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Abstract

In the first part of the thesis, changes of the Atlantic meridional overturning circula-
tion (AMOC) in the mid-Holocene compared to the pre-industrial state are explored in
different coupled climate models. Using time-slice integrations by a newly developed
global finite-element model ECHAM6-FESOM with unstructured mesh and high res-
olution, our simulations show an enhanced mid-Holocene AMOC, accompanied by an
increase in the ocean salinity over regions of deep water formation. We identify two
different processes affecting the AMOC: 1) a more positive phase of North Atlantic
Oscillation (NAO) increases water density over the Labrador Sea through anomalous
net evaporation and surface heat loss; 2) a decreased import of sea ice from the Arctic
causes a freshwater reduction in the northern North Atlantic Ocean. Using the coupled
model ECHAM6-MPIOM in T63GR15 and T31GR30 grids, we find that the simulated
AMOC is strongly affected by the model resolution. In detail, stronger-than-present
mid-Holocene AMOC is revealed by simulations with the T63GR15 grid, which resem-
bles the result of ECHAM6-FESOM, while a decline of the mid-Holocene AMOC is
simulated by the low resolution model with the T31GR30 grid. Such discrepancy can
be attributed to different changes in Labrador Sea density which is mainly affected by
1) NAO-induced net precipitation, 2) freshwater transport from the Arctic Ocean, and
3) the strength of AMOC itself. Finally, we analyzed available coupled climate models
showing a diversity of responses of AMOC to mid-Holocene forcings, most of which
reveal positive AMOC changes related to northern high latitudes salinification.
Sensitivity of the simulated climate to the early-Holocene (9k) insolation, green-
house gases (GHGs) and topography is examined in the second part of the thesis, by
performing timeslice experiments under pre-industrial and 9k regimes using ECHAMG6-
FESOM. Under the early-Holocene orbit and GHGs, the ECHAM6-FESOM simulation
shows a warming in boreal summer and a cooling in boreal winter from over mid and
high latitudes compared to pre-industrial, with amplification over the continents; as
well as a reduction of sea ice in the Arctic and Southern Oceans. A reduced sea ice
transport through the Fram Strait leads to a stronger-than-present Atlantic Meridional
Overturning Circulation (AMOC) in the early-Holocene. Including the early-Holocene
topography and continental ice sheet over North America leads to an additional re-



gional cooling year-round. The resulted enhanced sea ice thermodynamic production
over Baffin Bay and North Atlantic subpolar gyre is the cause for a more saline surface
over the region of deep water formation. There are big discrepancies in the oceanic
responses to different locations of freshwater discharge. Laurentide Ice Sheet (LIS)
coastal melting only leads to a freshening over the Gulf Stream and Canary Current,
with no meltwater advection to the deep water formation sites, therefore not affecting
the strength of the thermohaline circulation. In contrast, adding freshwater into the
Labrador Sea produces a significant decrease in ocean salinity over the North Atlantic
region from sea surface to 200 m depth, contributing to a decline of the Atlantic merid-
ional overturning circulation (AMOC). All early-Holocene experiments reveal a change
of the westerlies over the North Atlantic section, accompanied by a more positive North
Atlantic Oscillation (NAO) phase, which is led by the corresponding divergence anoma-
lies of the Eliassen-Palm (E-P) flux. The enhanced westerly wind at 50 °N provides a
barrier which prevents the Arctic cold air from invading into the lower latitudes. This
circulation change in the atmosphere leads to less frequent episodes of blocking patterns
which further results in decreased cold surges over most parts of the Northern Hemi-
sphere continents, in particular the Europe and Asia in the early-Holcene compared to
pre-industrial. Finally, the reduced cold air outbreak events, together with a relatively
dry atmospheric condition, are the causes for a reduced snowfall over Europe and Asia.

Another aim of the thesis (the third part) is to examine to what degree the area-
thickness distribution of new ice formed in open water affects the ice and ocean proper-
ties. Two sensitivity experiments are performed which modify the horizontal-to-vertical
aspect ratio of open-water ice growth. The resulting changes in the Arctic sea-ice con-
centration strongly affect the surface albedo, the ocean heat release to the atmosphere,
and the sea-ice production. Furthermore, our simulations show a positive feedback
mechanism among the Arctic sea ice, the Atlantic Meridional Overturning Circulation
(AMOC), and the surface air temperature in the Arctic, as the Fram Strait sea ice
import influences the freshwater budget in the North Atlantic Ocean. Anomalies in
sea-ice transport lead to changes in sea surface properties of the North Atlantic and
the strength of AMOC. For the Southern Ocean, the most pronounced change is a
warming along the Antarctic Circumpolar Current (ACC), especially for the Pacific
sector. Another insight of this study lies on the improvement of FESOM-ECHAMEG.
FESOM-ECHAMSG is a newly developed global climate model with an unstructured
mesh and multi-resolution. It has relatively high ability for producing many aspects of
the observed climate, but also has shortcomings when simulating the subpolar sea-ice
boundary in the Northern Hemisphere and the strength of AMOC. We find that such
disadvantages can be improved by tuning the process of open-water ice growth, which
strongly influences the sea ice concentration in the marginal ice zone and affects the
North Atlantic circulation through regulating the import of Arctic sea ice volume. In
reality, the distribution of new ice on open water relies on many uncertain parame-



ters, for example, surface albedo, wind speed and ocean currents. Knowledge of the
detailed processes is currently too crude for those processes to be implemented real-
istically into models. Our sensitivity experiments indicate a pronounced uncertainty
related to open-water sea ice growth which could significantly affect the climate system
sensitivity.
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Introduction

There are multiple lines of evidence that variations in the North Atlantic meridional
overturning circulation (AMOC) is a major source of decadal and multidecadal vari-
ability in the climate system. Prominently, this is manifested in the sea surface temper-
ature and salinity over North Atlantic. An abundance of studies [e.g.,

; , ) ; , | provided rigorous evidence of the widely
hypothesized link between the AMOC and the Northern Hemisphere mean surface tem-
perature, as well as the Arctic surface air temperature (SAT). Using observational data,

| | demonstrated that temperature and salinity from the 0-300 m
to 1000-3000 m layers vary in opposition: prolonged periods of cooling and freshening
(warming and salinification) in one layer are generally associated with opposite ten-
dencies in the other layer, which may be associated with a change in the strength of
AMOC. Parker et al. (2007) analyzed modeling results and represented a mechanism
feedback between weak (strong) AMOC and cooler (warmer) North Atlantic.

The mid-Holocene (6k) is one of the key times in the past. The most prominent dif-
ference between 6k and present arises from the orbital configuration, which leads to an
increase in insolation in the Northern Hemisphere (NH) and a decrease in the tropical
and subtropical Southern Hemisphere | , |. Reproducing AMOC of
6k is not only scientifically interesting in itself, but also of crucial importance to increase
our understanding of the climate responses to different condition states. So far, some

efforts have been made to simulate the 6k AMOC, most of which indicated an decrease
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in mid-Holocene AMOC compared to its present phase. For example,
[1998] and [2006] produced a weaker-than-present AMOC for the
mid-Holocene with the climate models CLIMBER and CCSM3 respectively.

| | simulated a difference of -2 Sv between the AMOC of mid-Holocene
and pre-industrial using the coupled model ECHAM5-MPIOM with a coarse resolution

grid. The same result is also found by [2010] who performed
similar simulations using ECHAMS5-MPIOM with a different vegetation code and with-
out the implementation of 6k greenhouse gases. | | simulated the

climate condition of 6k with different versions of the coupled model FGOALS, and
found a weakened (enhanced) AMOC during 6k with old (new) version of the model.
Furthermore, different results are shown by [ | who demonstrated a

long-term reduction from the Holocene to present in maximum meridional overturning

with the model ECBIilt-CLIOVECODE.

Given above, most previous studies illustrated a weaker-than-present 6k AMOC,
which is generally associated with a warming and freshening in the upper layer of
the North Atlantic Ocean, leading to a decrease in water mass density over the deep
water formation regions in the Nordic Sea. However, there are reconstruction records
suggesting an increase of ocean salinity over those regions [e.g.,

) ) ) ) ) ) )
|. Besides, proxy-based observational evidence shows a brief decline in meridional

overturning circulation from the mid-Holocene to present | : |.

In the present paper, we are specifically interested in the sensitivity of AMOC to
different model components and resolutions. The importance of model resolution has
been described in several studies [e.g., , : , ]. So far the
simulations of the mid-Holocene AMOC were based on coarse resolution models, and
in the convection areas the water masses might not be well represented. Utilization
of a newly developed global climate model ECHAM6-FESOM with unstructured mesh
and high resolution | ) | allows a more comprehensive simulation
for examining the mid-Holocene AMOC, and for exploring the mechanism behind the
AMOC change. Furthermore, we investigate the response of AMOC to model resolu-
tions by analyzing results of the climate model ECHAM6-MPIOM with two different

resolutions.




The early-Holocene (11.5 to 7 ka B.P.) in our present interglacial period is marked
by pronounced seasonality and the presence of the Laurentide ice sheet (LIS). Even
though recent data syntheses have improved our understanding of reconstructed data
for paleo-periods | : ; , |, it is still a difficulty to have
a comprehensive view of the early-Holocene climate change due to the discrepancies
between the various records [1990]. Numerical climate model simulations can
be used to improve our understanding of the mechanism behind the early-Holocene
climatic changes and to provide a coherent and physically consistent overview of the

climate on all timescales.

One of the main applications of climate models has been to explore the climatic effects
of the changed orbital parameters of the Earth. [ | finds an intensified
continent-scale monsoon circulation when applying estimated early-Holocene precession
and obliquity of the earth. Using an atmospheric model coupled to a mixed layer ocean,

[ | find Northern Hemisphere warming throughout the year.

[ | perform a similar simulation, that indicates warmer continents in
summer and intensified northern summer monsoons at early-Holocene compared to the
present. Simulations with climate models have shown that the wetter conditions at the
Sahel and Sahara regions were probably caused by changes in Earth’s orbital parameters
that increased the amplitude of the seasonal cycle of solar radiation in the Northern
Hemisphere | : |. In a transient simulation of the Holocene climate
with ECBIlt orbital forcing, [ | observes that summer warming over land
induces a stronger monsoon circulation in the subtropics and associated adjustment in
precipitation patterns. An Earth system model of intermediate complexity, MoBidiC,
has been used to simulate the transient variations in continental temperature, sea-
surface temperature (SST), thermohaline circulation and sea-ice cover over the last
9000 years | , |. Synthetic glacier length records are generated for
the Holocene epoch using a process-based glacier model coupled to the intermediate-
complexity climate model ECBilt, forced by the insolation change due to variations
in the Earth’s orbital parameters [2003]; [2004].

| | suggests that increased ablation due to enhanced early Holocene
boreal summer insolation was the predominant cause of Laurentide ice-sheet (LIS)

retreat.
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Another important impacting factor is the greenhouse gases (GHGs). The response
of the climate at high northern latitudes to slowly changing external forcings and atmo-
spheric CO2 and CH4 content was studied in a transient simulation with the coupled
model ECBIilt-CLIO-VECODE | : |, which reveals a decrease in global
mean annual temperatures, a reduction in summer precipitation and an expansion of
sea-ice cover from early-Holocene to the present. A reduced ENSO intensity in the

early-Holocene, in agreement with paleoclimate record, is simulated by FOAM |
, 2000].

Positioned in mid-latitude of North Hemisphere, the LIS is of crucial importance to
the climate conditions. The impact of continental ice sheets on the climate change
is potentially important in climate-sensitivity studies [ |;

[2014]; [2011]. Moreover, the effect of LIS meltwater forcing on the early
Holocene climate is investigated with a variety of coupled models. For example, a fix
amount of freshwater into the Labrador Sea at three different rates is applied in a global
coupled atmosphere-sea ice-ocean model model ECBIilt-CLIO-VECODE by |
, |, the results demonstrated that several types of recovery may exist with the
same kind of meltwater perturbation. Among their simulations, a scenario with a 20-
year pulse produced a model response in agreement with proxy records | ,
, |, a more gradual release (0.03 Sv) as proposed by
[1998] results in no significant thermohaline circulation change [2001].
A freshwater forcing of 0.09 Sv is prescribed by [2012] into the
North Atlantic Ocean between 40 °N and 60 °N; leading to a significant surface cooling
and decline of the Atlantic meridional overturning circulation. More recently,

[2015] performed transient simulations from the early-Holocene to present using
the climate model LOVECLIM with varying freshwater flux applied, indicating that
the Holocene temperature evolution varies between different regions. [ |
reported that climate models simulate a robust global annual mean warming in the

Holocene, mainly in response to rising CO2 and the retreat of ice sheets.

Most of the above studies focus on the effects of the redistributed solar radiation and
GHGs, and the influence of the orbital change. Some of them investigate the respective
role of early-Holocene topography and LIS meltwater flux on the simulated climate

[ ; ; , ; , |, however, with a




relatively coarse resolution applied. The focus of previous studies is mainly on processes
of seasonal to Millennial time scale, therefore there is a lack of studies on small-time
scale climate movements, for example the transient eddy flux, blocking event and cold
air outbreak. To fill the above mentioned gaps in our understanding of early-Holocene
climate variability, we have therefore applied a finite-element climate model ECHAMG6-
FESOM with unstructured mesh and high resolution to simulate the early-Holocene
climate. In our experiment, we have prescribed the early-Holocene solar insolation the
GHGs content. We also discuss the results of a sensitivity experiment in which we
investigate the effect of the early-Holocene topography on the early-Holocene climate.
Two different types of hosing experiments are performed by adding freshwater flux into
either the LIS coastal region or the Labrador Sea. In addition, daily output is analyzed
to examine the Eliassen-Palm flux which affects the atmospheric circulation, and the
Northern Hemisphere cold air outbreak which influences the winter climate of North
America and Eurasia. To our knowledge, this is the first early-Holocene simulation

with a triangle-mesh high-resolution climate model.

Sea ice is one of the most visible indicators of our changing climate owing to its
reflecting and insulating properties | , |]. On one hand, sea ice reflects part
of the incoming solar radiation due to its high surface albedo; on the other hand, sea
ice reduces the heat exchange between the atmosphere and the ocean. Therefore, the
concentration of sea ice regulates the air-ocean interaction and thus plays an important
role in the climate system. It has been argued that a reduction in the high-latitude
ice concentration has impacts on the atmosphere and ocean characteristics [e.g.,

, ; : ; , |. For example, [ |
used an atmospheric general circulation model (CAM3) to investigate the atmospheric
response to projected Arctic sea ice loss at the end of the 21st century, and found
an increase in snowfall over North America, Asia and the northern part of Europe.

[2012] used the atmospheric general circulation model EC-EARTH-IFS
to carry out sensitivity experiments with reduced ice cover, and found negative sea level
pressure (SLP) anomalies over the western Arctic and positive anomalies over Siberia,
affecting surface temperatures over Europe. An extreme scenario experiment with no
Arctic sea ice in winter was conducted by [ | using an atmosphere stand-

alone model; they found strongly enhanced surface latent and sensible heat fluxes in
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winter, and corresponding effects on temperature and circulation.

Given these results, there is no doubt that ice concentration is crucial to any realistic
modeling of the Earth’s climate. Changes in sea ice conditions are affected by pro-
cesses involving complex feedback mechanisms, such as ocean-atmosphere interactions,
surface albedo and desalination processes of sea ice. Since some processes related to
sea ice conditions are too complicated or not sufficiently understood to be resolved by
the models’ governing equations, it is necessary to apply parameterizations to empir-
ically describe such processes. However, the representation of some of these factors
in numerical models is still subject to large uncertainties [e.g., , ]. One of
these uncertain parameterizations is the open-water ice growth, which is a key element
contributing to sea ice concentration. During the ice accretion period, new ice volume
generated on open water is distributed into growth in vertical and horizontal directions,
contributing to both ice thickness and concentration. So far much effort has been made
to simulate open-water ice growth. [1979] introduced a demarcation between
thin and thick ice at hg = 0.5m. It is assumed that in the freezing case, the fraction
of open water is allowed to decay exponentially with a time constant of hg/ Pow, With
how being the growth rate of ice on open water. Reasoning and sensitivity studies were
presented by | |, who suggested an aspect ratio of ®p = 4 to
divide open-water ice growth between increase in ice thickness and in ice area.

| | parameterize the increase rate of ice concentration due to freezing on open
water based on a reference thickness for lateral melting. In a similar way,

[2010] used a thickness of 0.05 < hg < 0.15 m in the model LIM3 to limit new
ice in open water when transforming new ice volume to thickness and concentration.
However, it is a great challenge to simulate the open-water ice growth since this process
is only partly understood and currently not realistically represented in models | ,

|, therefore there is room for calibration and improvement. The new ice formed on
open water can be parameterized as in the left panel of Fig. 1.1 (with relatively less
thickness and more concentration) or as the right panel (with more thickness but less

concentration, i.e., more open water).

One of the main purposes of this study is to investigate to what extent the lateral-
vertical ice growth ratio within open water can affect the simulation results, which has

only been done mostly in stand-alone sea ice models [e.g., , ;




air air

—{ ice - ice

water water

Fig. 1.1: Two different kinds of newborn ice on open water. Left panel shows ice
with actual thickness hi and area Ay, right panel shows ice with actual
thickness hy and area As (hy>hy, Ay < Ay), and hi Ay = haA,.

) ; , ; , ; , |. For example,
when the aspect ratio is large enough for producing a lead-free ice region, a drastical

, 1997].

Using the same model, [ | reveals simple relations between ice condi-

reduction in sea ice volume is given by the LIM2 model |

tions and the lateral-vertical ice growth ratio. Furthermore, there are studies on the
interaction of Arctic sea ice with climate states over lower latitudes |e.g.,

, ; , |. To sum up, we have previous understand-
ing of 1) how open-water ice growth parameterization affects the sea ice propertes, and
2) how changes in ice volume affect global patterns in the ocean and in the atmosphere.
In the present paper, for the first time we look at these two things in combination in a
high resolution climate model.

For such purpose, we modify the horizontal ice accretion on open water in a coupled
climate model FESOM-ECHAMG6 | : |: when ice forms over sea
water, the added ice concentration becomes larger (smaller), while, the increase in ice
thickness is (smaller) larger (Fig. 1.1). The uncertainty related to this process is studied
in ECHAM6-FESOM.

Content of the thesis

The structure of the thesis is organized in 3 main chapters 3-5, besides the general

introduction (chapter 1), model description (chapters 2 and the conclusions and future
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perspectives (chapter 6).

Chapter 2:
Chapter 2 introduces the climate models used in my PhD work and the experimental
design.

Chapter 3:
Chapter 3 examines the simulated response of the mid-Holocene Atlantic Meridional
Overturning Circulation in ECHAM6-FESOM /MPIOM.

Chapter 4:
Chapter 4 presents the North Hemisphere oceanic and atmospheric circulation under
different early-Holocene regimes in ECHAMG6-FESOM.

Chapter 5:
The aim of chapter 5 is to investigate the sensitivity of simulated climate to lateral-

vertical ratio of open-water ice growth.

10



Model and data description

2.1 ECHAM6-FESOM

ECHAMG6-FESOM is a newly developed global coupled climate model which has been
established at the Alfred Wegener Institute (AWI). The ocean-sea ice component is
the Finite Element Sea Ice-Ocean Model (FESOM) | , ;

| which is

discretized on a triangular grid with a continuous conforming representation of model

) Y Y ) ) Y Y

variables, whereas the atmospheric module is represented by the general circulation
model ECHAMSG | , |, mainly developed by the Max Planck Institute
for Meteorology (MPI-M).

ECHAMBG is the sixth generation of the atmospheric general circulation model ECHAM,
focusing on the coupling between diabatic processes, which is often associated with
small-scale fluid dynamics, and large-scale circulations. The model is branched from
an early release of the European Center (EC) for Medium Range Weather Forecasts
(ECMWF) model | : |. Like most models, the dynamics of ECHAMG6
is based on the hydrostatic primitive equations (HPEs) with traditional approximation.
Gaussian grid is used in the model to calculate non-linear equation terms and some
physical representation. The boundary layer and turbulence parameterization is based
on the eddy diffusivity/viscosity approach. Momentum transport arising from bound-
ary effects is parameterized using the subgrid orography scheme as described by

[ |. Subgrid-scale cloudiness is represented using the assumed humidity distribution

11



2 Model and data description

20 40 60 80 100 120 140 160 180 200 220
Resolution [km]

Fig. 2.1: FESOM mesh resolution applied in our experiments, with higher resolu-
tion along the coastlines and at polar regions.

function scheme developed by Sundquist et al. [1989]. Radiative transfer in ECHAM6
is represented using the rapid radiation transfer [/acono et al., 2008]. ECHAMS6 also
includes a Land-Surface Model (JSBACH) which includes dynamic vegetation with 12
plant functional types and two types of bare surface |Loveland et al., 2000; Raddatz
et al, 2007]. ECHAM6-FESOM is configured on T63L47 grid for the atmosphere,

which is 1.9° degree for horizontal resolution and 47 levels in vertical direction.

FESOM is a hydrostatic ocean circulation model based on the finite-element ap-
proach and designed to work on unstructured meshes, therefore is different in many
important ways from models formulated on regular meshes. The mesh nodes are ver-
tically aligned to avoid difficulties in resolving the hydrostatic balance. The model
uses variable resolution from about 200 km in the open ocean to 20 km along coast-
lines as shown in Fig. 2.1, with 40309 surface nodes. A no-slip boundary condition
along the coast is implemented in the model. Additionally, the mesh is refined in the
equatorial belt to about 40 km. There are 46 vertical levels. Surface stress and buoy-

ancy fluxes are derived from the ice-ocean coupling. The FESOM sea ice component

12



2.2 ECHAM6-MPIOM

is a dynamic-thermodynamic sea ice model with the [ |

thermodynamics. The model consists of subgrid-scale processes based on | |,

a so-called zero-layer approach of | , | and a submodel of ice dynamics ac-
cording to an elastic-viscous-plastic rheology | , |. The model
also includes a prognostic snow layer | , |. The paramerization of
snow-ice conversion is based on [1983]. FESOM model has been validated
in [2009] and [2013].

2.2 ECHAM6-MPIOM

Besides ECHAM6-FESOM, we also conduct experiments using the coupled model
ECHAM6-MPIOM | , : , |. The ocean general
circulation model MPIOM is based on the primitive equations with representation of
dynamic and thermodynamic processes. MPIOM uses a curvilinear orthogonal grid
which allows for a variety of configurations. A detailed description is given by

[ |. The coupled model has been developed for many resolutions, for
example, the atmosphere component can be configured on T31, T63, T127 and T255
grids, associated with Gaussian grids of approximately 3°, 1.9°, 0.95° and 0.47° reso-

lution, respectively | , |. In terms of MPIOM, there are several grid
options such as GR30, GR15, TP04 and TP6M etc., with resolution varying from
about 3° to as high as 0.1° | , ; , |. In addition,

ECHAMG6-MPIOM a subsystem model for land and vegetation JSBACH | )
; , |. In this study, ECHAM6-MPIOM applies 31 and 40 vertical

levels for the atmosphere and ocean, respectively.

2.3 Other CMIP5 model data used

We process pre-industrial and mid-Holocene climatology data from other 9 climate
models in the CMIP5 archive | ) | to have a further view of the AMOC
change, with a focus on the ECHAM6-MPIOM model of T63GR15 grid. Detailed

information of the 10 models we used here is summarized in Table 2.

13



2 Model and data description

Table 2.1: List of CMIP5 model data

Name Reference Resolution (atmosphere, ocean)
BCC-CSM1-1 | , | (1° x 1°, 1.5° x 1.5°)

CCSM4 [ | (1° x 1°,0.5° x 1.1°)
CNRM-CM5 | ] (1.4° x 1.4°, 1° x 1°)
CSIRO-Mk3-6-0 | ] (1.9° x 1.9°, 1° x 2°)
FGOALS-g2 [ | (2.8° % 2.8%,1° x 1°)
FGOALS-s2 [ ] (1.65° x 2.8°, 1° x 1°)
GISS-E2-R [2014] (2° x 2.5° 1° x 1°)
MIROC-ESM [ | (2.8° x 2.8°, 1° x 1.4°)
MRI-CGCM3 | ] (1.1° x 1.1°, 1° x 0.5°)

14



Mid-Holocene climate

3.1 Experimental design

In the following we describe the experimental setup of our simulations. A summary of

the experiment characteristics is also provided in Table 1.

For each model configuration we have two timeslice experiments, a pre-industrial
control experiment and a mid-Holocene one. Integrations of ECHAM6-FESOM are ini-
tialized by the mean climatology from an Atmospheric Model Intercomparison Project
(AMIP) and the data from the World Ocean Atlas (WOA). The boundary conditions,
orbital parameters and Greenhouse gases (GHGs) are prescribed according to the Pale-
oclimate Modeling Intercomparison Project (PMIP) | : |. ECHAMG6-
FESOM experiments are integrated for 460 years in T63 resolution (1.9° x 1.9°) for
the atmosphere component and varying resolution as shown in Fig. 2.1 for the ice-
ocean component. The model has run into quasi-equilibrium with trends in sea surface
temperature that do not exceed 0.05°C/century for the model years 300-460. There-
fore, the average of the last 160 model years is considered to represent the climatology
in both simulations. For comparison with the result of ECHAM6-FESOM, we con-
duct another two experiment EM31-CTR (a pre-industrial control setup) and EM31-6k
(a mid-Holocene setup) using the ECHAM6-MPIOM model with low-resolution grid
(T31GR30). The simulations are integrated for 700 model years with final trends in sea
surface temperature being less than 0.01°C/century. Furthermore, in order to highlight
the importance of model resolution, we also analyze in detail the ECHAM6-MPIOM
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3 Mid-Holocene climate

Table 3.1: List of experiments and boundary conditions

Experiment EF-CTR EF-6k EM31-CTR EM31-6k EM63-CTR EM63-6k

Model ECHAM6- ECHAM6- ECHAM6- ECHAM6- ECHAM6- ECHAMG6-
FESOM FESOM MPIOM MPIOM MPIOM MPIOM

Resolution ~ T63-high T63-high T31GR30 T31GR30 T63GR15 T63GR15

CO2 (ppm) 280 280 280 280 280 280

CH4 (ppb) 760 650 760 650 760 650

N20 (ppb) 270 270 270 270 270 270

Eccentricity 0.016724 0.018682 0.016724 0.018682 0.016724 0.018682

Obliquity 23.446 24.105 23.446 24.105 23.446 24.105

Precession  282.04 180.87 282.04 180.87 282.04 180.87

Time (a)  460(160) 460(160) 700(100) 700(100) 3000(100)  3000(100)

output in T63GR15 grid from the Coupled Model Intercomparison Project Phase 5
(CMIP5) data set. More detailed information about the experimental configuration is
presented in Table 3.1.

In this section, we concentrate on the behavior of the high-resolution model ECHAMG6-
FESOM (experiments EF-CTR and EF-6k). For comparison, we also show results
of ECHAM6-MPIOM in low-resolution grid T31GR30 (experiments EM31-CTR and
EM31-6k) as well as ECHAM6-MPIOM with T63GR15, which is referred to as EM63-
CTR for pre-industrial and EM63-6k for mid-Holocene (part of CMIP5). Moreover, the
results of other CMIP5 models are shown in Section 3.5.

The seasonsal and annual mean climatology is calculated by averaging the climate

parameters over the integration periods given in Table 3.1.

3.2 Atlantic Meridional Overturning Circulation

In EF-CTR, the Atlantic meridional overturning circulation (AMOC) streamfunction,
defined as the zonally integrated stream function over the Atlantic basin, has the maxi-
mum of 13.4 Sv (1 Sv = 10% m?3/s) at 1000 m depth of 35°N (Fig. 3.1a), consistent with
the estimates of global circulation from the hydrographic data (15+3 Sv) |
: |. This value increases by 1-2 Sv in the EF-6k (Fig. 3.1b), and the
position of the maximum AMOC shifts northward.
Regarding the behavior of ECHAM6-MPIOM, the maximum AMOC streamfunction
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Fig. 3.1: Simulated annual mean Atlantic meridional overturning circulation (con-
tour lines) and its anomalies in mid-Holocene compared to pre-industrial
(shading colors) based on (a) ECHAMG6-FESOM, (b) ECHAMG6-MPIOM
with T31GR30 grid, and (¢) ECHAMG6-MPIOM with T63GR15 grid. Re-
gions with >95% significance level (based on Student’s T test) are hatched
by black dots, auto-correlation has been taken into account. Units are Sv.
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3 Mid-Holocene climate

happens at 1000 m depth between 30°N and 35°N, with the magnitude of 14 Sv and
20 Sv for coarse and higher resolution model, respectively. Different AMOC tendencies
are observed as depicted in Fig. 3.1c,d: with coarse resolution (T31GR30), EM31-6k
reproduces a decline in AMOC with a magnitude of about -2 Sv compared to EM31-
CTR, similar to the T31GR30 setup by ECHAM5-MPIOM | ,
; , |. In contrast, the T63GR15 version of ECHAM6-MPIOM
shows an increase in AMOC (2 Sv), which is similar to the result of ECHAM6-FESOM.
In summary, we detect big discrepancies of simulated AMOC anomalies between
models with coarse (T31GR30) and higher (T63GR15) resolutions. Therefore, model

resolution is an important factor which is explored in the following.

3.3 Properties of the North Atlantic Ocean

The North Atlantic Ocean is a critical region for the AMOC since its variability can
change sea-water properties in particular the density in the sinking region of the North
Atlantic deep-water formation sites and thus affects the strength of the AMOC.

The simulated North Atlantic temperature, salinity and density and their respective
difference distributions in mid-Holocene compared to pre-industrial are given in Fig. 3.2.
The distribution of sea surface temperature (SST) anomalies in ECHAM6-FESOM is
characterized by a warming over the North Atlantic Ocean, Baffin Bay and Nordic Sea
(Fig. 3.2a). It is attributed mainly to increased insolation in boreal summer, which
is induced by a larger tilt of the orbital plane. The most intriguing change happens
over the Gulf Stream, where the largest SST gradient occurs. The sea surface salinity
(SSS) anomalies in ECHAM6-FESOM (Fig. 3.2d) presents a freshening Arctic Ocean
(up to -0.5 psu), which is related to a smaller sea ice production. Compared to pre-
industrial conditions, more saline sea water is simulated in the GIN (Greenland, Iceland,
Norwegian) Sea, and the North Atlantic subpolar region (0.5 psu). More pronounced
salinification is observed over the the Gulf Stream (more than 0.5 psu), which is con-
nected to the strengthening of surface northward current. The corresponding density
change in ECHAMG6-FESOM resembles the SSS pattern, with negative anomalies over

the Arctic Ocean and positive anomalies over the North Atlantic Ocean and Nordic Sea
(Fig. 3.2g).
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3.3 Properties of the North Atlantic Ocean

(b) ECHAMB-MPIOM (T31GR30) (c) ECHAM6-MPIOM (T63GR15)

(a) ECHAMB-FESOM

Fig. 3.2: As in Fig. 5.1, but for (a-c) sea surface temperature, (d-f) sea surface
salinity, and (g-i) sea surface salinity over the North Atlantic Ocean.
Units are °C', psu and Kg/m?, respectively.
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3 Mid-Holocene climate

ECHAMG6-MPIOM in both grids reveal a general warming in 6k over the Baffin Bay
and Nordic Sea (Fig. 3.2b,c), compared to the pre-industrial conditions. A significant
cooling is simulated by EM31-6k over the North Atlantic, particularly the northeastern
part, while EM31-6k shows no obvious change over that region. A decrease in the Arctic
SSS in 6k compared to pre-industrial (Fig. 3.2e,f) is revealed by both ECHAM6-MPIOM
models with low and higher resolution. However, different SSS patterns are simulated
over the North Atlantic Ocean. In EM31-6k, the surface sea water of North Atlantic
and Nodic Sea is significantly freshened, whereas EM63-6k presents an increase of about
0.3 psu in the salinity of the Greenland Sea and North Atlantic subpolar gyre, which
is consistent with the result of ECHAM6-FESOM, even though smaller in magnitude.
The density anomalies, similar to the SSS patterns in both models, present a less dense
North Atlantic in EM31-6k, and the opposite case for EM63-6k (Fig. 3.2h,i).

Deep convection in subpolar regions is the main driving mechanism for AMOC. As
the deepest Northern Hemisphere mixed layer depth (MLD) happens in March, here
we depict the distributions of March MLD in the three models (Fig. 3.3). Identified by
deep MLD, three main deep water formation sites simulated by the three models are
located at (1) the Labrador Sea (shown in the red box of Fig. 3.3), (2) the northeastern
North Atlantic (blux box), and (3) the Nordic Sea (green box), in good agreement with
observations and most climate models | , |. Differences in the
modeled MLD are also noticed. For example, ECHAM6-FESOM depicts extreme MLD
in the eastern North Atlantic. Deep convection in the Labrador Sea is much less pro-
nounced, owing to an excessive simulated sea ice cover extending into the northwestern
North Atlantic Ocean. ECHAMG6-MPIOM with T63GR15 grid show the deepest mixed
layer at the Labrador Sea and Nordic Sea, while MLD of ECHAM6-MPIOM T31GR30
is deeper in the Nordic Sea than other regions. Besides, the deep water formation sites
of the Labrador Sea and northeastern North Atlantic in ECHAM6-MPIOM T31GR30

are much smaller and shallower than in other two models.

To further demonstrate the relationship between the North Atlantic density and
AMOC, we define in the model three regions as shown in boxes in Fig. 3.3, which
cover the three deep water formation sites, respectively. We calculate the lag correla-
tion coefficients between the AMOC indices and the averaged surface density over the

respective deep MLD region as shown in Fig. 3.4. For the Labrador Sea, the correla-
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(a) ECHAM6-FESOM
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Fig. 3.3: Mized layer depth simulated by (a) ECHAMG-FESOM, (b) ECHAMG-
MPIOM with T31GR30 grid, and (¢) ECHAM6-MPIOM with T63GR15
grid. Units are m.
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Fig. 3.4: (a-c) Lag correlation coefficients between AMOC indices and averaged

surface density over (a) Labrador Sea, (b) northeastern Atlantic, and (c)
Nordic Sea in ECHAMG6-FESOM. (d-f) As in (a-c), but for ECHAMG-
MPIOM (T31GR30). (g-i) As in (a-c), but for ECHAM6-MPIOM
(T63GR15). Blue lines are for pre-industrial, and red lines for mid-
Holocene. The AMOC indices are derived from the maximum meridional
streamfunction at 500-2000 m depth and 30-50°N in the Atlantic Ocean.
Taking into account the auto-correlation, thick segments indicate > 97.5%
significance level based on Pearson’s R test given N degrees of freedom,
where N equals to the number of data points divided by two times e-folding

time of auto-correlation. Positive lags (yr) indicate that the density leads
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3.3 Properties of the North Atlantic Ocean

tion coefficients reach the maximum with significant values when the density leads the
AMOC by 1 and 3 years in EF-CTR and EF-6k, respectively. Coarse-resolution model
ECHAMG6-MPIOM show no obvious relationship between the Labrador density and the
overturning circulation, even though a small coefficient value (< 0.3) is found when
density lagging the AMOC 18 years. This is might due to the relatively narrow and
shallow MLD in EM31-CTR and EM31-6k. ECHAMG6-MPIOM in T63GR15 shows the

maximum correlation coefficients when the Labrador density leads the AMOC 2 years.

The density over the northeastern North Atlantic has a peak correlation with AMOC
when lagging about 6, 15 and 5 years in ECHAM6-FESOM, ECHAM6-MPIOM (T31GR30)
and ECHAMG6-MPIOM (T63GR15), respectively. Besides, another peak is as well de-
tected by EM63-6k when the AMOC leads the density 5 years. This is reasonable, as a
stronger AMOC brings more saline and dense sea water from the mid-latitudes to the

north, and causes a heat loss which provides for a Labrador Sea cooling.

Two peak correlation coefficients are noticed in EF-6k, when the density over Nordic
leads the AMOC indices 2 and 12 years. For EF-CTR, only one maximum value is
found, with a lag of 1 year. In terms of ECHAMG6-MPIOM, the coarse-resolution
version shows the most maximum correlation value when the Nordic Sea density leads
the AMOC 5-8 years, and the T63GR15 version indicates a lag of 2-4 years when the
correlation coefficients reach the maximum. However, the correlation magnitude is very
small for EM63-CTR (< 0.2), even though it slightly exceeds the 97.5% significance

level.

Lag correlation coefficients between AMOC indices and averaged SSS over the deep
MLD sites are similar to Fig. 3.4 (not shown), as salinity is the most important con-
tributor to sea water density. In summary, all experiments show a clear response of the
simulated AMOC to the averaged density /salinity over the main deep water formation

sites, with a lag of varying years.
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3 Mid-Holocene climate

3.4 Atmospheric processes related to AMOC

a. North Atlantic Oscillation (NAO)

There are a broad range of evidences, including observations and model simulations,
suggest that the changes in the AMOC are likely to be the result of natural multi-
decadal climate variability and are driven by low-frequency variations of the North
Atlantic Oscillation (NAO) — a leading mode of natural atmospheric variability |
, | — through changes in the deep convection of Labrador Sea [e.g., ,
, ; , ]. In this section we focus on the hydro-
logical budget and convection state in the deep water formation sites, which is linked
to the atmospheric NAO variability.

There is generally a consistent distribution in the December-to-February (DJF) anoma-
lies in 6k mean sea level pressure (SLP) compared to pre-industrial (Fig. 4.10). Common
features in the three models include a anomalous higher SLP north of 50°N certering
at Iceland, a lower SLP south of 50°N, and a tendency toward an increased latitudinal

gradient in mean SLP, forming a positive NAO-like mode.

b. Net precipitation

As depicted in Fig. 4.6, the distribution of Precipitation minus Evaporation (P-E)
anomalies is characterized by: (1) drier conditions over Baffin Bay, Nordic Sea, and
western North Atlantic including the Labrador Sea; (2) wetter conditions over north-
eastern North Atlantic and the coastal region of America. One exception is that a local
increased P-E is simulated by EM31-6k over a small part of the Labrador Sea, even
though not significant.

The differences of P-E as illustrated in Fig. 4.6 contribute to the SSS and density
anomalies as in Fig. 3.2d-i. In detail, the saltier and denser Labrador Sea, North
Atlantic subpolar gyre and Nordic Sea in EF-6k is partly owing to the reduced P-E
over those regions. Similarly, EM63-6k produces a more dense sea water over Labrador
Sea, North Atlantic subpolar gyre and Greenland Sea, which can be induced by the

corresponding P-E anomalies distributions. In contrast, the wetter conditions over
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Fig. 3.5: As in Fig. 5.1, but for DJF sea level pressure. Units are hPa.
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(a) ECHAMB-FESOM

Fig. 3.6: As in Fig. 3.1, but for annual mean precipitation minus evaporation (P-
E). Units are mm/month.
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3.4 Atmospheric processes related to AMOC

Labrador Sea and northeastern North Atlantic in EM31-6k contribute to a decreased
salinity and density over the respective region.

The behaviors of the three models in terms of their P-E anomalies distributions in
the Labrador Sea are associated with a response to the NAO Index variability (NAOI,
not shown). In summary, the main difference in model behavior regarding the P-E
anomalies (6k minus 0k) happens mainly over the Labrador Sea, which lies on the
different P-E responses to NAO variability between low and higher resolution models.
The composite maps of P-E in respect to high NAOI are shown in Fig. 3.7. In good
agreement with previous studies |e.g., ) ; ) | for present
climate, evaporation exceeds precipitation over much of Baffin Bay and Labrador Sea
during high NAOI years, one clear exception is in EM31-CTR, where net precipitation
occurs in part of the Labrador Sea during high NAOI years, similar to the P-E anomalies
pattern. Moreover, the responses of 6k P-E to the NAO indices show similar patterns

(not shown here).

c. Surface heat fluxes

Fig. 3.8 presents the surface heat flux changes between 6k and pre-industrial runs.
There is no obvious difference in conductive heat flux (CHF, positive downward) over
the central Arctic Ocean (Fig. 3.8a-c), indicating no significant influence of sea ice
change on CHF. Enhanced loss of conductive heat happens over Greenland and Bar-
ents Seas, which dominates the patterns of net surface heat flux (Fig. 3.8g-i). There
is a general increase in net surface radiative flux (SRF, positive downward) for the
whole Arctic region and Northern Hemisphere continents (Fig. 3.8d-f), dominating the
enhanced total heat flux in the Arctic Ocean (Fig. 3.8¢g-1). Such SRF anomaly is mainly
owing to the re-distributed solar insolation in boreal summer, and to the reduction of
the Arctic sea ice (i.e., ice-albedo feedback). The warming of Arctic SAT in 6k com-
pared to pre-industrial in ECHAM6-FESOM (not shown here) is mainly a result of
enhanced net surface heat flux. A more pronounced feature of CHF and total heat flux
in EF-CTR and EM63-CTR is the negative and positive anomalies over Northwestern
Atlantic and Northeastern Atlantic, respectively, which is similar to the NAO-related
heat flux distribution (ig. 3.92a,c). However, a reversed pattern is found for EM31-CTR
(ig. 3.92b), which leads to an increased CHF and total heat flux over the Labrador Sea.
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(a) P-E vs. NAOI in EF-CTR
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Fig. 3.7: Averaged P-E anomalies (depature from the annual mean state) during
years when the NAOI exceeds one standard deviation, for the three pre-
industrial experiments. Units are mm/month.
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Fig. 3.8: As in Fig. 3.1, but for (a-c) surface conductive heat flux, i.e., the sum
of surface latent and sensible heat fluzes, (d-f) net surface radiative fluz,
i.e., the sum of net surface longwave and shortwave fluzes, and (g-1) net
surface heat flux, i.e., the sum of surface conductive heat flux and net
surface radiative flur. Blue means net heat loss, and red represents net
heat gain. Units are W/m?.
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Fig. 3.9: Averaged surface heat flux anomalies (depature from the annual mean
state) during years when the NAOI exceeds one standard deviation, for
the three pre-industrial experiments. Units are W/m?.
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Ocean model simulations reveal that NAO-related net loss of surface heat flux over
the Labrador Sea can induce a fast response (lag 2-3 years) of the AMOC | )
; , |, through boundary wave processes which rapidly
formed between subpolar and tropical latitudes| , |. Such mechanism
is also detected on longer time scales | , ; , ]. Thus we
conclude that the simulated discrepancy in 6k AMOC in coarse and higher resolution
models is likely owing to the different response of the Labrador Sea surface heat flux to
NAO variations.

3.5 Oceanic processes related to AMOC

a. Growth/melt of sea ice

Fig. 3.10a depicts the change of annual mean sea ice thickness in the Arctic. Compared
to EF-CTR, a notable feature in EF-6k is a significant decrease in sea ice thickness,
coinciding with the increased boreal summer insolation. The maximum change is about
-1 m on an annual average, occurring over the north of Greenland, this is simply a reflec-
tion of the increased advection of sea-ice volume from the central Arctic by the Beaufort
Gyre. Similarly, ECHAMG6-MPIOM in both resolutions indicates a pronounced decrease
in Arctic sea ice (Fig. 3.10b,c), while the response is more pronounced in the coarse-
resolution model.

The freshened Arctic Ocean is led by the smaller net sea ice formation during mid-
Holocene compared to present. Moreover, the coastal region of Greenland is found to

be less dense in 6k, which is also a result of the reduced sea ice volume over there.

b. Transport of sea ice

In this section, we focus on the link of sea ice dynamics with density over the region
of deep water formation. Multiyear sea ice originating in the Arctic Ocean is being
exported through the Fram Strait into the Greenland Sea and represents a large amount
of drain in the freshwater balance of the Arctic Ocean. As shown in Fig. 3.10, less sea
ice, associated with an increase in summer solar insolation, is simulated in our mid-

Holocene experiments. Relating to the loss of sea ice in the Central Arctic Ocean, there
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(a) ECHAM6-FESOM

(b) ECHAM6-MPIOM (T31GR30)
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Fig. 3.10: As in Fig. 3.1, but for the Arctic mean sea ice thickness. Units are m.
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Fig. 3.11: (a-c) Time series of sea ice volume transport through Fram Strait in (a)
ECHAMG6-FESOM, (b) ECHAMG6-MPIOM in T31GR30 grid and (c)
ECHAMG6-MPIOM in T63GR15 grid. For the thick lines, a 21 years
filter is applied. Units are Sv. (d-f) As in (a-c), but for sea water
volume transport through the Fram Strait. Units are Sv.
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is a reduction of sea ice volume import through Fram Strait (ICEFS) (Fig. 3.11a-c), with
the annual mean anomaly being -0.016 Sv, -0.026 Sv and -0.012 Sv for EF-6k, EM31-6k
and EM63-6k, respectivly, which is significant on 99% level. Such change results in a

pronounced decrease of salinity over the associated subpolar regions (Fig. 3.2d-i).

To further investigate the influence of the Fram Strait sea ice import on deep water
formation, composite analyses are calculated as depicted in Fig. 3.12, by averaging
the density anomalies fields that have less than one standard deviation with respect
to indices of ICEFS. It is noteworthy that such composite maps of density during low
phase of ICEFS (Fig. 3.12) are very similar to the distributions of density anomalies
as shown in Fig. 3.2g-i. When small ICEFS occurs in EF-CTR, there is a pronounced
increase in the density over subpolar North Atlantic Ocean and Greenland Sea with
a delay of 2 years. Similar pattern is revealed by EM63-CTR except three specific
features: 1) the values are of smaller magnitude, 2) the most pronounced response
happens over 40°N-50°N, resembling the density anomalies (Fig. 3.2i), and 3) heavier
sea water occurs over the northeastern North Atlantic. Considering the regions of deep
water formations (Fig. 3.3) and the AMOC resonse to sea water density (Fig. 3.4), we
see that the reduction in Fram Strait sea ice import to lower latitudes in mid-Holocene
causes an increase in density over deep water formations sites, further leading to a

stronger deep water formation and hence a strengthening in AMOC.

In contrast, EM31-CTR indicates increased density over the Labrador Sea and coast
of Greenland when led 1 year by low ICEFS, while other regions (e.g., northeastern
North Atlantic) experience a general decrease in sea water density (Fig. 3.12). However,
the sea water over south of Greenland is freshened by increased P-E, which compensates
the influence of reduced sea ice trasnport. Therefore, the combined effect of these two
processes leads to the density anomalies as in Fig. 3.2h. The weakened AMOC in
EM31-6k is a consequence of the dilutive Nordic Sea and northeastern North Atlantic
(Fig. 3.2h).

The composite maps between density anomalies and low [CEFS in the mid-Holocene

experiments are similar to Fig. 3.12, therefore is not shown here.
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(a) Density vs. ICEFS in EF-CTR Lag = 2 years
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Fig. 3.12: Averaged sea surface density anomalies (depature from the annual mean
state) during years when ICEFS is below one standard deviation, with a
lag of 1-2 years (ICEFS leads), based on the three pre-industrial experi-
ments. Units are kg/m3. Contour lines present the pre-industrial mized
layer depth in March.
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c. Transport of sea water

Ocean current is one of the main causes for density advection. From the north, the North
Atlantic exchanges sea water with the Arctic Ocean through the Canadian Archipelago,
Fram Strait and Barents Opening. From the south, the warmer and saltier water
mass flows into the North Atlantic Ocean, which forms the upper branch of meridional
overturning circulation.

Here we focus on the liquid water volume import through Fram Strait (LWEFS) in
the three models, as no significant differences are found for the transport of Arctic sea
water through Canadian Archipelago and Barents Opening. Fig. 3.11d-f illustrate the
time series of annual mean LWFS, it can be seen that all mid-Holocene experiments
tend to simulate larger amount of LWF'S than their pre-industrial counterparts, with the
averaged difference being 0.24 Sv (significance level > 99%), 0.27 Sv (> 99%), and 0.1 Sv
(90%) in ECHAM6-FESOM, ECHAM6-MPIOM (T31GR30) and ECHAM6-MPIOM
(T63GR15), respectively. The negative anomalies in LWFS contribute to a freshening
Greenland Sea and Labrador Sea (Fig. 3.13). For EM31-CTR, such freshening mainly
occurs at the northeastern Atlantic Ocean (Fig. 3.13b).

With enhanced AMOC, the relatively warmer and saltier sea water which orgins from
lower latitudes advects to the North Atlantic Ocean. The AMOC response in turn gen-
erates positive salinity (and density) anomalies. This well-known salinity-advection
mechanism is a positive feedback on the thermohaline circulation response | ,

|. Therefore, the positive/negative salinity anomalies in the North Atlantic simu-

lated in different models is partly a consequence of the change in AMOC strength.

3.6 Results of other coupled climate models

The simulated AMOC may differ from model to model, here we have a supplementary
analysis of the climatology data of different models from CMIP5 | , |
(Table 2) to have a further view of the AMOC change.

Fig. 3.14 depicts the annual mean sea ice thickness anomalies in different models (c.f.,
Fig. 3.10). Most of the models represent an obvious decrease in the sea ice thickness.
FGOALS-g2 show a general decrease in sea ice but in some parts of the Arctic, for

example, regions to the north and west of Greenland, and in the western Barents Sea,
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(a) Density vs. LWFS in EF-CTR
| L L | L

90W 60W 30W 0 30E
(b) Density vs. LWFS in EM31-CTR
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(c) Density vs. LWFS in EM63-CTR
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Fig. 3.13: Asin Fig. 5.12, but for sea surface density anomalies during high LWFS
years. Units are kg/m?>.

37



3 Mid-Holocene climate

BCC-CSM1-1 CNRM-CM5

0.5

Fig. 3.14: Simulated annual mean ice thickness anomalies in different models.
Units are m.
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3 Mid-Holocene climate

thicker sea ice is found. MIROC-ESM also simulates increased ice in some regions, but
at a smaller magnitude.

The SSS anomalies in different CMIP5 models, as well as the main three mod-
els used in this study, are depicted in Fig. 3.15 (c.f., Fig. 3.2d-f). BCC-CSM1-1,
CCSM4, CSIRO-Mk3-6-0 and FGOALS-s2 simulate fresher sea water in the whole
Arctic. FGOALS-g2 shows no obvious change in SSS over mid and high latitudes.
MIROC-ESM presents a maximum change of about 0.5 psu in the Northern Atlantic
Ocean, but no significant change in the Central Arctic. There are 3 models (i.e., CNRM-
CM5, GISS-E2-R and MRI-CGCM3) show decreased salinity in the Central Arctic and
increased SSS over the GIN Sea and North Atlantic subpolar region.

The zonal profiles of ocean salinity in CNRM-CM5, GISS-E2-R, MIROC-ESM and
MRI-CGCMS3 are similar to ECHAM6-FESOM and ECHAM6-MPIOM (T63GR15)
(Fig. 3.16, c.f., Fig. 3.18), with denser and fresher sea water over the northern and
southern Atlantic, respectively. ECHAM6-MPIOM (T31GR30) indicates the opposite
pattern. Besides, BCC-CSM1-1, CCSM4, CSIRO-Mk3-6-0, FGOALS-s2 and FGOALS-
g2 show a general decrease in ocean salinity.

Owing to the salinity anomalies of sea water in CNRM-CM5, GISS-E2-R, MRI-
CGCM3 and MIROC-ESM, the associated AMOC is enhanced in these models (Fig. 3.17,
c.f., Fig. 3.1). FGOALS illustrates different results in its two versions, as weakened
AMOC is presented in FGOALS-g2 and stronger AMOC in FGOALS-s2, which is in
agreement with [ |. There is only a slight change of AMOC in BCC-
CSM-1, CCSM4 and CSTRO-Mk3-6-0.

3.7 Discussion

The ice-ocean component in FESOM has the advantage in the ability to provide a
regional focus in an otherwise global setup | , |. In our paper,
FESOM applies even higher resolution in the high latitudes, is therefore suitable for
investigating polar properties particularly sea ice characteristics.

Simulations by ECHAM6-FESOM show an increase of 1-2 Sv in mid-Holocene AMOC
compared to the pre-industrial state, and the position of the maximum AMOC shifts

northward. Such northward displacement is likely linked to the crossover between the
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3 Mid-Holocene climate

equatorward deep western boundary current and the northward Gulf Stream |e.g.,
, |. In contrast, some former studies |e.g., , :
: ; , 2010; , 2012], show
a weakened AMOC in the mid-Holocene compared to that of the pre-industrial. The
main reason for this inconsistency in AMOC change between our results and those
others, lies on the different ocean salinity patterns simulated over the North Atlantic
Ocean. The past studies show an decrease in ocean salinity in the upper layer of the
North Atlantic Ocean, causing an increase in water mass density in the deep water
formation sites, while our simulations indicate an increase in the water salinity /density
over the regions of deep mixed layer owing to a change of precipitation minus evapora-
tion which is linked to a tendency of positive North Atlantic Oscillation (NAO) mode,
and to a sea ice dynamic process, namely, the decreased import of sea ice from the
Arctic reduces the incoming fresh water to the Greenland Sea and Nordic Sea. In ad-
dition, by performing model simulation with mid-Holocene setup, | |;
| | associate such NAO tendencey with tropical warming during winter

induced by increasing in solar insolation, similar to our results.

The main three models used in the present study all produce a tendency towards a
positive NAO state in 6k, however, the response of Labrador Sea P-E to the NAO-+
mode in ECHAM6-MPIOM (T31GR30) is opposite to that in other models, as precipi-
tation exceeds evaporation happens in ECHAM6-MPIOM with T31GR30 grid, and the
higher reasolution models (i.e., ECHAM6-MPIOM (T63GR15) and ECHAMG6-FESOM)
show the opposite case. There are clear indications that the North Atlantic Ocean varies
significantly with the overlaying atmosphere, in particular the NAO | , ;

: |- [1998] indicate that NAO variability has an influence
on deep convection in the Labrador Sea. Changes in the mean circulation patterns
over North Atlantic associatd with NAO are companied by changes in the intensity
and number of storms, which are reflected in pronounced changes in the transport and
convergence of atmospheric moisture and hence the P-E distribution | , ;

, |. In this paper, we argue that the NAO-induced P-E change leads
to a response in the North Atlantic hydrological budget and further affects the overturn-
ing circulation. By ocean model simulations, [1999];

[ | suggest that NAO-related variations in the Labrador Sea heat flux induce a fast
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response of the AMOC, with a delay of 2-3 years. Based on analyses of ocean ob-
servations and model simulations, [ | conclude that the changes in the
thermohaline circulation during last century is driven by low-frequency variations of
NAO through changes in Labrador Sea convection. More recently, a delayed Oscillator
model suggests that NAO forces AMOC on a 60 year cycle | , ;

, 2014].

Until recently, some (very sparse) efforts have been made to reconstruct the NAO
and AMOC of mid-Holocene. For example, paleoenvironmental proxy data suggest a
prominent role of NAO-like atmospheric variability during the Holocene beyond inter-
annual to interdecadal timescales | ; |, which is attributed to the solar
forcing. Using temperatures reconstructed from pollen data [ | sug-
gest a strongly negative NAO regime during the early Holocene (9-12ky BP) rising to a
slightly positive NAO regime during the mid-Holocene, then decreasing to pre-industrial
NAO. According to the ratio of Pa/Th, [2004] shows a brief decline in
meridional overturning circulation from the mid-Holocene to 3000 years ago, and the

AMOC at 6k and at present are of similar magnitudes. But there is uncertainty in

the interpretation of AMOC by Pa/Th | : |, and a subsequent
set of Pa/Th records suggested that a complete AMOC cessation during HS1 (Heinrich
stadial event 1) was unlikely | : |. The paleo reconstructions indicate

that the uncertainties in the proxies data need to be reduced significantly to come to a
final data-based conclusion about the past AMOC conditions [e.g., , ;
, |. Moreover, there are reconstruction records suggesting an increase of
ocean salinity over the North Atlantic Ocean [e.g., , ;
, |. However, these reconstructions are based on a simple relationship
between salinity and 'O, which is an under-debate assumption [e.g., , ).
More recently, [2009] and [2010] show a
slight decrease in North Atlantic salinity in 6k compared to the present. Based on the
discrepancy of the reconstructed salinity, we discuss here that so far there is no robust
conclusion for the 6k salinity change over North Atlantic. A better indicator might
be the significant warming over the Gulf Stream, as observed by proxy data |
, |, the 6k warming over the Gulf Stream is more pronounced than other re-
gions in the North Atlantic Ocean. One can expect that with enhanced AMOC, the

45



3 Mid-Holocene climate

associated northward transport of the relatively warmer and saltier sea water, largely
increases the temperature and salinity over the region of Gulf Stream, where the maxi-
mum SST gradient occurs. Such interpretation is agreed by | | who uses
the dipole SST anomaly pattern as a fingerprint to detect change in the North Atlantic

thermohaline circulation.

The simulated AMOC anomalies are affected by changes in P-E, surface heat flux,
sea ice growth/melt, transport of sea ice and liquid sea water from the Arctic, and
the salinity-advection feedback related to AMOC itself. Here we propose a positive
feedback between the Arctic sea ice and AMOC. The high phase of AMOC is found
correlated to the increasing Northern Hemisphere surface air temperature (SAT) by
numerous studies |e.g., , : , :

, ; , | by transferring advective heat flux into the Arctic
interior through Fram Strait and the northern boundary of Barents Sea and Kara Sea.
Therefore, the decreased mid-Holocene sea ice, can be both a cause and consequence of
the enhanced AMOC. Moreover, the advective heat flux from the North Atlantic to the
Arctic interior is found to be primarily confined to the Atlantic water, which is below
the shallow mixed layer and the Arctic halocline in the Arctic basin, limiting the direct
contact between ocean and atmosphere |e.g., , ]. Modeling studies
suggest that multi-decadal variability in the AMOC strongly affects sea ice in the Arctic
and particularly in the Barents Sea | , ; , |. All
of the three models used in this study exhibits sea-ice reduction in the Barents Sea,
however, only T63-versions show a positive AMOC response. Therefore, the AMOC-sea
ice-SAT feedback is not conclusive in the simulations analyzed in the present paper.
Besides, a similar temperature-sea-ice-AMOC positive feedback has been also identified
in hosing experiments in the North Atlantic Ocean | : |, but

without sea ice transport.

Another important component contributing to the positive feedback is the Fram
Strait sea ice import into the GIN Sea. As a transition zone with no sea ice in the
south and permanent ice cover in the north, the GIN region is a very important area in
regulating the air-ocean interactions and heat exchange in horizontal direction.

[2009] found that the interannual variability of sea ice volume in such transition
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region is mainly determined by variations in sea ice import from the Central Arctic,
which is governed by local winds, and dynamic process for sea ice growth/melt is of
minor importance compared to dynamic sea ice transport. This finding to a centain
degree coincides with our result, which reveals that the freshwater budget in the sub-
polar region depends on the Artic sea ice/freshwater transport, and the local radiation
induced sea ice change plays a second role on the subpolar freshwater budget. The Fram
Strait sea ice and water volume transport is sensitive to the atmospheric circulation in
particular the surface wind over the Arctic Ocean | , |. However,
we observe no significant change in the surface wind and surface wind stress, therefore
the reduction in sea ice volume import is mainly a consequence of the reduced Arctic
sea ice. Analyzing paleoclimate data, [ | conclude that changes in sea
ice conditions in the Norwegian Sea are linked to regional and global climate anomalies
and oceanographic circulation in the North Atlantic. A proper representation of these
processes is therefore essential for simulating the climate response to external forcing.
Most CMIP5 models, as discussed in Section 3.5, show an enhanced AMOC in the
mid-Holocene compared to present, in line with the result of ECHAM6-FESOM, but
very few of them has been analyzed in previous studies [e.g., ,
; , ; , |. Results show a clear relationship
between AMOC and SSS, as well as the vertical salinity profile. However, it is noted that
the CMIP5 models show no obvious relationship with resolutions. In this paper we focus
on the behavior of ECHAM6-FESOM, and ECHAMG6-MPIOM in different resolutions.
Therefore, exploring the specific mechanism for mid-Holocene AMOC change in other
CMIP5 models is beyond the scope of this study.

3.8 Conclusions

In the present section, the climate conditions of the mid-Holocene and pre-industrial
are simulated and compared. In good agreement with past studies [e.g., , ;

, ; , ; , |, we ob-
serve reduced sea ice and increased sea surface temperature in the polar regions, mainly
induced by an increase in boreal summer solar insolation in 6k. However, we detect big

discrepancies of simulated AMOC anomalies between models with coarse and higher res-

47
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olutions. In detail, ECHAM6-FESOM and ECHAM6-MPIOM (T63GR15) both reveal
a stronger-than-present AMOC in mid-Holocene, while ECHAM6-MPIOM T31GR30
shows the opposite case. Such model behavior lies on the different simulated salin-
ity /density anomalies over the deep water formation sites, as the coarse resolution model
(ECHAM6-MPIOM T31GR30) produces a freshening/less dense Nordic Sea and most
part of the North Atlantic Ocean, while other two higher-resolution models depict pro-
nounced salinification over the North Atlantic in particular the Labrador Sea, and the
Greenland Sea. In addition, an earlier version of ECHAM6-MPIOM with T31GR30 grid
(COSMOS, i.e., ECHAM5-MPIOM) shows very similar results to ECHAM6-MPIOM
T31GR30 | , ; , ]. We thus conclude
that the simulated AMOC response is closely related to model resolution.

The reason for such discrepancy in simulated AMOC anomaly (6k minus Ok) between
models with different resolution is associated with both atmospheric and oceanic pro-
cesses: First of all, all models produce a tendency towards a positive NAO state in 6k,
however, the response of Labrador Sea P-E and surface heat flux to the NAO+ mode
in ECHAM6-MPIOM (T31GR30) is opposite to that in other models, as positive P-E
and net heat flux anomalies happen in ECHAM6-MPIOM with T31GR30 grid, and the
T63 models show the opposite case. Secondly, all models produce a reduction in Fram
Strait sea ice mass export, however, unlike other two models, the salinification induced
by the reduced sea-ice transport in ECHAM6-MPIOM (T31GR30) only occurs over a
small region in the Labrador Sea, and is partly compensated by the increased P-E over
there. Finally, the coarse resolution model simulates much larger import of relatively
fresh sea water from the Arctic to lower latitudes through Fram Strait in mid-Holocene
compared to pre-industrial, whereas such anomaly in ECHAM6-MPIOM (T63GR15) is
not significant.

Other CMIP5 models, although have approximately similar resolutions, show very
different response of the AMOC to 6k boundary conditions. However, exploring the na-
ture of such association in every specific CMIP5 model is beyond the scope of this study.
A logical next step would be the comparison of CMIP5 model scenarios with different
resolution to identify the resolution-dependent mechanisms for the Holocene AMOC
change, and to identify which resolution is the key influencing factor—the atmospheric

resolution, the oceanic resolution, or both.
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4.1 Experimental design

In the following we describe the experimental setup of three simulations. A summary

of the experiment characteristics is also provided in Table 4.1.

Using the circulation model ECHAMG6-FESOM we perform several timeslice exper-
iments: a pre-industrial control experiment (CTR) and four different early-Holocene
runs (EHOk, EH9k, FWFC and FWFL), by prescribing the appropriate boundary con-
ditions (Table 4.1). Orbital parameters are calculated according to [1978]. In
the CTR experiment, the GHGs are prescribed according to the Paleoclimate Modelling
Intercomparison Project (PMIP) | ) |. For the early-Holocene simula-
tions, the GHGs are taken from the ice cores | , : , ;

, |. In EHOk, we keep the topography the same as in the CTR, whereas
the other early-Holocene experiments uses the topography at the early-Holocene based
on reconstruction from the ice sheet model ICE-5G (VM2) | ) | which in-
cludes the prescribed Laurentide Ice Sheet (LIS) (Fig. ?77) and its feedback, involving

surface albedo, elevation, and vegetation.

The effects of freshwater flux are examined in the group of simulations labelled FWFC
and FWFL, in which we additionally prescribe a forcing of freshwater perturbation by
adding 0.15 Sv (1 Sv =1 x 10% m3/s) freshwater pulse into the coastal region of LIS and
the whole area of Labrador Sea, respectively. The total amount of released freshwater

is about 4.67 x 10 m?3, a value at the higher end of estimates of meltwater releases
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Table 4.1: List of experiments and boundary conditions

Experiment CTR EHOk EH9k FWFC FWFL
COs (ppm) 280 260 260 260 260
CH, (ppb) 760 660 660 660 660
N>O (ppb) 270 260 260 260 260
Eccentricity 0.016724 0.01928 0.01928  0.01928 0.01928
Obliquity 23.446 24.229  24.229 24.229 24.229
Precession 282.04 131.26  131.26 131.26 131.26
Topography Present  Present 9ka B.P. 9ka B.P. 9ka B.P.
Freshwater flux 0 0 0 0.15 Sv (LIS 0.15 Sv
coastal region)  (Labrador

Sea)

Integration Time 700 500 500 100 (hosing) 100 (hosing)

+100 (recover)  +100 (recover)

reconstructed for the 8.2 kyr BP event | , |. These different
early-Holocene experiments enable us to distinguish the climate influences of the LIS
and its melting.

The control experiment is initialized by the mean climatology from an Atmospheric
Model Intercomparison Project (AMIP) and the data from the World Ocean Atlas
(WOA). It is integrated for 460 years in T63L47 resolution (aboout 1.9° x 1.9° degree,
47 vertical levels) for the atmosphere component, and varying resolution as shown in
Fig. 2.1 with 46 vertical levels for the ice-ocean component. Both EHOk and EH9k
simulations start from a 460-year mid-Holocene run, and are integrated for additional
500 years. Trends in sea surface temperature do not exceed 0.03°C'/century for the
last 200 model years, which is considered to represent the climatology in the respec-
tive simulation (Table 1). The FWFC and FWFL experiments starts from the EH9k
experiment, integrates for 100 model years with freshwater perturbation, and another

100 years in which we stop the hosing and allow the disturbed ocean state to recover.

4.2 Surface temperature

The seasonal and annual mean climatology is calculated by averaging the corresponding

parameters over the whole valid integration periods.
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4.2 Surface temperature
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4 FEarly-Holocene climate

The simulated surface temperatures are depicted in Fig. 4.1. Compared to the pre-
industrial condition, a significant boreal-winter cooling up to -4 K forced by the negative
DJF insolation anomalies is found over the North Hemisphere in EHOk (Fig. 4.1a),
especially over North America, Eurasia and northern Africa. In boreal summer, the
key feature possessed by EHOk is a general warming of about 3 K, which is more
expressed over the Northern Hemisphere continents (Fig. 4.1b). The dominated cooling
in the annual mean values results from a combined effect of the solar anomalies and
the reduced GHGs (Fig. 4.1c), and the most pronounced cooling is found over the
Sahel zone, which is related to both reduced insolation in boreal winter and increased
precipitation in boreal summer. The above features resemble the mid-Holocene (6k)
surface temperature anomalies | , ; , ;

, | even though with a larger magnitude. This is reasonable, as the orbital
forcing pattern is similar from early-to-mid Holocene, while gradually becoming smaller

in amplitude.

Changes in the topography have a considerable global influence. In the EH9k ex-
periment, a large cooling (more than -10 K) occurs over the prescribed continental
ice sheet of North America throughout the year (Fig. 4.1d-f), which is attibuted to
higher elevation and high surface albedo of the LIS. In boreal winter, the strong LIS
cooling overcompensates the positive insolation anomaly and spreads further to the
Baffin Bay, North Atlantic and the Arctic Ocean (Fig. 4.1d), dominating the annual
mean values (Fig. 4.1f). Similar to EHOk, no significat change is found for the Antarc-
tic continent and Southern Ocean in EH9k, indicating a minor effect of the increased
Antarctic elevation. Similar results is revealed by a coarse resolution model COSMOS
[ , |, except that a general Northern Hemisphere warming can be
seen in their early-Holocene simulation, which is attributed to the sea level change in

early-Holocene compared to the present.

The locations of freshwater forcing, as Laurentide meltwater input to the coastal
region (FWFC), or iceberg discharges into the Labrador Sea (FWFL), lead to different
responses of the modeled oceanic properties. In FWFC, the background melting of
the LIS has no significant influence on the simulated surface temperature (Fig. 4.1g-
i), since the anomalies distributions are very similar to the EH9k patterns. Adding

freshwater into the whole Labrador Sea contributes to an additional cooling over the
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4.3 Large scale ocean circulation

North Atlantic Ocean, which leads to up to -5 K over this area as well as Scandinavia
(Fig. 4.1j-1). Another intriguing feature is a local warming over the northern Nordic
Sea. The mechanism for the different behaviors of these glacial freshening experiments

lies on their different hosing routes, which is explored in the following section.

4.3 Large scale ocean circulation

The pre-industrial Atlantic meridional overturning circulation streamfunction, defined
as the zonally integrated stream function over the Atlantic basin, has the averaged value
of about 13.3 Sv (1Sv = 10°m3/s) (Fig. 4.2), consistent with the estimates of global
circulation from the hydrographic data | , ]. This value in-
creases by 2.1 Sv and 2.6 Sv in the EHOk and EH9k experiment, respectively, indicating
an important role of early-Holocene insolation and LIS on the strengthening of AMOC.
No significant response of the overturning circulation is found when there is freshwater
perturbation over the Laurentide coastal region. In contrast, we observe a spin-down
of AMOC when the meltwater release occurs over the Labrador Sea, with a reduction
to 60% of its pre-hosing strength within the first decade, and then a more gradual but
continued decline over the next 90 years. In contrast to the gradual response during
hosing period, the initial recover of AMOC is fast, reaching its pre-hosing state within
20 years. The strengthing of AMOC continues, with the maximal magnitude of 26 Sv
happening after the next two decades. Then the AMOC spins down to its pre-hosing
strength. To exmaine the AMOC responses to different early-Holocene forcings, in the
following we perform an analysis on the elements affecting the freshwater budget of deep
water formation sites of North Atlantic, involving the ocean temperature and salinity
properties, net precipitaion, surface heat fluxes, as well as sea ice thermodynamic and

dynamic processes.

4.3.1 Ocean temperature and salinity properties

The response of sea surface temperature (SST) to early-Holocene insolation and GHGs
is depicted in Fig. 4.3a. The model produces a pronounced warming up to 2 K over the

Nordic Sea and Labrador Sea, corresponding to the orbital anomaly in boreal summer.
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Fig. 4.2: Simulated annual mean AMOC streamfuction distribution. Units are Sv.
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4 FEarly-Holocene climate

A general cooling is found over the tropical and sub-tropical regions, mostly induced
by reduced insolation in boreal winter. Another important signal is an increase in the
Southern Ocean SST, with a magnitude of up to 1 K, dominated by a large positive
insolation anomaly from September to November. With the persistence of the LIS, an
additional significant cooling is found over the North Atlantic and Nordic Sea (Fig. 4.3c),
with the maximum value being larger than -2 K. A clear exception is the robust warming
around the Gulf Stream, likely linked to an enhanced thermohaline circulation. In
glacial melting experiment FWFC, sea surface temperatures are 1-2 K higher over the
North Atlantic subpolar region around 60 °N and are 1-2 K lower along the route
of Gulf Stream and Canary Current than in the simulation EH9k. In FWFL, sea
surface temperatures are slightly warmer over the Labrador Sea than in EH9k, as the
region is covered by sea ice and the freshening of sea water contributes to a higher
freezing point. The route along Gulf Stream and the northestern Atlantic experience
a significant cooling (larger than -2 K). In addition, a local increased temperature is
found over the Greenland Sea, as a response to an enhanced southwestern wind flow

and heat flux from the ocean sub-surface layer.

The annual mean sea surface salinity (SSS) anomalies are shown in the right panels
of Fig. 4.3. Compared to the pre-industrial condition, the most intriguing large-scale
features in EHOk include: 1) the salinification over the North Atlantic Ocean and Nordic
Sea, 2) the increase and decrease in SSS over the equatorial Pacific and Indian Ocean,
respectively, which are likely led by the corresponding change in precipitation, and 3)
the general dilution over the central Arctic as a result of smaller sea ice production.
With the existence of the LIS (Fig. 4.3d), EH9k simulates similar pattern, even though
a more pronounced increase in salinity occurs over the North Atlantic, in particular
the region of Gulf Stream with the maximal anomaly being larger than 1 psu. Glacial
melting experiments reveal different SSS anomalies patterns, as FWFC indicates only a
pronounced freshening along the Gulf Stream and Canary Current, whereas experiment
FWFL shows a significant decrease in SSS over the North Atlantic, with the maximum
anomaly being larger than -2 psu occuring over northeastern Atlantic, as well as a

salinification over the Arctic Ocean at a magnitude of about 1 psu.

Fig. 4.4 and Fig. 4.5 present the meridional profiles of zonal mean ocean properties
along the Atlantic section. A general cooling is found in EHOk and EH9k over 0-1000 m
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4.3 Large scale ocean circulation

depth, which is more pronounced with the prescribed Laurentide ice sheet. Moreover,
salinification and freshening occurs over the upper ocean north and south of 30 °N,
respectively, contributing to an increased meridional density gradient, which further
results in a strenthening of the thermohaline circulation. In terms of the water mass
properties of ocean interior in glacial melting experiments, there are common features
shared by FWFC and FWFL about the cooling over depth of 0-200 m, the warming at
200-800 m, and the freshening over 0-200 m of North Atlantic. However, inconsistency
emerge as the magnitudes and locations of the above-mentioned anomalies differ in
FWFC and FWFL: 1) Surface cooling in FWFC is much less pronounced (up to -1
K) and restricted within 10-45 °N, whereas FWFL presents a cooling of more than -2
K which spreads to 60 °N. 2) The decrease in salinity of North Atlantic upper ocean
has the mean value of -0.3 psu and -0.5 psu, happening over 25-55 °N and 20-75 °N in
FWFC and FWFL, respectively.

The mechanism for the different response of ocean properties to the location of fresh-
water perturbation is as the follows. In FWFC, the west branch of Labrador Current
transports the LIS coastal meltwater to the lower latitudes, therefore preventing a fur-
ther advection of freshwater to the Labrador Sea. The freshwater mass is then merged
into the Gulf Stream and Canary Current, forming a surface freshening tough which
provides a lid on the sea water below, therefore suppresing the ocean convection. As
a consequence, less heat is transferred from the upper branch of AMOC to the ocean
surface, leading to an increase in temperature over depth of 200-800 m. As the warmer
sub-surface water reaches higher latitudes, more heat is released and the upper ocean
experiences a warming up to 1 K. In contrast, FWFL presents a surface freshening
over the whole Labrador Sea, which advects to the surface and subsurface of North At-
lantic Ocean. Such pattern of ocean salinity anomalies contributes to a decline of the
AMOC, which further cools and freshens the upper ocean of North Atlantic, forming

the well-known salinity-advection feedback | ) |.

4.3.2 Precipitation minus evaporation (P-E)

All early-Holocene experiments show similar results in terms of the changes in precipi-
tation minus evaporation (P-E) as depicted in the right panels of Fig. 4.6. Note that the

evaporation anomalies (middle panels) are multiplied by -1 so the wet and dry condition
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4.3 Large scale ocean circulation

can be presneted by positive and negative values, respectively. Corresponding to the
insolation change, the strongest P-E increase of up to 50 mm per month happens over
the Sahel region and the western Indian ocean. This is dominated by the precipitation
anomalies (left panels of Fig. 4.6), which is owing to the ocean feedback |

: ; , | and monsoon response | , | to the
increased insolation in boreal summer. The Africa and India sector, where such signifi-
cant wetter condition occurs, is the northern edge of the intertropical convergence zone
(ITCZ), therefore, the increase of the precipitation over these regions and the cooling
along the equator favors a northward shift of the ITCZ | , ;

, |. Additionally, the increased cloud cover and the increased local evapora-
tion both contribute to a cooling surface | , |. The strongest annual
mean P-E decrease of -40 mm per month occurs over the equatorial Atlantic and the
eastern Indian Ocean near Indochina and south of Indonesia. In the tropical Pacific
Ocean, P-E decreases by a maximum magnitude of -40 mm per month on an annual
average. A different phenomenon in EH9k, FWFC and FWFL is the decrease of both
precipitation and evaporation over the LIS region and its adjacent western Atlantic,
as the cooling effect of the ice sheet contributes to a more stable atmosphere. Finally,
it is noted that over the North Atlantic Ocean there is no significant P-E change but
a local dryness over the southeast of Greenland in EHOk, while other early-Holocene
experiments all illustrate negative P-E anomalies over the Labrador Sea, but with a

small magnitude of less than -10 mm/month.

4.3.3 Sea ice processes

The simulated sea ice in all early-Holocene experiments experience an enhanced ab-
lation and accretion over the central Arctic Ocean and Bering Sea, respectively, as
shown in Fig. 4.7, in consistent with the temperature anomalies in boreal summer
(Fig. 4.1b,e,h k). With the cooling effect of the LIS, EH9k presents a pronounced
sea-ice increase in the Baffin Bay and Labrador Sea, which leads to salinification and
strengthening deep convection over those regions, contributing to an increase in the
thermohaline circulation.

Coastal hosing has no obvious influence on the simulated sea ice (Fig. 4.7e-f, compared

to Fig. 4.7c-d), as the meltwater flow mainly occurs along the Gulf Stream and Canary
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(a) EHOk minus CTR (annual) (b) EHOk minus CTR (annual)

Fig. 4.7: Annual mean anomalies of (left) sea ice thickness (units: m) and (right)
sea ice concentration (units: %) relative to CTR in (a-b) EHOk, (c-d)
EHOYk, (e-f) FWFC and (g-h) FWFL.
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Current, therefore not affecting the deep water formation sites, whereas, freshwater
pulse over the Labrador Sea leads to a significant increase in sea ice concentration
over the North Atlantic subpolar gyre (Fig. 4.7h, compared to Fig. 4.7d). Besides,
pronounced negative sea ice anomalies are found over the Nordic Sea and Barents Sea
in FWFL, induced by a local warming there. In addition, no significant change in sea
ice is found over the Southern Ocean in all early-Holocene experiments, except for a

reduction in ice concentration in the Weddell Sea (not shown).

In summary, the stronger-than-present AMOC in EH9k and FWFC is partly a result
of the salinification over the Baffin Bay and Labrador Sea induced by sea ice increase
as a response to the cooling effect of LIS. Furthermore, the saline sea water advects to
the North Atlantic subpolar region. Besides, the cooling effect of LIS also contributes
to a denser North Atlantic Ocean. Larger sea ice production can also be seen in FWFL
compared to CTR over the Baffin Bay and Labrador region, however, the freshening
effect of iceberg discharge plays a dominate role. In experiment EHOk that presents
no significant sea ice change over North Atlantic subpolar regions, it is important to
consider the ice mass transport through Fram Strait (ICEFS) for studies of the net
freshwater input into the Nordic Sea and North Atlantic subpolar gyres to examine the
reason for the AMOC response. The time series of the annual means of this export
(Fig. 4.8) shows significant negative anomalies in EHOk relative to CTR, accounting for
an averaged ice volume export of 600 km? /year larger in EHOk than the pre-industrial
mean of 3060 km? /year. The reduction in ICEFS origins from decreased sea ice volume
in the Arctic. This ice export anomaly represents a loss of freshwater in the Nordic Sea
and North Atlantic subpolar gyre (Fig. 4.3b).

The strength of the thermohaline cell to a certain extent depends on the amount of sea
ice transported from the Arctic to the Greenland Sea and further to the subpolar gyre.
Lag composite analysis between annual mean SSS and ICEFS, calculated by averaging
the SSS anomaly fields that have more or less than one standard deviation with respect
to indices of the Fram Strait ice mass import, is presented in Fig. 4.9. When low
(high) ICEFS occurs, a pronounced increase (decrease) in SSS over the North Atlantic
subpolar gyre is observed after 2 years in CTR, due to a comparably smaller (larger)
freshwater import by sea ice. Composite map of SSS anomalies and ICEFS is similar

in EH9k, therefore is not shown here.
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Fig. 4.8: Time series of ice mass transport through Fram Strait in CTR and EHOk.
A 21-year fliter is applies (thick lines). Units are Sv.
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with a lag of 2 years. Units are psu.
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4.4 Atmospheric circulation

4.4.1 North Atlantic Oscillation (NAO)

Fig. 4.10 depicts the changes in sea level pressure (SLP). Compared to the pre-industrial
condition, all early-Holocene runs illustrate a North Atlantic Oscillation (NAO)-like
mode, with negative SLP anomalies over the Greenland and Nordic Sea, and pos-
itive anomalies over North Atlantic Ocean. Such signal is relatively minor if only
early-Holocene insolation and GHGs are applied, and is the most pronounced in EH9k.
Another intriguing feature is a more negative Southern Annular Mode (SAM), which
is more pronounced in EHOk. Additionally, the early-Holocene favors high SLP over

Bering Sea, northern Africa and Euroasia.

4.4.2 Zonal wind

As indicated by previous studies, the NAO growth is significantly driven by transient
eddy flux | , |. The strength of NAO reflects changes in the eddy-driven
component, due to the action of transient eddy forcing to particularly accelerate the
westerlies, thus barotropising the flow | , : , |. In
the present paper, we derive the Eliassen-Palm (E-P) flux | , :
, | to examine the changes of early-Holocene NAO and the conre-
sponding zonal flow. The E-P flux is an indicator of both the flux of eddy activity and
the eddy forcing of the zonal mean flow. The divergence of the E-P flux is a diagnostic
tool for reflecting the change of zonal mean flow, as it is proportional to the eddy po-
tential vorticity flux | , : , |. In specific, net
divergence (convergence) of E-P flux leads to stronger westerlies (easterlies); in the spe-
cial case when the E-P flux divergence is zero, as for steady, frictionless, linear waves,
thermal wind balance is maintained in an idealized zonally symmetric atmosphere.

To explore the responses of atmosphere circulation to different early-Holocene regimes,
we examine the zonal wind anomaly as well as the E-P flux as illustrated in Fig. 4.11.
All early-Holocene experiments favor 3 main features: 1) Enhanced westerlies happen
around latitude 50°N over Atlantic section. Such wind anomaly further drives the air

circulation from surface to the top of the troposphere, with the maximum value be-
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Fig. 4.10: Simulated DJF (December-February) sea level pressure anomalies rela-
tive to CTR in (a) EHOk, (b) EH9%, (c) FWFC and (d) FWFL. Units
are hPa.
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4.4 Atmospheric circulation

ing at about 300 hPa. This phenomenon is most pronounced in simulations with the
LIS, as the LIS in ECHAM6-FESOM enhances the positive SLP anomaly over western
North Atlantic Ocean. In detail, a large anomalous anticyclone dominates the surface
flow over the ice sheet year-round. The northeast branch of the anticyclone constitutes
into the westerlies over the North Atlantic, which forces the upper air circulation (not
shown). 2) Another interesting feature is an weakened sub-tropical westerly flow which
locates at 200 hPa in the latitude of about 30 °N, favored by the south branch of the
anomalous North Atlantic anticyclone. 3) In addition, a more eastereard wind flow is
found near the tropics, certering at 200 hPa.

The above 3 changes in the zonal flow are associated with the forcing of transient
eddy component, as a net divergence , a net convergence and another relatively weaker
divergence of E-P flux are found roughly over the three anomalies centers of Atlantic
mean flow, owing to the anomalies distribution of meridional heat flux (vertical direction

of E-P flux) and meridional flux of zonal momentum (horizontal direction of E-P flux).

4.4.3 Blocking event (BE), cold air outbreak (CAO) and

snowfall

In this section, model daily output is used to analyze the behavior of blocking event
(BE) and cold air outbreaks (CAQO) under pre-industrial and early-Holocene regimes.
Blocking events involves the formation of quasi-stationary, long-lived (more than 7
days), closed anticyclonic circulation that temporarily divert the prevailing westerly flow
of air in troposphere | , |. We define an atmospheric BE as an occurrence
of five or more consecutive days during which the 500 hPa geopotential height is at
least 1.5 standard deviations above the wintertime (1 December-28 February) mean
value, following | ]. A CAO is an incursion of cold polar
air into middle or lower latitudes, resulting in extreme negative anomalies of surface air
temperature. It often occur downstream of high-latitude blocking anticyclones. Here
we define a CAO as an event of at least three consecutive days during which the daily
mean 2 m minimum temperature at a grid point is at least 1.5 standard deviations below
the simulated winter-mean value at that location. The standard deviation used here

is the average value of the 90 daily standard deviations of inter-annual 2 m minimum
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temperature during the winter, following [ |.

In agreement with re-analysis data | , |, pre-industrial BE acvitities
produced by ECHAM6-FESOM, as shown in Fig. 4.12, present the most frequency
over high latitudes. Moreover, the model generally simulate pre-industrial CAO most
frequently over western North America and Europe and least commonly over the Arctic,
consistent with observational estimate and other model results | , |.
These favored regions for CAO are located downstream from preferred locations of
atmospheric blocking.

As the model is forced by early-Holocene boudary conditions, it generally simulates
reduced CAQO frequency over most of the Northern Hemisphere continents (right panels
of Fig. 4.13), especially the eastern America and Eurasia by up to -50%. Such anomalies
in CAO can generally be linked to associated changes in mean atmospheric circulation,
as stronger westerly winds tend to weaken broader meanders that are likely to form
blocking circulation. As can be seen in left panels of Fig. 4.13, there is a significant
decreased incidence of BE during boreal winter over much of the high latitudes by
more than 50%, with an amplification in EHOk and EH9k (up to 100%). The reduced
blocing patterns favor less frequent incursions of Arctic cold air mass into lower-latitude
continents, which further leads to a reduction in snowfall over Northern Hemisphere

continents especially the Eurasia as shown in Fig. 4.14.

4.5 Discussion

The ice-ocean component FESOM has the advantage in the ability to provide a regional
focus in a global setup | ) |. The model has been validated in

[2009]; [2013]; [2014], who indicated
that the modeled and observational mean fields are in good agreement. Moreover, both
monthly and daily outputs are analyzed.

The simulated global climate responses—including JJA warming, DJF cooling, reduc-
tion of the sea ice and wetter conditions at the Sahel and Sahara regions—are generally
consistent with many previous studies | , : ,

: , : , : , |. Note that, under

the big background of DJF cooling, the model captures a regional warming over the
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4.5 Discussion

(a) BE (b) CAO

Fig. 4.12: Simulated frequency (units: days/winter) of events of (a) blocking pat-
tern and (b) cold air outbreak in the control experiment.
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(a) EHOk minus CTR (BE) (b) EHOk minus CTR (CAO) .

(f) FWFC minus CTR (CAO)

180

(h) FWFL minus CTR (CAOQ)

180

-90

-100

Fig. 4.13: Simulated frequency anomalies of (left) blocking event and (right) cold
air outbreak relative to CTR in (a-b) EHOk, (c-d) EH9k, (e-f) FWFC
and (g-h) FWFL. Units are %.
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(a) EHOk minus CTR (DJF) (b) EH9K minus CTR (DJF)

4 3 -2

Fig. 4.14: Simulated DJF (December-February) anomalies of snowfall relative to
CTR in (a) EHOk, (b) EH9k, (c) FWFC and (d) FWFL. Units are

mm,/month.
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4 FEarly-Holocene climate

Greenland Sea, dominating the annual average values, which is in consistency with

proxy records | , .

The cooler and denser North Atlantic, together with the enhanced AMOC in our
early-Holocene simulations, is in good agreement with proxy-based reconstructions |
, ; , |. In detail, proxy-based reconstructions
show the possibility of a brief decline in meridional overturning circulation from the
Holocene to present | , |. Paleo-records suggests an increase of
ocean salinity over Nordic Sea | , ; , ;
, |, indicating a strengthening AMOC in the Holocene.
Core data from RAPiD-12-1K (62°05N,17°49W) presents a denser subpolar North
Atlantic | , |, which also reflects a stronger-than-present AMOC.
In terms of modeling results, | | simulated a difference of 4
Sv between the AMOC of early-Holocene and pre-industrial using the coupled model
ECHAMS5-MPIOM with a coarse resolution. This value changes into -3 Sv when
[ | removes the LIS from the early-Holocene conditions. The reduc-

tion of AMOC in their experiment is also consistent with a transient model integration

[ , 2014,

4.6 Conclusions

In the previous sections we have described the response of simulated oceanic and at-
mospheric circulation over Northern Hemisphere to different early-Holocene forcings,
including the insolation and greenhouse gases, and their combination with the changed
topography including the presence of the Laurentide ice sheet, as well as the meltwater
flux which is added either into the LIS coastal region or the Labrador Sea. Our re-
sults are based on integrations performed with a state-of-the-art high-resolution model
ECHAMG6-FESOM. In our study, we mainly focus on the following two research ques-

tions:

74



4.6 Conclusions

4.6.1 How AMOC responses to the different early-Holocene
forcings and what are the elements governing the change
of AMOC?

When the early-Holocene orbital parameters and Greenhouse gases (GHGs) are ap-
plied, the modeled warmer Northern Hemisphere in boreal summer leads to an overall
reduction in the Arctic sea ice volume, which resulted in a decline of Fram Strait sea
ice import to the North Atlantic subpolar gyre. Significant salinification occurs over
one of the main deep water formation sites, e.g., the Labrador Sea, as response to the
decreased Arctic sea ice mass export, with a delay of 2 years. Finally, denser sea wa-
ter of the upper ocean of North Atlantic leads to a strenthening of the thermohaline

circulation.

With the early-Holocene topography, the Laurentide ice sheet (LIS) cooling is ad-
vected to the North Atlantic Ocean, causing a denser surface. Moreover, the cooling led
by LIS allows more sea ice production over the Baffin Bay and Labrador Sea, resluting
in a salinification of the sea water. The resulting enhanced AMOC in turn generates
positive salinity (and density) anomalies. This well-known salinity-advection feedback

is a positive feedback on the thermohaline circulation response at any time scale.

There are great discrepancies in the responses of the modeled oceanic properties with
different locations of LIS meltwater flux, as Laurentide meltwater input to the coastal
region, or iceberg discharges into the Labrador Sea. The former leads to a freshening
over the Gulf Stream and Canary current, no obvious change is found in the properties
of deep water formation regions and in the strength of AMOC, as the coastal meltwater
is firstly transported to lower latitudes by the Labrador Currrent, with no advection
to the far-field ocean. In contrast, the latter results in a significant surface cooling and
freshening over the North Atlantic subpolar region, and a decline of AMOC with the

maximum anomaly being up to -10 Sv.
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4.6.2 How Northern Hemisphere atmosphere circulation
responses to the different early-Holocene forcings and

what might be the reason and influence of such change?

All early-Holocene experiments indicate a more positive North Atlantic Oscillation
(NAO) pattern in the early-Holocene compared to pre-industrial, accompanied by in-
tensified and weakened westerlies around 50°N and 30°N, respectively, in response to
the transient eddy forcing. In detail, a net anomalous divergence and convegence of
Eliassen-Palm (E-P) flux happens around 250 hPa, 50°N and 250 hPa, 30°N respec-
tively, which is roughly consistent with the center of zonal wind anomalies. Such changes
in mean atmospheric circulation tend to weaken broader meanders, therefore leading
to a reduction in the blocking events and cold air outbreak. As a consequence, a de-
creased snowfall occurs over the Northern Hemisphere continents especially over the
Europa and Asia.

In summary, using a finite-element high-resolution model, we simulate the responses
of Northern Hemisphere oceanic and atmospheric circulation to different early-Holocene
forcings involving the orbital parameters, greenhouse gases, topography and the back-
ground of ice sheet melting. Results indicate an important role of the presence of
Laurentide ice sheet in the simulated climate and the position of freshwater pulse in

the modelled reponse of thermohaline circulation.
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Open-water ice growth

5.1 Experimental design

In the following section we describe the experimental setup of three simulations. Using
the circulation model FESOM-ECHAMG6 we perform three experiments FE-CTR, FE80
and FE120, with ¢, being 100%, 80% and 120%, respectively. The control experiments
FE-CTR is a 700 years simulation under pre-industrial boundary conditions | ,
; , |. Tt is initialized by the mean climatology from the Atmo-
spheric Model Intercomparison Project (AMIP) and the data from the World Ocean
Atlas (WOA). A T63 grid (about 1.9° x 1.9°) with 47 vertical levels is applied in the
atmosphere component ECHAMG6. In terms of the ice-ocean module, FESOM uses
a varying resolution from about 200 km in the open ocean to 20 km along coastlines
(Fig. 2.1), with 46 vertical levels. The model has run into quasi-equilibrium with trends
in global mean surface air temperature of the last 100 model years being no large than
0.002 °C/decade, which meet the quasi-equilibrium criteria as described in
[2007]. The sensitivity experiments FE80 and FE120 are initialized from the
control simulation, and integrated for 250 years. The average of the last 100 model
years is considered to represent the climatology in all simulations. A summary of the

experiment characteristics is also provided in Table 5.1.
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5 Open-water ice growth

Table 5.1: List of experiments.

Name Value of ¢, Integration time
FE-CTR 100% 700(100)
FE80 80% 250(100)
FE120 120% 250(100)

5.2 Parameterization of ice concentration evolution

There are two main thermodynamic processes relating to changes in sea ice concentra-
tion: 1) freezing occurs on open water when sea water at its freezing point is cooled
by the atmosphere, which reduces the open water area; 2) melting of sea ice (including
both vertical and lateral melt) leads to a decrease in ice concentration | , .
Furthermore, there are also some dynamic processes, such as divergence and ridging,
that can affect the ice concentration evolution, which is however beyond the scope of
our study.

The parameterization of ice-concentration evolution used in FESOM-ECHAMG6 fol-
lows closely [ |. Here only details on the improved equations and more
sophisticated schemes by [2009] are given. When new ice is formed on open

water, the ice concentration increases at a rate given by:

. 1 )
Aoy = —maz(hoy, 0) (5.1)
ho
where how, the effective ice production rate at open water area, is calculated based on
the open water energy budget.

The lead closing parameter hy in the equation is computed by:
ho = maz(hy™", min(hy™**, b)) (5.2)

Here ho™™ and hy™* are thresholds of demarcation ice thickness. Different from the
fixed-value approach | , | used in the standard ice growth scheme, FESOM-
ECHAMBS6 uses a special case with hy™™ and hy™** being 0.5 m and 1.5 m respectively.
When melting of sea ice occurs, the decrease in ice concentration is based on the as-

sumptions of [1979] that the sea ice thickness is uniformly distributed between
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5.3 Climatological sea ice and Atlantic Meridional Overturning Circulation (AMOC)

0 and two times of the actual sea ice thickness.

For further information on the ice concentration evolution in the model, it is referred
to | |.

In the present paper, we multiply A, by a factor ¢, (¢, = 80% or 120%) to alter
the horizontal-to-vertical aspect ratio of ice growth during the freezing period of open-

water, as in

Aow(new) = Aowc* (53)

By performing such modification, the lateral ice growth within open water is changed
(Fig. 1.1). Taking into account the mass conservation, the actual sea ice thickness is

automatically adjusted by the model.

5.3 Climatological sea ice and Atlantic Meridional
Overturning Circulation (AMOC)

Fig. 5.1 provides a seasonal picture of mean ice thickness conditions throughout the
Arctic. It clearly shows areas of thick ice floes (mean thickness larger than 5 m) over
the north side of Greenland and the Canadian Archipelago. Such pattern is mainly
due to the Beaufort Gyre and Transpolar Drift Stream which tend to push the ice pack
around the Arctic Ocean in a clockwise direction, causing the ice to the north to pile up
along the natural barriers to this flow. The thick-to-thin ice gradient is clearly captured
by the model from the Canadian Archipelago (5.5 m) towards the Siberian coast (less
than 1 m). In September, the sea ice retreats from subpolar North Atlantic and Bering
Strait to the Arctic Basin north of 50°/N. It is obvious that Southern Ocean sea ice is
generally thinner than its counterpart in the Arctic. In the model simulations, most
Southern Ocean ice is thinner than 2 m. In March, the sea ice only occupies the Weddell
Sea and Antarctic coastal regions, while in September the sea ice extends further to
60°S.

Fig. 5.2 presents the mean sea-ice concentration of the model in FE-CTR. The Arctic
sea ice in winter reveals a large coverage over the entire central Arctic region. The 15%
boundary of the winter sea-ice concentration extends into the Barents Sea up to 75°IV,

and along the east coast of Greenland and the Labrador Peninsula up to 53°/N. The
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Fig. 5.1: Distribution of sea ice thickness for FE-CTR, units are m.
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Fig. 5.2: As in Fig. 5.1, but for sea ice concentration, units are %.
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5 Open-water ice growth

pronounced retreat in the summer Arctic sea-ice coverage is clearly seen. The ice
concentration over the Southern Ocean reaches its maximum along the coastal regions
of Antarctic continent and minimum in the Marginal Ice Zone (MIZ).

Generally, the sea ice distributions in FESOM-ECHAMG6 in both hemispheres are
similar to reanalysis and observational estimates | , ;

, | despite the following two aspects: 1) The Arctic Sea ice is relatively thicker
compared to reanalysis data | , |, with amplification over the
Greenland Sea. The large bias in the Greenland Sea is possibly linked to the Transpolar
Drift Stream between Beaufort and Barents Gyres. 2) There is extensive winter sea ice
cover in the Labrador Sea, the reason of which is currently unknown | ,

|.

In control experiment, the Atlantic meridional overturning circulation (AMOC) stream-
function, defined as the zonally integrated stream function over the Atlantic basin, has
the maximum of 12-13 Sv (1 Sv = 10° m3/s) at 1000 m depth of 35°N (Fig. 5.3),
relatively weaker and shallower than the estimates of global circulation from the hydro-
graphic data (about 15 Sv) | : | and the results of most other
coupled climate model including ECHAM6-MPIOM |e.g., , |. An
important reason for such model behavior lies on the freezing of the Labrador Sea, which
limits the deep convection there. Visa versa, the simulated excessive sea ice over the
Labrador Sea could also be partly a result of the relatively weak AMOC, as the strength
of AMOC is significantly correlated to the North Atlantic subpolar temperature [e.g.,

) ) ) ) Y ) ) Y ?

5.4 Changes in ice thickness and ice concentration

Compared to FE-CTR, there is an increase in sea ice thickness in FE80 over the entire
Arctic (Fig. 5.4a-c), with the maximum change of about 0.8 m occurring over the coastal
region north of Greenland, where sea ice reaches its maximal thickness. The reason for
such pronounced change is simply a reflection of the increased advection of sea-ice

volume from the central Arctic. Similarly, decreasing the value of A,,, in the Southern
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Fig. 5.3: Simulated AMOC streamfunction in FE-CTR, units are Sv.
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(b) September (c) annual
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Fig. 5.4: (a-f) Sea ice thickness amomalies of FES80 compared to FE-CTR, units
are m. Hatched regions have >95% significance level based on Student’s
T test, which takes into account the auto-correlation. (g-1) As in (a-f),
but for sea ice thickness amomalies between FE120 and FE-CTR. Units

are m.
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5.4 Changes in ice thickness and ice concentration
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Fig. 5.5: As in Fig. 5.4, but for sea ice concentration anomalies, units are %.
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Hemisphere yields a general enhanced production of sea ice (Fig. 5.4d-f), the difference
amounts approximately to 0.3 m over coastal region of the Antarctic continent, and to
less amount for the areas which are relatively far from the continental shelf. FE120
shows the opposite pattern (Fig. 5.4g-1), with general thinner sea ice over both polar
regions. The maximum change happens over the Greenland Sea, at a maginitude of
about -0.5 m.

Fig. 5.5 displays the changes of sea ice concentration. Over the central Arctic Ocean,
we observe slight decrease and increase of FE80 sea ice concentration in March and
September, respectively. This is reasonable, as the open-water ice growth mostly takes
place in cold months, the reduced A, directly leads to decreased ice concentration
and increased ice thickness in boreal winter. The resulting thicker sea ice persists
longer on the sea surface during melting period, thereby reducing the areas of open
water and leads in summer. Besides, a more pronounced feature is the increase in sea
ice concentration in the Greenland-Iceland-Norwegian (GIN) Sea and North Atlantic
subpolar gyre (Fig. 5.5a-c). The sea ice concentration decreases for most parts of the
Southern Ocean during austral winter (September) which dominates its annual pattern.
Whereas, both positive and negative anomalies of sea ice concentration are found along
the Antarctic continental shelf in austral summer (March). For the experiment FE120,
the anomalies pattern is generally reversed (Fig. 5.5¢-1), except for the increased sea

ice over Nordic Sea and central Arctic Ocean during winter and summer, respectively.

5.5 Changes in the sea surface temperature and
salinity

Fig. 5.6a,b depicts the responses of the sea surface temperature (SST) and sea surface
salinity (SSS) in FE80. Compared to FE-CTR, pronounced cooling is simulated over the
GIN Sea and the North Atlantic in FE80 (Fig. 5.6a), with the most significant change
(over —1°C') occurring at the North Atlantic subpolar gyre, while for the Southern
Ocean it is the opposite case, with the strongest warming happening at the region of
Antarctic Circumpolar Current (ACC) (about 0.5°C'). The simulated changes in the
FE80 sea surface salinity show a more saline central Arctic (Fig. 5.6b), as a consequence

of the brine release led by enhanced sea ice production. A more pronounced feature is
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Fig. 5.6: (a-b) Difference of annual mean (a) the sea surface temperature and (b)
the sea surface salinity between experiments FE80 and FE-CTR (FES80
minus FE-CTR). Hatched regions have >95% significance level based on
Student’s T test, auto-correlation has been taken into account. (c-d) As
in (a-b), but for anomalies between FE120 and FE-CTR.
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Fig. 5.7: Time series of Fram Strait sea ice mass transport. A 11 years filter is
applied (thick lines). Units are Sv.
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5.6 Positive feedback behind the sea ice change in the Arctic

the freshening over the Nordic Sea and North Atlantic subpolar region. The response
of SST and SSS to a larger c, is illustrated in Fig. 5.6c,d. Significant warming and
salinification are found over the North Atlantic Ocean, opposite to the results of FES0.
The Southern Ocean experiences a cooling, mainly along the ACC route, at a magnitude
of about —0.5°C". Reduced sea ice production results in a freshening Arctic Ocean in
FE120.

An important factor affecting the SSS anomalies over North Atlantic subpolar region
is a sea ice dynamic process: sea ice import through Fram Strait that affects the
freshwater budget of the subpolar region. As depicted in Fig. 5.7, compared to our
control experiment, a larger and smaller import of sea ice mass is simulated in FE80 and
FE120, with the mean difference being approximately 0.01 Sv and -0.01 Sv, respectively,
at a significance level (Student’s T test) exceeding 99%.

To further investigate the impact of Arctic sea ice transport on the deep water for-
mation, composite analyses are calculated as depicted in Fig. 5.8, by averaging the SSS
anomaly fields that have more (less) than one standard deviation with respect to indices
of the Fram Strait ice mass import. As a result of the high (low) Fram Strait ice mass
import, pronounced freshening (salinification) happens over Nordic Sea and subpolar
North Atlantic Ocean in particular the Labrador Sea, with a delay of 2 years. Nordic
and Labrador Seas are the main deep water formation sites in FESOM-ECHAMG6 |[see

, , Fig. 13]. The resulting less (more) dense sea water leads
to a weakened (stronger) downwelling current over the North Atlantic and a decline
(strengthening) in AMOC circulation. FE80 and FE120 reveal similar composite pat-
terns between SSS and Fram Strait ice mass import as in Fig. 5.8, therefore are not

shown here.

5.6 Positive feedback behind the sea ice change in
the Arctic

In boreal winter, new sea ice is formed on open water when the ocean loses heat to the
atmosphere and the temperature of sea water is about to fall below its freezing point.
When ¢, = 80% is applied, sea ice grows more in the vertical direction as a result of

reduced A,,, increasing the persistence of open water in boreal winter (Fig. 5.5a) and
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Fig. 5.8: Composite map between sea surface salinity anomalies and (a) high and
(b) low Fram Strait ice mass import with a lag of 2 years (ice import
leads), based on FE-CTR. Units are psu. Composite map shown here
is calculated by subtracting the slices that are above/below one standard
deviation of the indices of Fram Strait ice mass import.
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5.6 Positive feedback behind the sea ice change in the Arctic

the accompanying heat loss from ocean to air. More sea ice is therefore generated which
in turn helps to increase the sea ice thickness as depicted in Fig. 5.4a-c. The increased
sea ice in the Arctic strongly reinforces sea ice export into the subpolar regions through
Fram Strait. Such process is clearly seen in the plot of ice mass transport as illustrated
in Fig. 5.7. Therefore, the increased sea ice in GIN Sea, Labrador Sea and the Atlantic
subpolar gyre is partly owing to the stronger Arctic sea ice transport. Whereas the
opposite case is for the experiment with ¢, = 120%: less Arctic sea ice volume is
simulated which leads to a reduction of Fram Strait sea ice import. Significant retreat

of sea ice is observed over the Labrador Sea in March (Fig. 5.5g).

Fig. 5.9a, b represent the changes of zonal profiles of the FE80 ocean temperature
and salinity. Compared to FE-CTR, there is a significant decrease in water temperature
in FE80 for the upper ocean (0-100 m) between 50°N and 70°N. At the same time,
the sub-surface signal between 100-1000 m shows the opposite behavior, especially over
tropical and sub-tropical regions. Fresher sea water is simulated in FE80 for the upper
ocean (0-100 m) of 50 — 70° N latitude as shown in Fig. 5.9b. The decline of the AMOC
(Fig. 5.9¢) is owing to the negative salinity anomaly which weakens the sinking in the
North Atlantic Ocean. Furthermore, there are two striking features in terms of the
zonal ocean temperature and salinity anomalies (Fig. 5.9a-b): 1) the significant cooling
and freshening of deep water (1000-3000 m) probably origins from the North Atlantic
surface water; 2) increased temperature and salinity of bottom water (below 3000 m)
is more likely caused by the stronger transport of Antarctic Bottom Water (AABW)
cell (Fig. 5.9¢), considering the warming in the surface of Southern Ocean (Fig. 5.6a).

Further study is needed to determine the nature of this phenomenon.

FE120 illustrates opposite patterns (Fig. 5.9d-f). In detail, the North Atlantic upper
ocean experiences a warming and salinification, the resulting denser sea water is the
cause for a strengthening AMOC, which further changes the properties of deep water
(1000-3000 m). Cooling and freshening of bottom water (below 3000 m) is associated
with the weaker AABW cell and the cooling of Southern Ocean.

The spatial patterns of the surface air temperature (SAT) anomalies, associated with
high (low) phases of AMOC are illustrated by composite maps (Fig. 5.10). During the
high (low) phase of the AMOC, there is a general warming (cooling) of 0.5°C' in the

central Arctic Ocean. A more pronounced feature is the significant warming (cooling)
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Fig. 5.9: (a-c )Difference of (a) zonal mean ocean temperature, (b) zonal mean

ocean salinity and (¢) AMOC between experiments FES80 and FE-CTR
(FES0 minus FE-CTR) for the Atlantic region. Hatched regions have
>95% significance level based on Student’s T test. (d-f) As in (a-c), but
for anomalies between FE120 and FE-CTR.
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Fig. 5.10: Composite map between surface air temperature anomalies and high
(low) phases of AMOC. Units are °C'. Composite map shown here is
calculated by subtracting the fields that are above (below) one standard
deviation of the AMOC indices.
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Fig. 5.11: Positive feedback in the Northern Hemisphere between sea ice and large-
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5.7 Mechanism for the sea ice change in the Southern Ocean

over the Noride Sea, which is linked to an enhanced (weakened) surface northward
heat transport. Therefore, the increase (decrease) in AMOC leads to a general increase
(decrease) in the Arctic SAT, such association is supported by numerous studies [e.g.,
) ) ) ) ) )
) ) ) ) ) ) ) ) )
,2015]

Here we propose a positive feedback which to a certain extent affects the simulated
Arctic sea ice and AMOC in our sensitivity experiments. For example in the case when
Ay is reduced (FES0), the Arctic grid-cell mean sea-ice thickness in increase (Fig. 5.4a-
c) as a result of the stronger air-sea interaction in winter through larger open-water
and leads. The increased sea-ice volume leads to an enhanced ice transport towards
the subpolar regions through Fram Strait (Fig. 5.7), which influences the freshwater
budget of GIN Sea and North Atlantic subpolar region (Fig. 5.8), and further weakens
the Atlantic overturning circulation (Fig. 5.6¢,f). As a result, the Arctic experiences a
cooling (Fig. 5.10), allowing more sea ice formation, which in turn helps to increase the

Fram Strait ice transport. In this way, a positive feedback is formed (Fig. 5.11).

5.7 Mechanism for the sea ice change in the

Southern Ocean

Different from the Arctic sea ice, the sea ice in the Southern Ocean is more seasonal
rather than multi-year, and therefore shows a more pronouced response to change of
open-water ice growth parameterization. For example in the FE80 experiment, in-
creased open-water and leads in austral winter (September) results in enhanced sea ice
growth, which buffers the effect of the reduced Aow on sea ice concentration. Thicker
sea ice persists longer in austral summer, which is the reason why in some regions (e.g.,
the Weddell Sea) the sea ice concentration increases in March. In contrast to the cool-
ing of the North Atlantic, most parts of the Southern Ocean experience an increase in
SST with the most significant warming occurring along the route of the ACC (about
0.5°C"). Such pattern is likely caused by regional processes involving stronger vertical
mixing and enhanced convective overturning, which tends to bring warm circumpolar

sea water to the surface, as well as the interhemispheric bipolar seasaw linked to AMOC
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5 Open-water ice growth

weakening. The ACC warming can be seen in all seasons throughout the year.

5.8 Improvement of the FESOM-ECHAMG6

performance on simulating sea ice and AMOC

As mentioned earlier, FESOM-ECHAMG6 has shortcomings when simulating the sub-
polar sea-ice boundary in the Northern Hemisphere and the strength of AMOC: 1)
Greenland Sea ice is much thicker than observational estimate | ,

: , |, 2) There is extensive sea ice in the Labrador Sea during
winter, 3) AMOC is relatively weaker than the estimates of global circulation from the
hydrographic data | , |.

In our experiment FE120, we increase the horizontal open-water ice growth by 20%,
therefore limiting the heat loss of the ocean in winter. The modeled sea ice and AMOC
are found to be more close to observational estimates. In detail, thinner sea ice is sim-
ulated over the Arctic Ocean, and the ice thickness over Greenland Sea is significantly
decreased mainly owing to the weakened air-sea interaction and the Transpolar Drift
Stream. Retreat of ice extent over the Labrador Sea is found, linked to a decline in the
Fram Strait ice export. Furthermore, a stronger AMOC is produced by FE120, caused
by a salinification over the North Atlantic subpolar gyre.

Given above, we conclude that a factor of ¢, = 120% can improve the behavior of
FESOM-ECHAMSG6 on simulating sea ice and the strength of AMOC. Then a question
arises as to can a larger ¢, (e.g., 150%) improve the model performance even further.
Therefore a logical next step would be to seek for the optimal value for c,, which allows

the simulated climate be more consistent with observations.

5.9 Discussion

a. The process of open-water ice growth

As reported by | |, focus of sea ice simulation has been primarily on changes
in the ice volume that result from changes in the ice thickness. However, for a realis-

tic representation of the impact of thermodynamics on sea-ice thickness distribution,
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Fig. 5.12: Sea ice extent over Labrador Sea (defined by 15% sea ice concentration)
in the three experiments.
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5 Open-water ice growth

its lateral versus vertical heat exchange — including the open water ice growth and
lateral /vertical ice accretion — is also of importance on ice extent, in particular on
simulations extending beyond a few days. Ice growth on open water is a key element of
any sea-ice model | , |. The new ice volume formed on open water is trans-
ferred into solid sea ice which limits the area of open water as well as heat exchange
between the water and the air. A difficulty arises when distributing the new ice volume
between growth in area and thickness | ) |. It should be noted that with
the presence of a thin ice cover (normally below 20 c¢cm) the ocean-atmosphere heat

exchange still occurs | , |.

Unfortunately, this process cannot be explicitly resolved in large-scale models and
needs to be parameterised. | | introduced a more physically based
parameterisation of open water ice formation with the lead closing parameter hy being
a nonlinear function of ice velocity, wind speed and packice thickness.

[2010] reported that the computed values of hy are well-suited for the simulation
of new ice growth in the calm waters of the Arctic Ocean, as well as for leads and
polynyas.

In sea ice models, the volume of new ice can be computed from the open water
energy budget, then difficulties and uncertainties arise when transforming the certain
volume of new ice into growth in thickness and concentration in that grid cell. It is not
known how the new ice shall be distributed in reality. Our purpose is to investigate to
what extent such parameter can affect the simulation results. We do observe significant
changes of sea ice, ocean and even the climate when changing this parameter, and the
changes to sea ice and AMOC are mostly significant and robust based on Student’s T
test.

New ice formation strongly depends on many uncertain parameters, such as wind

speed | , 1998; , 20005 , 2000],
ocean currents | , |, ice velocity and packice thickness, and
is based on a theoretical polynya model | , |, which was validated with
laboratory work | : |. One could describe the factor ¢, as a

function of these elements. The newly formed sea ice then in turn affects these sea state
variables, which can further cause discrepancies in some regional parts. Therefore, one

can expect that the anomalies of ice, ocean and surface properties observed in our work,
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are owing to the combined effects of all the processes mentioned above. Even though
seeking for the optimal values of ¢, is beyond the scope of this study, we can empirically
determine a factor ¢, to reduce the discrepancy between observed and modeled sea ice
evolution. FESOM-ECHAMG6 tends to overestimate the sea ice volume over the GIN
Sea and subpolar North Atlantic | , |, we expect that such problem
can be solved by applying a larger horizontal-to-vertical aspect ratio of open-water ice
growth (¢, > 100%) over the Northern Hemisphere.

b. Discussion on the effects of ¢, on sea ice and ocean

The most significant response to the increased lead closing parameter happens at sea
ice edge rather than the central Arctic. This is mainly due to two factors: one is that
the ice in the central Arctic has almost full ice coverage, and the effect of ¢, can only
take place on open water. Another reason is that, as described in Eq. (1) and (2), when
ice grows on open water, the increase in ice concentration is relatively larger for thinner
ice, thus the factor ¢, is more important for the ice boundary parts. Basically, the
factor ¢, only matters in autumn and winter when thermodynamic ice growth occurs.
So the resulting reduction of ice concentration in SIM is an artifact dominated by the
winter ice change. In our complex FESOM-ECHAMSG6, the summer ice concentration
is also affected by other elements such as the ice dynamics, therefore the effect of ¢, is
overwhelmed.
The sea ice change in FESOM-ECHAMG6 induced by our modification to the open
water ice growth representation are in good agreement with former studies [e.g.,
) ) ) ) ) ) ) )
, | which revealed that the heat loss in open water during wintertime
significantly enhances sea ice formation, therefore increasing the lead closing parameter
hg causes there to be more open water and hence thicker ice. In detail, through sensi-
tivity experiments with the LIM2 sea-ice model, [1997] indicated
that when the model was run without leads, the air-sea heat fluxes were substantially
modified, resulting in drastically reduced sea-ice thickness and total ice volume.
| | revealed that the increase in hg leads to decreased ice concentration during
ice growth, and the annual mean sea ice volume, thickness and extent all increase with

ho, which is in good consistency with our results. In addition, [2004]
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5 Open-water ice growth

found a growth-thickness mechanism, which describes a negative feedback between the
ice thickness and the adjustment of ice growth rate to external perturbations. More
recently, [2012]; [2013] test the sensitivity of the climate
model MPI-ESM to vertical-lateral ice growth ratio (Cypecze). By increasing/decreasing
Cfreeze, more/less open ocean persists during freeze-up, thereby enhancing/weakening
oceanic heat loss and sea ice formation. This is in good agreement with our work.
Beyond previous studies mentioned above, our results also show the feedback among
the sea ice, ocean and climate, which further gives us a more comprehensive view of
the effect of open-water ice growth.

Regarding the relationship between the Arctic sea ice and AMOC (Fig. 5.11), a
similar positive feedback has been also identified for hosing experiments in the North
Atlantic Ocean | ) |, but without sea ice transport. In detail,
more sea ice decreases the AMOC, which cools the high latitudes.

[2009] found that the interannual variability of sea ice volume in the subpolar Arctic is
mainly determined by variations in sea ice import from the Central Arctic. Therefore,
freshwater budget over subpolar regions such as the North Atlantic subpolar gyre is
dominated by Arctic sea ice export rather than the local therdynamic sea ice change.
Here, we find that sea ice transport affects the freshwater budget in regions of deep
water formation (Fig. 5.6b, Fig. 5.8 and Fig. 5.9b), and therefore affects the AMOC
(Fig. 5.9¢). As pointed out in several studies |e.g., : ;

, ; , , ; , |, the AMOC has been linked to the
Northern Hemisphere sea surface temperature (SST) and mid-depth temperature. The
opposite trends in mid-depth warming and cooling in the downward branch of the North

Atlantic deep water (Fig. 5.9a) is consistent with projections and internal variability
linked to the AMOC | , |-

c. Discussion on the treatment of ice evolution in FESOM

FESOM is a high-resolution ice-ocean model which has the advantage of providing
a regional focus in an otherwise global setup | , |. In our work,
FESOM applies even higher resolution in the high latitudes than the tropical and sub-
tropical region. It is therefore suitable for investigating polar properties, particularly

sea ice characteristics, and the related processes. However, a disadvantage of this
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comprehensive climate model lies on its relatively simple treatment to sea ice processes,

which might have the potential to influence the simulation results. In detail:

1) Partitioning of lateral versus vertical growth of sea ice is most realistically simu-
lated in models that explicitly include a sub-scale distribution of ice thickness | ,
; , |. In such models, lateral melting can roughly be represented by

the disappearance of the thinnest sea-ice classes and the accompanying expansion of
open water. | | also found that the simulated ice properties are sensitive
to number of ice categories. In detail, a one-ice-category model tends to simulate larger

ice concentration and smaller ice thickness compared to multi-category sea ice models.

2) A more recent method introduced by [ | — linear remapping of ice
thickness distribution — apprears to be more accurate and less diffusive than the fixed
thickness scheme | , ]. Such method is applied in the current state-of-the-art
model CICE5 | : |. In CICES5, all the new ice formed on open water
is added to the thinnest ice category, without changing the ice concentration. If the
new ice thickness exceeds the maximum threshold of the thinnest category, then the
model distributes excess ice volume over all categories, leaving ice area unchanged.
Therefore, there is a big discrepancy between the representation of lateral ice evolution
in FESOM-ECHAMG6 and CICES5, the former is changing with open water ice growth,
while the latter is influenced by other elements such as lateral heat flux |

7 ; , 1992].

3) FESOM-ECHAMSG6 applies the simple zero-layer approach | , | with lin-
ear temperature gradients from the sea ice top to bottom. More recently, a multilayer
sigma-coordinate thermodynamic method is presented by | |. Fur-
thermore, a brine pocket parameterization is introduced by | |;

| |, which account for the temperature and salinity dependence of
the sea ice properties. Compared to FESOM-ECHAMG6, the multilayer thermodynamic
method and brine pocket parameterization will lead to different vertical sea ice tem-
perature profiles and sea surface salinity values over sea-ice regions, which results in
a discrepancy in the conductive heat flux within sea ice and the freezing point of sea

water.

4) Another realistic approach of lateral versus vertical melting is based on the ratio

of bottom area versus edge area of the ice pack. However, the relationship between the
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ice floe size and many external factors, for example, ice age, ice thickness and weather
condition | , | is not yet sufficiently very crudely implemented in sea
ice models.

Compared to FESOM-ECHAMG6, there are some more sophisticated parameteriza-
tions describing sea ice processes. However, the lead closing parameter hy in the ad-
vanced representations of sea ice evolution still needs to be determined empirically. A
logical next step would be to investigate the sensitivity of the simulated climate to the

lead closing parameter in climate models with the above mentioned new approaches.

d. Discussion on the effects of ¢, on the climate

Besides ice and ocean properties, ¢, can also have influences on the climate, as a pro-
nounced warming over Furasia and North America is observed in our sensitivity experi-
ment, which results from a strengthening AO-like pattern. There are studies presenting
the response of temperature to changes in SLP, which resemble our findings. For exam-
ple, | | has shown that negative SLP anomalies over Iceland and enhanced
westerly flow are associated with positive temperature change extending from Great
Britain and Scandinavia far into Siberia. [1994];

[ |; [ | suggested a possibility of a dynamical linkage between
the wintertime warming over Eurasia and enhanced polar night jet linked to AO+. Ex-
periments with an atmospheric GCM (GFDL AM2) are used to determine the effect of
the 1990s thinning of Arctic sea ice | , |, the atmospheric response comprises
a reduction in SLP in the central Arctic and over the Nordic Seas, and high pressure
anomalies over the subtropical North Atlantic and the subpolar North Pacific.

There are a number of studies aiming to investigate the responses of climate to
changes of the Arctic sea ice. For example, [2004] used an atmo-
sphere general circulation model CCM3 to investigate the impact of sea ice change on
the atmosphere and found significant changes in the North Atlantic storm track.

[ | found that imposed ice can induce a rapid cooling and drying of the
air and surface over the entire mid- and high latitudes, simulated by the Community
Climate Model version 3 coupled to a 50-m slab ocean. More recently,

[ | who forced the model EC-EARTH-IFS with reduced ice cover found negative sea

level pressure anomalies over the western Arctic and positive anomalies over Siberia,
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affecting surface temperatures over Europe. [ | found that the declining
autumn Arctic sea ice is linked to to the negative phase of the winter Arctic oscillation,
resulting in increased cold surges over large parts of northern continents. Our work are
different from former studies from the following aspects:

1) Unlike other studies mentioned above, our sensitivity experiment aims at changing
the horizontal-to-vertical growth ratio of newborn ice on open water as shown in Fig.
1, and is not for simulating the climate changes. This study is motivated by the
uncertainties in the parameterizations distributing the new ice volume between growth
in area and thickness, which is due to our lack of fundamental understanding and a
proper representation of processes in coupled simulations.

2) In our work, the changes of sea ice thickness and sea ice concentration are not
identical, as sea ice becomes much thicker, but ice concentration significantly decrease
over much part of the polar regions especially in winter. While, sea ice change in former
studies indicate similar pattern for thickness and concentration, and the response of
climate is due to the combined effect of the two elements.

3) Our simulations indicate a positive feedback between the Arctic sea ice, the surface

temperature and the strength of AMOC, which was not studied before.

5.10 Conclusions

In the present section, we conduct three model simulations with FESOM-ECHAMG6 in
order to investigate the effects of the horizontal-to-vertical aspect ratio of open-water
ice growth on sea ice, ocean and the climate. Compared to the reference experiment,
a sensitivity experiment with the same sea ice volume but more open water shows a
significant increase in ice thickness for the whole Arctic and some parts of the Southern
Ocean. In the Arctic Ocean, a positive feedback among sea ice, AMOC and sea surface
temperature is simulated: increase in sea ice thickness (i.e., ice volume) leads to more
ice transport towards the GIN Sea. In spring and summer, ice melts and freshens the
sea water at the GIN Sea and the North Atlantic subpolar gyre, thus weakening the
AMOC. As a result, the associated surface air temperature in the Arctic decreases,
allowing more sea ice formation, which in turn helps to reinforce the ice transport

and freshen the North Atlantic Ocean. Furthermore, another sensitivity experiment
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with reduced open water reveals the opposite patterns, and is in better agreement with
observational estimates.

The results presented in this study emphasize the importance of open-water ice
growth. In detail, the distributing of new ice volume between growth in area and
thickness can affect the ice properties, the ocean circulation and even the climate sys-
tem in our climate model FESOM-ECHAMSG6. Another approach is a stochastic method
| , | to parameterize the open-water ice growth. Further analysis
of the sea ice processes is necessary in order to test the robustness of climate change
scenarios, especially at high latitudes where sea ice plays a dominant role.

In addition, a changed parameter in sea ice growth as done here could also affect the
response of the system to past and future climate change scenarios, which is subject of
a forthcoming study. Furthermore, this paper could be helpful for paleo-research and
future climate projection. It is possible that in reality the factor ¢, is climate dependent,

and could be different under different climate conditions and climate sensitivity.
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Conclusions and future perspectives

This PhD project targets to examine the simulated climate responses mid- and early-
Holocene boundary conditions and to investigate how the area-thickness distribution
of new ice formed in open water affects the ice and ocean properties by employing
the newly developed global finite-element model ECHAM6-FESOM with unstructured

mesh and high resolution. The key findings of this thesis can be summarized as follows:

» The model ECHAMG6-FESOM simulates an enhanced mid-Holocene AMOC, ac-
companied by an increase in the ocean salinity over regions of deep water forma-
tion compared to pre-industrial, as: 1) a more positive phase of North Atlantic
Oscillation (NAO) increased water density over the Labrador Sea through anoma-
lous net evaporation and surface heat loss; 2) a decreased import of sea ice from
the Arctic causes a freshwater reduction in the northern North Atlantic Ocean.
Using the coupled model ECHAM6-MPIOM in T63GR15 and T31GR30 grids,
we find that the simulated AMOC is strongly affected by the model resolution.
In detail, stronger-than-present mid-Holocene AMOC is revealed by simulations
with the T63GR15 grid, which resembles the result of ECHAM6-FESOM, while
a decline of the mid-Holocene AMOC is simulated by the low resulution model
with the T31GR30 grid.

Such discrepancy can be attributed to different changes in Labrador Sea den-
sity which is mainly affected by 1) NAO-induced net precipitation, 2) freshwater
transport from the Arctic Ocean, and 3) the strength of AMOC itself.

We analyzed available coupled climate models showing a diversity of responses of
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AMOC to mid-Holocene forcings, most of which reveal positive AMOC changes
related to northern high latitudes salinification.

Other CMIP5 models, although have approximately similar resolutions, show very
different response of the AMOC to 6k boundary conditions. However, exploring
the nature of such association in every specific CMIP5 model is beyond the scope
of this study. A logical next step would be the comparison of CMIP5 model
scenarios with different resolution to identify the resolution-dependent mecha-
nisms for the Holocene AMOC change, and to identify which resolution is the key

influencing factor—the atmospheric resolution, the oceanic resolution, or both.

Under the early-Holocene orbit and GHGs, the ECHAM6-FESOM simulation
shows a JJA warming and DJF cooling over mid and high latitudes compared to
pre-industrial, with amplification over the continents; as well as a reduction of
sea ice in the Arctic and Southern Oceans. A reduced sea ice transport through
the Fram Strait leads to a stronger-than-present Atlantic Meridional Overturning
Circulation (AMOC) in the early-Holocene.

Including the early-Holocene topography and continental ice sheet over North
America leads to an additional regional cooling year-round. The resulted en-
hanced sea ice thermodynamic production over Baffin Bay and North Atlantic
subpolar gyre is the cause for a more saline surface over the region of deep water
formation.

There are big discrepancies in the oceanic responses to different locations of fresh-
water discharge. LIS coastal melting only leads to a freshening over the Gulf
Stream and Canary Current, with no meltwater advection to the deep water for-
mation sites, therefore not affecting the strength of the thermohaline circulation.
In contrast, adding freshwater into the Labrador Sea produces a significant de-
crease in ocean salinity over the North Atlantic region from sea surface to 200 m
depth, contributing to a decline of the Atlantic meridional overturning circulation
(AMOC).

All early-Holocene experiments reveal a change of the westerlies over the North At-
lantic section, accompanied by a more positive North Atlantic Oscillation (NAO)
phase, which is led by the conresponding divergence anomalies of the Eliassen-

Palm (E-P) flux. The enhanced westerly wind at 50 °N provides a barrier which
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prevents the Arctic cold air from invading into the lower latitudes. This cir-
culation change in the atmosphere leads to less frenquent episodes of blocking
patterns which further resluts in decreased cold surges over most parts of the
Northern Hemisphere continents, in particular the Europe and Asia in the early-
Holcene compared to pre-industrial. Finally, the reduced cold air outbreak events,
together with a relatively dry atmosperic condition, are the causes for a reduced

snowfall over Europe and Asia.

Two sensitivity experiments are performed which modify the horizontal-to-vertical
aspect ratio of open-water ice growth. The resulting changes in the Arctic sea-ice
concentration strongly affect the surface albedo, the ocean heat release to the
atmosphere, and the sea-ice production.

Anomalies in sea-ice transport lead to changes in sea surface properties of the
North Atlantic and the strength of AMOC. For the Southern Ocean, the most
pronounced change is a warming along the Antarctic Circumpolar Current (ACC),
especially for the Pacific sector.

ECHAMG6-FESOM has relatively high ability for producing many aspects of the
observed climate, but also has shortcomings when simulating the subpolar sea-ice
boundary in the Northern Hemisphere and the strength of AMOC. We find that
such disadvantages can be improved by tunning the process of open-water ice
growth, which strongly influences the sea ice concentration in the marginal ice
zone and affects the North Atlantic circulation through regulating the import of
Arctic sea ice volume.

The results presented in this study emphasize the importance of open-water ice
growth. In detail, the distributing of new ice volume between growth in area
and thickness can affect the ice properties, the ocean circulation and even the
climate system in our climate model FESOM-ECHAMG6. Another approach is a
stochastic method | , | to parameterize the open-water ice
growth. Further analysis of the sea ice processes is necessary in order to test the
robustness of climate change scenarios, especially at high latitudes where sea ice

plays a dominant role.
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