitation weighted temperature in central Greenland
by the model (1.4 £+ 0.4 K). Furthermore, the results presented in section
5.3 indicates that the actual decrease in temperature is higher than what is
measured in the ice cores, given the shift in seasonality of precipitation and
the difference between the regular and precipitation weighted temperature,
i.e. the warm bias during the cooling event, is 2 £ 0.6 K.

Rohling et al. (2005) questioned the geographical extent of the rapid
cooling event 8.2 kyr ago. They compared anomalies in climate proxies from
locations around the globe and found that the event is most likely to be
a superposition of a long-term cooling lasting from 8.6 to 8.0 kyr ago and
the sudden cooling 8.2 kyr ago. Proxies showed less pronounced Indian and
Asian monsoons, a temperature decrease at two sites in the Mediterranean
Sea and one in Ireland, Germany and the Norwegian Sea, lower precipitation
rates off the coast of Venezuela and the advance of Norwegian glaciers. Given
the perturbed and steady state described in section 5.3, anomalies in tem-
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Figure 5.14: Precipitation anomalies in the Atlantic tropics for the perturbed
state of Aens. Units are cm/yr.

perature and precipitation for the regions given above have been compared
to those examined by Rohling et al. (2005). No significant temperature
signal was found in the model results in the different regions and only in
the Mediterranean Sea and off the coast of Venezuela anomalies in precip-
itation was observed ranging from -8 to -16 cm/yr (figure 5.14). Rohling
et al. (2005) attributed the aridity in some of the monsoon records to a
decrease in the northward migration of the intertropical convergence zone.
In the Atlantic the model results show an increase of precipitation close to
the Equator, indicating a southward shift in the tropics (figure 5.14).

The duration of the event in all experiments were all around 150-200
years and it can be concluded, that the experiments performed are able to
explain possible trigger mechanisms for the 8.2 kyr event. It is difficult to
say which of the experiments A1, Agg and Asg is most likely to explain the
event, given their very similar response in both maximum MOC and NA
temperature.

5.4.2 Other model studies

Renssen et al. (2001) has also used ECBIlt-CLIO to perform freshwater
forcing experiments. The spin-up state was reached using 8.5 kyr boundary
conditions such as adjustments in insolation, GHG concentrations, surface
albedo and surface height and following the terminology used in section
5.3 the experiments included Aig, Agg, Asp and Asgg type setups. Exam-
ining the maximum MOC in the NA (between 60-80°N) they found that
the Asqp experiment resulted in very small perturbations, whereas the other
three resulted in event-like weakenings of the maximum MOC. Moreover,
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Ay resulted in a permanent weakening of the maximum MOC lasting for
at least 1,000 years, while the Asg and Asg maximum MOC recovered to
pre-perturbed values after 145 and 320 years respectively. They also found
a shift in the main convection site from south of Svalbard to off the coast of
Norway, an increase in sea-ice extent and a decrease in near-surface temper-
ature over the Nordic Seas (5-10 K) and Greenland (2-5 K), all very close to
what is reported in section 5.3. In a later study they performed 5 ensemble
runs of A1, Aoy and Asg and found, that the maximum MOC recovered in
all Asg, in three of Agy and in only one of the Ay experiments* (Renssen et
al. 2002). They proposed that the likeliness of a maximum MOC recovery
increases with the duration of the freshwater pulse. The positive ice-albedo
feedback was proposed as a stabilizing factor resulting in increased recovery
time.

Many other studies with EMICs and AOGMCs have been published
on the topic over the past years, e.g. Manabe and Stouffer (1995), Al-
ley et al. (1997), Wiersma and Renssen (2005), Long et al. (2006) and
LeGrande et al. (2006, 2008). In a series of coordinated experiments the
Coupled Model Intercomparison Project/Paleo-Modeling Intercomparison
Project (CMIP/PMIP) committee has examined the THC response to a 0.1
and 1.0 Sv freshwater perturbation over the 50-70°N of the NA lasting 100
years and the associated climate changes using a broad spectrum of EMICs
and AOGCMs, ECBIlt-CLIO included (Stouffer et al., 2006). In all models
the THC weakened rapidly; the maximum MOC decreased 6 Sv for the en-
semble mean for all models included, with a cooling of the NH and a less
intense warming of the SH as a consequence. In some of the models the
THC recovered whereas it remained in a reduced mode in others. Stouffer
et al. (2006) proposed three possible explanations for this inconsistency 1)
the reduced mode is unstable, 2) the duration of the freshwater pulse is too
short, or 3) the intensity of the pulse is too small to reach a stable reduced
mode. Considering the results of Renssen et al. (2002) a combination of
2) and 3) seems to apply for ECBilt-CLIO since it can exhibit steady-state
modes lasting more than 1,000 years. In general, the ECBIlt-CLIO response
in maximum MOC of 7-8 Sv is in reasonable agreement with what is found
using other models.

The control runs, i.e. experiments where the models are in statistical
equilibrium, showed very different intensity of the THC among the models
participating in the CMIP /PMIP analysis. Stouffer et al. (2006) divided the
models into three groups, a) models exhibiting strong and large multidecadal
variations in THC (maximum MOC 20-30 Sv), b) models with less intense
and less variation in the THC (maximum MOC 13-20 Sv) and c) less complex
EMICs with little or no variation in THC. As mentioned in Chapter 2 and
3 ECBIlt-CLIO is relatively close to AOGCMs (Claussen et al., 2002) and

“In this context, no recovery represents a recovery time > 500 years.
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the simulation of the THC belongs to the a)-type models, as the only EMIC
partitioning in the comparison analysis. The intensity of the THC in the
unperturbed state in the experiments described in section 5.3 is in the higher
end, with maximum MOC ~ 29 Sv.
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Figure 5.15: The ensemble mean anomalies of surface air temperature in
K between the 0.1 Sv and control experiment (color shades) and standard
deviation among model simulations (solid lines). From Stouffer et al. (2006).

Comparing the surface temperature change from the results from ex-
periment A.,s (figure 5.11, right panel) to the 0.1 Sv experiment from the
CMIP /PMIP analysis (figure 5.15) the resemblance is striking. The warm-
ing of Southern Ocean is clearly evident in both figures, as well as a surface
temperature dipole in the northern NA with a warming over the Barents
and Nordic Seas and a cooling south of Greenland. This dipole is probably
closely related to the shift in main convection sites reported by Renssen et
al. (2001) and this pattern might be a key indicator of future changes in the
THC. It should be noted that the temperature change is much higher in the
results from experiment A,s (4-8 K) compared to those in figure 5.15 (1-3
K), but given the difference in intensity of the forcing applied (0.1 Sv for 100
years and 0.75 Sv for 20 years) this is what could be expected.

Ganopolski and Rahmstorf (2001) have used an EMIC (CLIMBER-2) to
perform a stability analysis with LGM boundary conditions and found that
the boundary conditions play an important role for the stability of the THC.
Since the boundary conditions used in this thesis differs from what is used by
Renssen et al. (2001, 2002) as already described, this could explain why all
ensemble runs show a restoring trend in the maximum MOC, while Renssen
et al. (2002) found various responses to the same type of forcing applied.
It seems that the present day boundary conditions lead to a more unstable
reduced mode and hence the THC restores more easily after a given forcing
has been applied, when compared to early Holocene boundary conditions.
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This aspect could be useful in future climate research.

It is widely accepted that the 8.2 kyr event is caused by freshwater dis-
charges from the melting of the Laurentide ice sheet, as discussed above.
Results from experiment B also confirms that this setup results in an unre-
alistic temperature response of -10 K in the NA.

In all experiments performed with ECBIlt-CLIO the temperature in-
creases 1-2 K as an initial response to the freshwater discharge, but the
mechanisms causing this increase is not easily understood and more work is
needed to explain this response.

The antiphase response in temperature of the NA and SH has been stud-
ied intensely by e.g. Stocker (1998) and Stocker and Johnsen (2003). In
the latter study, they used a very simple model to explain the ’seesaw-like’
interconnection between the hemispheres also seen in figure 5.11, left panel.
The input for the model was GRIP §O'® records and the model then re-
produced a lagged 'SH temperature’ response and they found a delay of ~
1,120 years yielded the most realistic SH temperatures when compared to
the 00'8 record from the Antarctic ice core Byrd. This delay represents the
overturning timescales of the oceans meaning that a NH climatic event will
be delayed by this mechanism. In figure 5.11 left panel, no such delay is seen;
the SH responds as quickly as the NA temperature to the forcing applied.
Since heat is advected in the Atlantic Ocean by the surface water a weak-
ening of the circulation causes heat to be trapped in the SH rather quickly.
Barron and Kara (2008) has estimated the SST time scale to range between
10 to 30 days depending on latitude and this could explain the 'missing’
delay in SH temperature response.

5.5 Conclusion

A rapid cooling event spanning 160 years is found in proxy data 8.2 kyr ago,
and the event is particularly evident in Greenland ice cores. The release of
melt water from the Laurentide ice sheet is believed to have caused changes
in the THC, thereby changing the climate state. Model simulations confirms
that such a freshwater pulse is able to account for the cooling found in the
Greenland ice cores.
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In the present study the intermediate complexity model ECBilt-CLIO
was used to carry out experiments simulating the release of freshwater. The
water was added to the run-off from land areas close to the Labrador Sea,
the amount added was based on geological evidence, and the time over which
the water was released was varied. Furthermore an ensemble mean of three
experiments was performed in order to check the variability in the climate
response to such forcings.

All experiments showed consistent results, with minor differences in the
response to a given forcing applied and the most prominent changes in the
climate during the cooling event were

e a decrease in the maximum MOC of 6 to 7 Sv

e a weakening of the northward heat transport in the Atlantic, trapping
heat in the SH

e a 3-4 K decrease in the NA temperature

e expanding (and less pronounced retreating) sea-ice off the southern
coast of Greenland (around Antarctica)

e a bipolar shift in temperature with increased temperatures at the Bar-
ents Sea and decreased temperatures off the southern coast of Green-
land

e an increase in Southern Ocean temperatures of 1-4.5 K

e 3 shift toward more summer and autumn precipitation and less during
winter and spring

o a difference between the decrease in regular and precipitation weighted
temperature in central Greenland of 3.4 & 0.6 and 1.4 £ 0.4 K respec-
tively

It was found that the climate in the perturbed state was comparable to proxy
data from Greenland, although the decrease in temperature was in the lower
end of what is estimated from ice core data. However, previous model studies
have very similar results compared to what is presented in the list above.

Moreover, the results indicated that the temperature excursions found in
ice cores are warm biased 2.0 + 0.6 K, i.e. the cooling event might be even
more extreme than what the measured §O'® signals show.

The duration of the event (150 years) was in good agreement both with
proxy data and previous model results.

As was the case with the orbital forcing experiments, no changes in
boundary conditions were taken into account.



Chapter 6

Final conclusion

The focus of this thesis has been on the study of two main aspects; a) sea-
sonality changes of precipitation during the Holocene in Greenland and the
influence of this on the precipitation weighted temperature, and b) possible
explanations of the 8.2 kyr event. This has been done forcing the compre-
hensive EMIC ECBIlt-CLIO with a) Holocene orbital parameters and b)
freshwater discharges in the NA and the main results are;

a) the precipitation weighted temperature in Greenland was 1.6 £ 0.5 to
0.7 &£ 0.4 K higher than the regular temperature during the Holocene,
with a shift occurring around 4 kyr ago. This bias is caused by a shift
toward greater summer precipitation rates, a result of changes in the
orbital parameters

b) the 8.2 kyr event can be explained by the release of freshwater into
the NA. In the model, such forcings set off a cooling event across the
northern NA and north polar region, with a decrease in temperature
of 3-4 K. In central Greenland the precipitation weighted temperature
excursion was 2 & 0.6 K higher than the regular temperature, indicat-
ing that the event might have been more extreme than what is found
in the ice cores

In general a reasonable correspondence was found between the results and
proxy data and previous model studies. Assuming that the modeled climate
responds correctly, the results give confidence in the concept of the influence
of changing orbital parameters on the precipitation weighted temperature
and the explanation of the 8.2 kyr event.

In Chapter 2 the physics and parameterizations included in ECBilt-CLIO
were described. One should keep in mind, that the results depend strongly
on the ability to represent the atmosphere and ocean correctly. The simple
hydrological cycle, the parameterization of clouds and vertical mixing in
the ocean, flux-corrections etc. are all examples of tunable parameters each
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influencing the output of the model. Although the results are in reasonable
accordance with proxy data, this should always be considered.

6.1 Outlook

As described in section 4.5, many factors have the potential to change the
seasonality of precipitation at high latitudes, changes in orbital parameters
being one of them. Other mechanisms that are possible to incorporate in the
model, could be changes in boundary conditions throughout the Holocene
such as GHG, vegetation types and the extent of the major ice sheets in-
cluding changes in the orography. These improvements could lead to a more
sophisticated picture of the Holocene climate, thus affecting the results from
similar experiments as performed in Chapter 4 and 5. Such improvements
could be achieved by performing the experiments with the newest version of
ECBIlt-CLIO, called LOVECLIM which includes dynamical vegetation and
ice sheet components.

It would also be of interest to perform a transient experiment throughout
the Holocene, with changes in orbital parameters. This might shed more
light on the changes in the seasonality of precipitation. Likewise, performing
more ensemble runs of the freshwater forcing experiments could to some
extent validate the results and experiments with varying total amount of
freshwater release would be of interest.
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Appendix A

List of Symbols

a radius of the Earth
A area
A lead fraction

AABW Antarctic Bottom Water
(AO)GCM  (Atmosphere Ocean) General Circulation Model

Cp specific heat capacity

C constant calculated from the heat budget of open water
C heating of the atmosphere by condensation of water vapor
CCM Community Climate Model

CLIO Coupled Large-scale Ice Ocean

d deuterium excess

D divergence of the horizontal wind

D horizontal diffusivity

EBM Energy Balance Model

EMIC Earth Model of Intermediate Complexity

fo Coriolis parameter at 45°N and S

f Coriolis parameter

Fyg scalar correction term

Fa, correction term for the small scale viscosity

F; heat flux within the ice

F, heat flux from the ocean to the ice

Fr advection of temperature by the ageostrophic wind
Fyo scalar correction term

F ageostrofic correction factor

F internal force per unit area

g gravitational constant

G(h) correction term

GHG greenhouse gas

h ice thickness

i i’th grid cell
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kq

kr

k

L;
LOVECLIM
m

MOC

NA

NADW

NH

p
P
P

da

Qmax

g@

<SS & >»H3I >

tunable coefficient for diffusion
Rayleigh damping coeflicient

thermal conductivity

heat of fusion of ice
LOchUVecode-Ecbilt-CLio-aglsm Model
mass of snow and ice per unit area
Meridional Overturning Circulation
North Atlantic

North Atlantic Deep Water

northern hemisphere

pressure

perturbed state

precipitation

water content in the moist layer
integrated saturation specific humidity below 500 hPa
diabatic heating

gas constant

rate of change of ¥ due to thermodynamic effects
salinity

steady state

southern hemisphere

sea surface temperature

stable water isotopes

time

temperature

thermohaline circulation

horizontal velocity

transport velocity

rotational component

vertical velocity

x-coordinate, towards east

y-coordinate, towards north

topografic height

z-coordinate, upwards

ratio of SWI in a sample to that of SMOW
sea-surface elevation

unit step function

longitude

vertical velocity

geopotential

latitude

decreasing function defined for 0 < A <1
stream function
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S 99D

\]

w

FaESNESN

density

static stability

Stefan-Boltzmann constant

force per unit area from the air

force per unit area from the water
potential temperature

any physical variable

vertical component of the vorticity vector
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