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UNIVERSITY OF BREMEN
Abstract

Intitute of Environmental Physics

Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research

Master of Science

by Camila Pinheiro Campos

The sensitivity of Arctic Ocean to a gradual sea ice decline is adressed by using the
global coupled model ECHAM6-FESOM we address. Sea ice retraction is forced by
different perturbations in three idealized numerical experiments (I) reduced albedo,
II) reduced lead closing parameter, I1I) added longwave). Results are compared
against a reference run. It is shows that over long time scales ocean responses establish
comparably in all sensitivity experiments. A sequence of mechanical and dynamical
teedbacks takes place and lead to enhanced circulation of the anticyclonic Beaufort
Gyre and Transpolar Drift. Consequently, increased export of meltwater through the
Fram Strait sets in and, as a compensation effect, augmented volume flux of Atlantic
Water into the Barents Sea occurs. Altogether, the ”Atlantification” of the Barents
Sea occurs concurrently to changes in local ocean circulation. Anomalously high heat
transport to the Barents Sea is caused mainly due to the warming of waters upstream.
The anomalous heat inflow enlarges local heat loss from the ocean to the atmosphere,
and contributes to warming of the atmosphere. The heat not passed to the atmosphere
is carried within the Arctic intermediate layer, and may eventually have impact on

crucial regions beyond the limits of the Arctic Ocean.
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Chapter 1

Introduction

The Arctic Ocean occupies only a small area of Earth’s surface, and yet, it plays a
crucial role in global energy and moisture budgets. Thus, the region strongly controls
atmospheric and oceanographic circulations over high latitudes. Recently, it is un-
dergoing severe environmental changes, and has been a hot topic among the climate

scientific community (Winton, 2008).

A mean annual warming twice as fast as the global mean has been observed over the
Arctic region. This process is referred to as polar amplification (Winton, 2008). One of
the main indicators of the impacts of Arctic climate change is the sea ice cover. A
drastic reduction of sea ice extent!, sea ice thickness and length of ice season has been
observed over the last three decades (NSIDC, 2014; IPCC, 2013). The understanding
of these changes, their triggers and consequences, has become a hot topic among the

climate scientific community.

Because of its important role in determining high latitude and large scale atmospheric
circulation, studies relying on Global Circulation Models (GCMs) have addressed im-
pacts of Arctic sea ice on the atmosphere over regional scales and its teleconnections
(Bader et al., 2011; Budikova, 2009; Semmler et al., 2012).Bader et al. (2011) conclude
that sea ice conditions over the Arctic are key drivers of a large scale atmospheric
mode, the North Atlantic Oscillation (NAO)?. Accordingly, sea ice loss may displace
jet stream more to the South, and thus contribute to different storm and precipitation

patterns over Europe.

1 See Appendix A — Glossary for definition
2 alternation of atmospheric mass with centres of action near the Icelandic low and the Azores high

1



Chapter 1. Introduction

Interactions among the natural components of climate system are not yet fully un-
derstood, and are one of the main sources of uncertainty in the attempts to explain
current state and predict the effects of climate change. Notwithstanding that some
model based studies have included the ocean component, the critical link between sea
ice-ocean has been little addressed. A thorough investigation of such interrelations
becomes increasingly important on a changing climate. Hereby, the main objective
of this work is to investigate the effects of sea ice decline on the ocean circulation.
Hence, to support the upcoming analysis a brief description of current sea ice state

and background information on the Arctic Ocean circulation is provided.

1.1 Sea Ice

1.1.1 Seasonal cycle

The seasonal cycle of sea ice occurs as consequence of periodic changes of incident
solar radiation over high latitudes of the northern hemisphere (NH) and the southern
hemisphere (SHem). As the cold season arrives, atmospheric temperatures rapidly
begin to drop. This leads to a downward directed thermal gradient, and a direct loss

of sensible heat from the upper ocean to the atmosphere takes place.

Dynamical instability in the upper meters of the ocean is generated as a consequence
of density change. This vertical mixing is maintained until a significant layer of the
upper water column approaches homogeneous temperatures. Once the freezing tem-
perature for ocean water is reached (i.e. —1.9°C) sea ice structures begin to form and

a salty solution (brine) is rejected into the water.

The processes which will define the initial microstructure of sea ice depends on en-
vironmental conditions. In turbulent conditions small crystals are the first structures
formed. In quiescent areas, on the other hand, freezing forms a more homogeneous
thin layer. The rate with which sea ice forms has a reverse effect on the overall expul-
sion of brine: faster (slower) build up of ice means less (more) rejection of salt. As a
result of this process, sea ice salinity varies from 2 to 7 psu® (Thomas and Dieckmann,

2009).

3 By convention salinity is a unitless variable, however to keep consistency with model outputs prac-
tical salinity units (PSU) is reported in this work



1.1. Sea Ice

After initial formation in fall, sea ice grows further through winter months and in-
creases its vertical and horizontal extent, and can develop highly complex and variable
macrostructures (e.g. ridges, melt ponds, leads, polynyas). The later are determinant in
regulating the interaction between sea ice - ocean and atmosphere. Ridges, melt ponds
and lead have a reverse relation with the surface albedo* of the ice cover, and any per-
turbation can give rise to a positive feedback loop in which more heat is absorbed,
more ice is melted, the albedo is reduced. Additionally, leads are crucial connections
between the relatively warm ocean and the cold atmosphere and guarantee important
heat and gas exchanges; they represent a small fraction of sea ice covered area, and

are responsible for 50% of the oceanic heat loss (Thomas and Dieckmann, 2009).

By the end of the cold season (i.e. March (September) in NH (SHem)) sea ice extent
has reached its maximum and with gradual insolation increase the melting phase takes
place. If complete melt occurs, the area is characterized by one year ice. However, if
a cover of sea ice remains until the end of te warm season (i.e. September (March) in
NH (SHem)) a multiyear layer of sea ice is established. Over half of the Arctic sea
ice is multiyear, and the average sea ice thickness ranges from 2 — 3 m (Thomas and

Dieckmann, 2009).

1.1.2 Importance in the Climate System

Sea ice is a highly reflective surface, with an albedo ranging from 50 — 70%. This
value may be even higher in the presence of snow cover. Thicker sea ice supports a
greater layer of snow and this system can reflect up to 90% of sunlight. If anomalous
warming takes place, more sea ice melts and as a consequence the albedo of polar
areas decreases, leading to further warming and melting. The described processes
are the so-called ice-albedo feedback mechanism and are assumed to be the reason of

nonlinear changes over polar regions (Winton, 2008).

As ice melts, low reflectance oceanic surface underneath is exposed and readily ab-
sorbs solar shortwave radiation. This higher intake of energy results in warming of
the ocean water. The increase of sensible heat content changes the current energy bal-
ance in the system, and gives rise to the positive feedback mechanism through which

further sea ice melt takes place (Serreze and Barry, 2011).

4 See Appendix A — Glossary for definition
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Moreover, sea ice acts as powerful insulator between ocean and atmosphere, and
dampens heat, mass and momentum fluxes at this interface. The heat exchange with
the atmosphere at high latitudes is dominantly from the warm ocean to the cold atmo-
sphere. The reduction of sea ice allows an increased absorption of shortwave radiation
by the ocean in summer. Once the heat content of the water is increased the thick ice
melts and/or only a thinner layer of sea ice can be formed. Thinner ice is less strong,
thus is more susceptible to fracturing. Such features allow important exchange of
heat (mostly turbulent heat) between ocean and atmosphere. Additionally, thinner
and fracture ice provides less drag, and momentum transfer is increased (from atmo-

sphere to ocean, and from ocean and atmosphere to the sea ice).

Sea ice formation and melt are crucial processes for the local oceanic stratification
and global oceanic circulation. Cold regions where sea ice is formed are responsible
for creating deep water masses which are a crucial part of the global oceanic heat
distribution system (Conveyor Belt). The injection of brine during sea ice formation
induces deep convection motion due to densification of upper layer ocean water; in

some regions densification due to heat loss is enough to trigger the deep convection.

On the other hand, sea ice constitutes a freshwater source. Any anomalous discharge
of Arctic Ocean and ice melt water has the potential of hindering deep convection
sites, by creating an stable surface layer of fresh water. In turn this may impact the
overturning system and distribution of heat. Such an occurrence is described in the

1970’s during the event known as “Great Salinity Anomaly” (Mauritzen et al., 2013).

Hence, sea ice modulates all interaction between ocean and atmosphere, namely heat,
mass and momentum transports, and potentially gives rise to nonlinear changes over
polar regions (Winton, 2008). It is worth pointing out, although with no further dis-
cussion, the key role sea ice plays sustaining the polar ecosystem. It not only serves
as platform for top predator animals as polar bears and walrus, but it also houses

autothropic® communities which live underneath it.

5 See Appendix A — Glossary for definition



1.1. Sea Ice

1.1.3 Arctic Sea Ice in a Changing Climate

Satellite passive microwave observations indicate that over the last three decades sum-
mer minimum sea ice extent over the Arctic has decreased by 40% (Figure 1.1) (Pi-
stone et al., 2014). The observed rate of sea ice retraction during the last decades
has occurred faster than previously predicted (Figure 1.1) (Serreze and Barry, 2011).
According to IPCC (2013), the observed retraction has been very likely® enhanced by an-
thropogenic greenhouse gas emissions. Moreover, changes in atmospheric and ocean
dynamics drive year-to-year variability. The interplay of both forcings is responsi-
ble for the event of lowest sea ice cover observed in September 2012 (Parkinson and
Comiso, 2013).

Average Monthly Arctic Sea Ice Extent
September 1979 - 2014

-]

~

EXTENT (million square kilometers)
o

(4]

S National Snow and Ice Data Center

1978 1982 1986 1990 1994 1998 2002 2006 2010 20
YEAR

Figure 1.1: Climatological monthly average Arctic sea ice minimum (September) extent trend
from 1979 to 2014. Image courtesy of the National Snow and Ice Data Center (NSIDC), University of
Colorado, Boulder.

Pistone et al. (2014) report that observed changes in the mean August sea-ice zone
albedo are —0.029 - 0.011 per decade from 1982 - 2009. The reduction from 0.54 to
0.48 in the Arctic planetary albedo’ corresponds to additional 6.4 +-0.9W/m? in the
climate system. The decrease of sea ice is related to an increased latent heat flux from
the ocean to the atmosphere. As a feedback response more condensation and cloud
formation could be expected, which could compensate at least partly for the albedo
loss at ocean surface. However, no significant increase in cloud cover has yet been

observed (Pistone et al., 2014).

6 index define by the IPCC means greater than 90 percent chance
7 See Appendix A — Glossary for definition
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Recent remote sensed measurements of sea ice thickness reveal that not only sea ice
coverage has been decreasing, but also sea ice thickness: Arctic sea ice mean thickness
changed from ca. 3m to approximately 1.5m between (Kwok et al., 2009). This indi-
cates that from year to year more melt and less recovery is taking place. Changes in
thickness of sea ice are inversely related to changes in shortwave radiation absorption
by the ocean. According to IPCC (2013) it is very likely that the Arctic sea ice cover will
continue shrinking and thinning year-round in the course of the 21st century as global

mean surface temperature rises.

1.2 Arctic Water Masses and Circulation

The Arctic Ocean is connected to the surrounding seas through four main openings:
Fram Strait, Barents Sea, Canadian Arctic Archipelago and Bering Straight (Figure
1.4 b). Due to this limited connection to the surrounding oceans, it can be also re-
ferred to as a mediterranean sea. According to this definition, ocean dynamics are
determined by thermohaline gradients and modified by wind forcing (Tomczak and
Godfrey, 1994). In this study we refer to the Greenland, Iceland and Norwegian (GIN)

Seas and, eventually, the Labrador Sea as the Atlantic surbarctic seas.

1000
2000}
3000

4000

1000 }
2000}

3000

0 1000 2000 3000 4000 5000 km

A 0 )
Alaska Lomonosov Ridge Fram Strait Jan Mayen

; : ; : Greenlan Norwegian
|-——{.‘anad|an Basm——-i-'v*Euraswn Basin Basin Basin

Figure 1.2: Stratification of water masses from the Norwegian Sea to the Canadian Basin.
Reproduced from Tomczak and Godfrey (1994)
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1.2. Arctic Water Masses and Circulation

(-
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sl Water in \ Cooling of
Bering Atlantic
Strait Water .
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ol Spitsbergen
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i Basin =~
ol regime - Arctic
e - - Bottom
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Figure 1.3: Temperature-Salinity (T-S) diagram for the Arctic Ocean water masses and two

examples of station data (curves a and b). The hatched areas give T-S properties of source

water masses; the thin lines limit the regions of all possible and observed T-S combinations

produced by mixing. Cooling of Atlantic Water through mixing with Surface Water of the

subsurface layer is indicated by the departure of the T-S curve from a straight mixing line in
the Amundsen Basin. Reproduced from Tomczak and Godfrey (1994)

The stratification of water masses in the Arctic Ocean is shown in the scheme (Figure
1.2) from Tomczak and Godfrey (1994) as section that goes from the Norwegian Seas
to the Canada Basin. Temperature and salinity of water masses are briefly described

next and are depicted in the diagram shown in Figure 1.3.

The depth of the polar mixed layer varies according to wind forcing. It is characterized
by water with temperature close to freezing point (—1.9°C), and has low content of
salt. On a seasonal basis the variability of temperature and salinity on the upper layer
is closely related to the seasonal sea ice cycle; that it, sea ice creates a fresher surface
layer as it melts, and induces mixing of surface waters through brine rejection on

freezing season.

The Pacific Water flowing through the Bering Strait is relatively warm and fresh (T
> 2°C and S < 33.0 psu). This water is fundamentally confined to the upper layer
50 — 100 m over the western part of the Arctic basin. The Atlantic Water (AW), on
the other contrary, is particularly important for the Arctic Ocean as a whole. The
warm and saline (T > 3°C and S > 34.8 psu) water is provided by the Norwegian
Atlantic Current (NWAC), flows through the Fram Strait and Barents Sea, and fills
the intermediate depth of the Arctic Ocean, hereafter called the Atlantic Water Layer
(AWL).

The intermediate layer (from below the pycnocline to approximately 1200 m) of the
Arctic Ocean has temperatures up to several degrees above zero, ranging from 4°C

in the vicinities of Atlantic inflow region, to 0 — 1°C in the central Arctic Ocean, and

7



Chapter 1. Introduction

salinity greater than 34.8 psu. Below 2000m the basin is filled with the saline dense
Arctic Deep Water. Due to bathymetric barriers (namely, Lomonosov Ridge) this water

mass is confined to the Canadian Basin.

At the surface the circulation is characterized by the anticyclonic Beaufort Gyre in
the Amerasian Basin, and a Transpolar Drift that transports the sea ice and surface
water from shallow shelf seas (Chuckchi, East Siberian, Kara and Laptev) toward the
Greenland Sea (Figure 1.4a). The proportion of this transport occurs accordingly to

atmosphere and oceanic circulation regimes.

At intermediate depth the circulation is denoted by topographically driven cyclonic
gyres (Figure 1.4b), which are substantially formed by waters flowing off the shelves
and a large fraction of AW. The Lomonosov Ridge acts as a crucial topographic barrier

for the exchange of waters between the Eurasian and Canadian basins.

Russia

Alaska

—p Warm Current
— Cold Current

Deep Convection
sites

Figure 1.4: Arctic Ocean circulation scheme: a) indicates main surface warm (AW) and cold

currents, and also key areas of deep convection, b) shows the circulation scheme of Atlantic-

derived water and gateways to Atlantic and Pacific with a qualitative sketch of the flows
through (reproduced from Schauer and Beszczynska-Méller (2009))



1.3. Atlantic Gateways

Intermediate and deep waters of the Arctic Ocean eventually exit through the Fram
Strait, carried by the East Greenland Current (EGC). According to Schauer et al. (2008),
the outflow of intermediate water originating in the Barents Sea takes place up to two
decades later. The outflow is observed flowing along the Greenland continental slope

and shelf.

The EGC transports water with an average temperature of —1 °C and salinity from 30
— 33 psu. In contrast, the AW carried by the NwAC has temperatures reaching up to
8 °C and salinity 34 — 35 psu.

For the AW, temperature is the prevailing factor determining the water mass den-
sity. Nevertheless, thermal gradients in the polar oceans are small when compared to
salinity, and for this reason, salinity is the leading driver of density changes within the

Arctic Ocean.

1.3 Atlantic Gateways

To fulfill the scope of this work, the focus will be directed to the main connections of
water to and from Atlantic Ocean. The Fram Strait and Barents Sea gateways play key
role in the import of heat into the polar ocean along with sea ice export. The NwAC is
fed by the warm and saline waters from the North Atlantic Current (NAC), and is the
courier of the heat flowing through the openings. According to up-to-date estimates
reviewed in Beszczynska-Moller et al. (2011) the net volume and heat fluxes through
the Bering Strait are small when compared to those through Barents Sea: 0.8 Sv and
10 to 20® TW, against 2.0 Sv and 50° to 70" TW. More information on water mass

properties and circulation is provided next.

1.3.1 Fram Strait

The Fram Strait is a 500 km wide and 2,600 m deep passage located between Greenland
and Svalbard. Due to it’s depth it configures as the only pathway of deep-water

between the Arctic and the surrounding oceans. In addition, the Fram Strait is the

8 referenced to freezing temperature
9 referenced to T,, r0°C
10 heat flux for closed volume budget
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main region of sea ice export from the Arctic, mainly confined on the western part of
this passage, where the EGC heads southward over the eastern Greenland continental

slope.

Most of the sea ice carried by the EGC is transported across the Arctic Ocean from
the eastern shallow shelf seas (Laptev and East Siberian Seas) by the Transpolar Drift.
Hence, the Fram Strait plays an important role in regulating the amount of sea ice and

freshwater within the Arctic (Beszczynska-Moller et al., 2011).

The warm and saline Atlantic Water inflow is limited to the eastern side of the strait
as the West Spitsbergen Current (WSC). Its core is observed on the upper 500 m,
but it fills the water column until further below. For this reason, along with the
high velocities, the AW does not loose much heat to the atmosphere, preserving its
warm temperature. A fraction of AW recirculates between 76 °N and 78 °N towards
Greenland and the remaining part enters the Arctic Ocean and contributes to the AWL

(Walczowski, 2014).

The easternmost branch interacts with sea ice in the vicinity of Svalbard and a less
saline upper layer is created by ice melt. North of Svalbard this upper part is advected
eastward together with the main Atlantic inflow as a boundary current along the
Eurasian continental slope. The upper layer becomes stratified by ice melt in summer,
and in winter the stability is disturbed by cooling, freezing and brine rejection down

to the thermocline above the Atlantic layer (Walczowski, 2014).

1.3.2 Barents Sea

The Barents Sea covers 10% of the Arctic Ocean and has a mean depth of ca. 230
m. As a connection between the Arctic and the Atlantic Ocean it lays in a key area,
where much of the heat transport takes place, both in ocean and atmosphere. The
Barents Sea dominates the seasonal Arctic heat budget and has the most vigorous
ocean-air exchange in the Arctic, which makes it a hot spot of influence on the high-
latitude climate system. The inflow of AW to the Barents Sea accounts for about half
of the northward heat transport to the Arctic Ocean and the Barents Sea combined

(Smedsrud et al., 2013).
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1.4. Arctic Ocean and the Atlantic Meridional Overturning Circulation

This shallow shelf sea is dominated by a cyclonic circulation as suggested in Figure
1.5. The AW fills the western part of the basin, and is separated from the cold and
fresh Arctic Water (T > 0°C and S < 34.7 psu) by the polar fronts (Oziel et al., 2015).

The cooling and mixing of the Atlantic Waters, Arctic Waters and Norwegian Coastal
Current Waters, is reinforced by brine rejections in winter and produces the dense

Barents Sea Water (BSW).

A part of the BSW returns to the Norwegian Sea as cold, dense bottom water through
the Bear Island Trough. The remaining BSW flows between Franz-Joseph-Land and
Novaya Zemlya and can cascade down the St. Anna Trough into the Arctic Ocean
forming 50% to 80% of the AWL (Schauer et al., 2002). Through this gateway the
oceanic exchange is an order of magnitude larger than the one through the northern
opening (between Svalbard and Franz-Joseph-Land) and the Kara Gate (Arthun et al.,
2012; Smedsrud et al., 2013).

Lately, the Barents Sea plays an increasingly important role as a strong sink of an-
thropogenic carbon dioxide (CO;) because of the combined effect of physical and
biological pumps!! (Smedsrud et al., 2013). Due to drift of warm AW, the region has
a high biological production compared to other oceans of similar latitude. In fact, it
accounts for 40% of the primary productivity of the whole Arctic. Local changes in
ocean properties, circulation and sea ice cover could have significant influence on the
biogeochemical feedbacks and marine ecosystem. Hence, the Barents Sea configures

as a critical region of the Arctic Ocean.

1.4 Arctic Ocean and the Atlantic Meridional Overturning Cir-

culation

The Arctic and Subarctic Oceans are key regions for the maintenance of the Atlantic
branch of the meriodional overturning circulation (AMOC), hosting crucial sites of
deep water formation (included in Figure 1.4). Over lower latitude (Labrador Sea)
densification is driven basically by air-sea thermal gradient / surface heat fluxes.

Whereas further north (Irminger and Greenland Seas), deep convection occurs due

11 See Appendix A — Glossary for definition
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Figure 1.5: Barents Sea circulation scheme. Warm Atlantic Water in red. Blue arrows indi-
cate cold and fresher water, and green arrows stand for diluted Atlantic water flowing as the
Norwegian Coastal Current. Reproduced from Oziel et al. (2015)

to buoyancy fluxes controlled by brine rejection during sea ice formation. These wa-
ters sink to depth and spread as the North Atlantic Deep Water (NADW). Thereby a
meridional density gradient between high and low latitudes is established (Aagaard

and Carmack, 1989).

Changes in the sea ice state and deep ventilation of the Arctic Ocean may also reflect
back on the AMOC. According to a review!? by Zickfeld et al. (2007) the majority
of researchers agree that changes in the freshwater and/or heat budget of the North
Atlantic are most important in determining the future evolution of the AMOC. More-
over, the production of BSW determines the contribution of deep Arctic Water to the

deep branches of the AMOC.

12 Work based on interviews with 12 leading climate scientists about the possible effects of global
climate change on the AMOC

12



1.5. Research Question

1.5 Research Question

Recent observational studies report a warming of the North Atlantic Ocean with reper-
cussions measured in the Arctic Ocean. Holliday et al. (2008) show since the 1990’s
temperature and salinity have rapidly increased in eastern North Atlantic subpolar
gyre branch to the Fram Strait. According to Schauer et al. (2008), during the last
decade a net temperature increase of the incoming AW in the Fram Strait of 1°C.
Across the Barents Sea Opening, water mass temperature indicate an increase of 1° C
over the period from 1997 - 2006 (Beszczynska-Moller et al., 2011). Accordingly, the
warming of AW is accompanied by estimates of volume transport increase into the
Barents Sea, setting a current ”Atlantification” of the Barents Sea (Oziel et al., 2015;

Smedsrud et al., 2013; Arthun et al., 2012).

Along with ocean warming Arctic sea ice is also undergoing severe change. While,
it has been hypothesized that the inflow of warm AW into the Arctic Ocean has an
influence on the decline and variability of sea ice extent and thickness (Arthun et al.,
2012; Smedsrud et al., 2013; Carmack et al., 2015), Itkin et al. (2014) recently assessed
the reverse relation, by addressing the question: what is the impact of sea ice reduction

on the Arctic ocean circulation?

In the later work, idealized numerical simulation'?, suggests that weaker sea ice gives
rise to enhanced anticyclonic circulation of the Beaufort Gyre, and in contrast slows
down the Transpolar Drift. Additionally, it was found a spread cooling of the inter-
mediate ocean. The study spans however a short time scale (40 years) given the slow
response time and large memory of the ocean. Thus, instigating the investigation of

ocean feedbacks in longer period experiments.

Hereof, our model based study is concerned in understanding the effects of sea ice

reduction on the Arctic Ocean on a centennial time scale idealized simulations.

13 perturbations were introduced by reducing the sea ice strength parameter (P*). Sea ice strength P is
formulated as a function of ice concentration (A) and thickness (h).
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1.6 Approach

Despite many observational efforts, the lack of understanding of the role and linkages
between components of the Arctic climate system remains a challenge to be overcome.
Model simulations may assist the investigation of these open questions, by solving
a set of differential equations based on the basic laws of physics, fluid motion, and
biogeochemistry. For this reason numerical modelling has become an essential com-

ponent of climate research.

To address the impact of sea ice reduction on ocean circulation, isolated sensitivity
experiments were carried out using a global coupled ocean-atmosphere-sea ice model
(ECHAMSG6-FESOM). Ensembles consist of a set of simulations to which different phys-
ical perturbations were applied. It is important to emphasize that the sensitivity simu-
lations are idealized experiments and should not be mistaken as predictions for future

climate. Appropriate description follows in the upcoming section.
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Chapter 2

Method

2.1 Model and Experimental Setup

The atmosphere ocean global coupled model (AOGCM) used to perform this study
consists of the atmospheric and sea ice component ECHAMS6 and the ocean Finite
Element Sea-Ice Ocean Model component (FESOM). The coupling between the atmo-
spheric and oceanic component is done by OASIS3-MCT. More information to this can

be read in the work by Sidorenko et al. (2014).

C N

e
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[ 150

25

Figure 2.1: ECHAMS6-FESOM mesh representation.
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2.2 ECHAM

The atmospheric general circulation model ECHAMES is the latest release of the ECHAM
model developed at the Max-Planck-Institute for Meteorology in Hamburg. The im-
plementation of ECHAMS6 used in this work is run in a regular grid with 192 longi-
tude, 96 latitude and T63!, corresponding to an approximate 1.85° x 1.85° horizontal
resolution with 47 unevenly spaced vertical levels. It solves many parameters, from
which twelve passed to FESOM (i.e. wind stress components (u,v) over ocean and ice,
evaporation, shortwave radiation, sublimation, rainfall, snowfall, heat flux over ocean
and ice, river runoff and calving). In addition, ECHAMS6 solves the thermodynamics

of sea ice. For more information see ECHAM6 documentation by (Stevens et al., 2013)

2.3 FESOM

FESOM has been developed at the Alfred Wegener Institute, Helmholtz Centre for
Polar and Marine Research (AWI) over the last decade. It solves primitive dynamical
equations of sea ice and ocean by addressing the momentum, continuity equations
and geostrophic balance. It is based on unstructured-mesh methods, which confers
the advantage refining the resolution in accordance to the research interest (Wang
et al., 2014) (figure 2.2). In this study, the resolution ranges from 150 km, in open
ocean region, to 25 km, in the Equator and coastlines (Figure 2.1). FESOM operates
on 46 unevenly spaced z-levels in the vertical, which range from 10m in the upper
100m and gradually increase to 250m. More comprehensive description of the latest
FESOM version is found in the works by (Wang et al., 2014). In the setup used, FESOM

resolves the ocean and the dynamics of sea ice.

2.4 Sensitivity Simulations Setup

To assess the complex interaction and interdependency of the ocean-sea ice system a

set of idealized experiments was carried out for a period of 150 years.

! The amount of truncations allowed in a wave representation of the variable. The translation of
spectral space of T63 in regular grid point coordinate results in the aforementioned longitude and latitude
numbers
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@ /VW ®)

Figure 2.2: FESOM mesh representation: On a 2D plane the FESOM grid is represented by
triangles, representing the face of a prism. On the 3D perspective the later forms tetrahedras
in 3-D. Wang et al. (2014)

REFERENCE RUN 70 year 100 yea’ 250 years
. o)
SENS - 2
}SENS =4

Figure 2.3: Scheme of simulation set up: A 250-year reference run (REF) run is branched off
twice to create two sets of 150-year sensitivity experiments (SENS): SENS-1 initiating at year
70, and SENS-2 at year 100.

For the spin-up, the FESOM model was run for 60 years with atmospheric climatol-
ogy from the second phase of Coordinated Ocean-Ice Reference Experiment (CORE
IT) for the year 1948 — 2007 based on the reanalysis from the National Center for At-
mospheric Research (NCEP). Ocean initial temperature and salinity are derived from
the World Ocean Atlas (WOAOQ1). Subsequently, experiments were forced by values of

greenhouse gases for the reference year of 1990.

After the ocean-only spin-up, the coupled model runs free and a 250 year reference
simulation (REF) is produced. From this run three different physical perturbations
are applied to the sea ice to create the sensitivity experiments (SENS). To evaluate
the robustness of SENS results two sets of sensitivity runs are produced: SENS-1,
after branching REF at year 70, and SENS-2 at year (Figure 2.3). In each SENS set, a
different model parameter is perturbed with the aim of reproducing a moderate sea
ice retraction (section 2.4). The response to each perturbation should however present

a different seasonal dependence.
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2.4.1 Added Longwave radiation experiment [LW]

The melt rate of sea ice is calculated from the net surface heat flux over ice and the
conductive heat flux. Net sea ice surface heat flux (F;) is described by the overall sum-
mation of four components: incoming and outgoing shortwave (SW) and longwave
radiation (LW), and turbulent fluxes of sensible and latent heat (SH and LH, respec-
tively) (equation 2.1). In the model, the downwelling SW and LW radiative fluxes are
given by the atmospheric component of the model, whereas computed upward LW
results from the Stefan-Boltzmann-Law, which describes the power radiated from a

black body in terms of its temperature.
Fs=SW+LW+SH+LH (2.1)

These experiments consist of the addition of 0.5 W/m? in the form of LW radiation
exclusively to the surface of sea ice. This thermodynamical perturbation means a
direct impact net surface heat flux (F;) over the ice. Hence, it implicates an increased
sea ice-atmosphere energy budget and triggers increased melting independent on any

external forcing, and seasonal variations.

2.4.2 Reduced Albedo [ALB]

The albedo scheme for ECHAMS6 includes important components such albedo decay
due to snow aging (Stevens et al., 2013). Snow age and surface albedo have an inverse
correspondence: while fresh snow has an albedo of 80 — 90%, old snow (melting
snow) is much lower, on average 60%. Hence, increased snow ageing induces faster
reduction of overall surface albedo («). In this set of experiments, the snow ageing
factor is multiplied by a factor of two. A reduced albedo represents more absorption of
incoming SW energy (equation 2.2). This leads to increased melt and overall reduced
sea ice thickness, concentration, and volume. Since perturbation is dependent on

incoming solar radiation, a strong response during summer is expected.

SW1t=a-SW ] (2.2)
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2.4.3 Lead Closing Parameter [LEAD]

The lead closing parameter (hp) is used in the parametrizations of the continuity equation
for the sea ice concentration (S4) (equation 2.3)? (Stevens et al., 2013). This parame-
ter influences the relationship between vertical (k) and horizontal (A) sea ice growth.
When solving sea ice formation, each grid cell of the model is covered by a maximum
S4 that cannot exceed 100%. When hy is big, open ocean fraction term (1 — A) takes
longer to close and, therefore, sea ice growth is mainly determined by the thickness
rate of change term, and thicker ice is formed. On the contrary, if /i is small, the im-
portance of horizontal growth overwhelms the vertical one, and open ocean fraction

term (1 — A) leads the increase of S 4. Figure 2.4 illustrates the description above.

1—-A [(oh
Sa= = 23
—— <5t> 23)
In our experiment, the parameter is re- ho=H
atmosphere
duced to half of its original range as '
shown in table 2.1. The reduction of 1 T 1‘
leads (free interface ocean - atmosphere)
a ocean
creates a better insulation between ocean )
and atmosphere which dampens the heat [homr | [ho<H |
. . atmosphere atmosphere
exchange and causes a reduction in sea
ice production. The consequence of this
P 1 b4t f
change is that open areas of sea ice close
. . b
faster horizontally, rather than vertically. ) e | ]€)
By the end of freezing season sea ice is Figure 2.4: Scheme illustrating lead clos-
ing parameter perturbation. a) Sea ice

thinner, thus is more vulnerable to melt-

ing as compared to thicker REF sea ice.

ate initial growth stage. b) Larger iy has
more leads and sea ice grows thicker. c)
Small hy reduces closes leads faster and
sea ice is thinner.

2 (‘;—’;) is the thickness rate of change, and (1 — A) is the open ocean fraction
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Table 2.1: Lead closing parameter range of values for reference (REF) and sensitivity (LEAD)
runs

ho Minimum Maximum
REF 0.5 1.5
LEAD 0.25 0.75

2.5 Output Evaluation

ECHAMG6-FESOM outputs will be evaluated as follows: SENS simulations will be
compared with REF, always accounting for corresponding period; that is, SENS-1
compares to REF years 70 to 220, and SENS-2 to REF years 100 to 250. The changes/d-
ifferences are always calculated as SENS minus REF (SENS - REF).

The response of sea ice to each physical perturbation is assessed by analysing the
changes of sea ice concentration (SIC), thickness (SIT), volume (SIV) and area (SIA).
First, a time series analysis is conducted, and subsequently, the interpretation of sea

ice difference maps is based on average values for late winter and summer.

To elucidate mechanisms influencing and responding to sea ice changes, atmospheric
fluxes (from ECHAMS6) and oceanographic properties and dynamics (FESOM) are
evaluated. For such, spatial and temporal averaging intervals were defined. To have
an insight on the trend of change three averaging periods were defined: from year
1 to 30 after SENS initialization, year 31 to 90, and year 91 to 150 (Ini30, Inter60
and Last60, respectively). Thirty and sixty year intervals are adopted to smooth the
signal of annual to decadal variability. The averages of each period are compared to
corresponding period in REF. For oceanic parameters three vertical levels were chosen:
surface, upper layer average (50 — 230 m) and middepth average (230 — 1180 m). The

analyses are based on difference maps.

Seasonal analyses were conducted initially, but no vigorous seasonally dependent dif-
ferences between SENS runs were simulated. Therefore comparisons deal with the

annual average response of the system.

In this work, the Barents Sea is defined as the area within 68 — 81°N and 17 — 67.5°E.

This follows the definition by following Arthun et al. (2012)°, however with a slight

370 — 81°N and 15 — 60°E
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zonal stretching to represent areas further east were reasonable reduction in sea ice
cover is simulated in SENS experiments. Spatial air-sea fluxes averages are calculated

presented in Chapter 3.

The comprehension of how changes in water properties and circulation in the interior
of the Arctic Ocean affet the critical gateways to the Atlantic subarctic seas is done
by the investigation of volume flux changes in sections 3.3.1 and 3.3.2.1. Volume flux
is calculated as the spatial integral of the normal component of velocity across the

section (v,,) (Equation 2.4).

Following, ocean heat budget results from the heat convergence of a closed mass bud-
get will be presented in section 3.3.2.2. Thereby, four hydrographic sections enclosing
the area of interest are defined. Heat flux is the product of (v,), the difference of ocean
temperature to a reference temperature (T,.s), the density of the water mass and the
specific heat capacity of water (c,) (Equation 2.5). To agree with recent studies, the

reference temperature of 0°C is adopted.

Ve = /cppvnds (2.4)

S

Qflux = /Cppvn (T - Tref) ds (2.5)

S

The results obtained in the second set of ensemble members, SENS-2 are shown in the
initial discussion of sea ice results (section 3.1) and not are not discussed further. It
is argued that the results agree qualitatively with those in SENS-1 experiments, and
therefore confirm the robustness of the simulated responses. Trivial differences out-
come from the commitment of changes to natural variability: larger differences are
seen in the second averaging period (Interm60), which overlaps the third (Last60) of
SENS-1. In spite of that, distribution of patterns and magnitudes allow a direct com-
parison with SENS-1 and thus confirm the reliability of the results. Tables, difference
maps and plots are included in the Appendix B.

21



Chapter 2. Method

Statistical significance of the sensitivity experiment will be assessed for all maps and
section which show difference between the two experiments (i.e. SENS - REF). To test
if the mean of the difference between the runs is different from zero, Wilcoxon Signed
Rank test for paired differences of dependent samples (Wilcoxon, 1946) was employed.
If the p-value is small, the hypothesis that the difference is due to chance can be
rejected, and thus, it can be concluded that the sensitivity has a median distinct from
the reference run. Year-to-year differences have been calculated respective to each

averaging period, and all discussed differences lay within the 98% confidence level.
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Chapter 3

Results and Discussion

This chapter begins with presenting and discussing sea ice results (section 3.1). Given
that any changes in the sea ice cover will necessarily impact the ocean-air interaction,
an evaluation of air-sea fluxes is conducted(section 3.2). Finally, new results on the im-
pact of sea ice retraction on the Arctic oceanic circulation are presented(section 3.3.1),
with focus on the relative role of Atlantic gateways on volume and heat exchanges

(section 3.3.2).

To demonstrate how REF model simulation compares with relevant observations, the
initial years of simulation are compared with observations as indicated. Accordingly,
the discussion of ocean heat and volume flux changes is supported by comparison
with observations and model based studies. These comparisons are conducted with
the aim of understanding the representation of the system by our model configuration,
and putting results into perspective. Nevertheless, it should be kept in mind that
this is an isolated sensitivity study and comparisons with observations and predictive

studies are done to put results into perspective.

3.1 Seaice

Observations and model

Prior to any SENS experiments result analysis, REF outputs are compared with passive

microwave remote sensed sea ice area (SIA) data, and sea ice volume (SIV) from a
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model simulation carried out with data assimilation, as described next.

SIA is calculated as the sum over all ocean grid elements of the product of ice concen-
tration and grid element area. Sea ice concentration (SIC) time series were retrieved
from a combination of observations from the Special Sensor Microwave/Imagers (SS-
M/Is) flown on a series of Defense Meteorological Satellite Program missions (Cava-

lieri and Parkinson, 2012).

The estimation of SIV from observational data sets is hindered by the lack of large spa-
tial and temporal coverage of the sea ice thickness (SIT). Therefore, the estimation of
the model performance in hereby done using the SIV time series provided by the Pan-
Arctic-Ocean Modelling and Assimilation System (PIOMAS)! (Zhang and Rothrock,
2003).
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Figure 3.1: First 34 years of REF simulation against a) SIA from satellite measurement (ob-
served — NASA) and b) SIV from assimilated model data (PIOMAS).

A qualitative evaluation reveals that REF set up has a much more pronounced annual
cycle, with overestimated winter SIA and underestimated summer SIV (Figure 3.1),

when compared to 1979 to 2013 observational data.

To have a better understanding of simulated features, 30-year averaged March (max-
imum) and September (minimum) maps of sea ice concentration (SIC) is shown in
Figure 3.2. Sea ice extente climatology provided by the NSIDC (Figure 3.3) allow
qualitative comparisons. REF run SIT average maps for the same period have been

compared against Cryosat observations (not shown).

1 A sea ice-ocean coupled model with assimilated SIC observations and SST in the ice free regions.
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3.1. Sea ice

The main characteristics of sea ice are well reproduced: thicker multi-year sea ice
and higher summer SIC occur on the western basins, while further away from the
Canadian coast sea ice cover reduces in thickness and concentration. Similar to the
observations, the marginal areas have seasonal coverage. Some regional winter over-
estimation of sea ice is seen in the southern Barents sea. This bias is not a exclusive
feature of ECHAMG6-FESOM; Smedsrud et al. (2013) draws attention to the fact that

more than half of global models show similar results.

30 years SIC REF (ORIG) [%]

0 20 40 60 80 100

Figure 3.2: REF run average 30-year SIC for months of maximum and minimum sea ice cover.
ORIG indicating avergaing period from year 70 to year 100 after experiment initialization.

September.

Figure 3.3: Climatological maximum (Mar) and minimum (September) sea ice extent from
NSIDC for the years 1981 — 2010
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Comparative analyses:

Sensitivity runs (SENS) and Reference run (REF)

In all SENS experiments a sea ice reduction is simulated. The time series of Arctic

averaged SIA and SIV are shown in Figures 3.4 and 3.5 to evaluate how SENS simula-

tions depart from REF. To reduce the amplitude of high frequency variability a 5-year

moving average filter was applied.
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3.1. Sea ice

A decline trend of sea ice is identified not only in the perturbed runs, but also in
REFE. This indicates that an equilibrium state for the 1990 greenhouse forcing is not
reached during the 250 years of simulation, suggesting the slow response time of the
climate system. Nevertheless, this does not invalidate our findings since all analyses

are performed on a comparative basis.

A swift change of sea ice state occurs within the first years of SENS simulations after
branching off from REF. The response appears qualitatively very similar in all six
SENS experiments. Subsequently, the new state of ice develops in paralell to that in
REFE. Table 3.1 indicates this result as the percentage change of mean SIV between
SENS-1 and REF in Ini30, Interm60 and Last60.

Reduced albedo (ALB-1, ALB-2) experiments present a clear summer (September)
change with pronounced SIA and SIV retraction. Although lesser changes of SIA
occur in winter (March), overall loss of thickness drives a significant retraction of win-
ter SIV. Accordingly, LEAD-1 and LEAD-2 simulations undergo summer SIA and SIV
reduction. The seasonal dependence of the perturbation is imprinted in the subtle
increase of SIA seen in winter (March). This, however, does not compensate the thin-
ning of ice, and SIV is reduced the most by this set up. LW-1 and LW-2, in contrast,
do not create very large differences in comparison to REF neither in SIA nor in SIV,
and as expected no seasonal dependent signal is evident. Table 3.1 gives the relative
SIV reduction? of each SENS experiment referenced to the average absolute values of

the REF simulation.

Figure 3.6 shows the development within Ini30 period of SIA and SIV as climatological
monthly means, with error bars associated with year-to-year standard deviation. It is
important to recall that the REF run is also undergoing a sea ice reduction trend, thus
committing the analyses of annual variability. In REF simulation SIA undergoes much
less year-to-year variation, whereas SIV averages oscillates more heavily. Therefore

the thickness is the most sensitive property of the ice in our simulations.

The pronounced SIA annual cycle in REF is hardly changed in SENS experiments. SIV
experiences retraction throughout the year in all SENS simulations. LEAD shows the
largest SIV decline from December until May. Once summer sets in ALB suffers the

strongest declines and reaches the same state as LEAD from June to November. LW

2 <SENI§EFREF> .100
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changes are less important, with associated error bars somewhat overlapping those in
REE. The error bars indicate that the standard deviations in Ini30 are larger in REF,

suggesting year-to-year variability is damped by physical perturbation introduced in

SENS.
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Figure 3.6: SENS-1 development within Ini30 of SIA and SIV as climatological monthly means,
with error bars associated with year-to-year standard deviation

Table 3.1: Sea ice Volume: REF: Annually averaged absolute values [10° km®] and
SENS: annually averaged relative change3

Year 1-30y 31-90y 91— 150y

REF 17.42 15.85 14.54
LW-1 10.4% 2.5% 10.6%
ALB-1 18.3% 16.1% 16.4%
LEAD-1  22.0% 20.6% 21.6%

The evaluation of 150-year average difference maps for SIT and SIC show that the
three SENS experiments qualitatively simulate very similar sea ice change patterns on
seasonal average (Figure 3.7, Figure 3.8). A consistent reduction of SIT over values in
REF (Figure 3.7a) throughout the year is a common outcome of all SENS experiments
(Figure 3.7b,c,d). Winter decrease is the largest in LEAD and does not exceed 0.5
m, and summer local differences in the Canadian Basin are up to 1 m in LEAD and
ALB. LW perturbation is the less impacting, and produces qualitatively similar SIT

reduction on summer and winter with values not greater than 0.15 m.
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ALB1 - REF
150 years SIT [m]

LEAD1 - REF
150 years SIT [m]

LW1 - REF
150 years SIT [m]

-1 -0.5 0 0.5 1

Figure 3.7: Sea ice thickness (SIT): 150 year absolute values (REF) and difference maps (SENS-1
- REF). (ORIG) indicating averaging period from year 70 to year 220 after experiment initial-

ization.
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ALB1 - REF
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LEAD1 - REF
150 years SIC [%]
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Figure 3.8: Sea ice concentration (SIC): 150 year absolute average (REF) and difference maps
(SENS-1 - REF). (ORIG) indicating averaging period from year 70 to year 220 after experiment
initialization.
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3.1. Sea ice

SIC difference between SENS simulations is fundamentally explained by each physical
perturbation introduced (in detail in section 2.4). While in ALB the strongest difference
over REF is established for the summer SIC decrease (Figure 3.8b), in LEAD a strong
winter (March) increase in SIC is simulated (Figure 3.8c). In turn, the LW simulation
creates neither a seasonal dependent nor strong difference (Figure 3.8d). All in all, SIC
are somewhat comparable in terms of patterns between each SENS experiment, and
annual average differences between SENS and REF show that loss of SIC overwhelms

any seasonal increase within the Arctic.

During winter the Arctic Ocean sea ice reduction largely reflects variations in the
Barents Sea ice cover, where a strong (up to more than 20%) decrease in the northern
area is simulated in all SENS experiments. This result agrees with recent observations

(Serreze and Barry, 2011; Vihma, 2014).

Increased SIC over Eastern Greenland slope is most likely an outcome of a dynamical
feedback rather than caused by local intensification of sea ice formation. Thinner sea
ice produced by the thermodynamical perturbations in SENS breaks up and crumbles
more easily under the same wind stress and ocean currents, and therefore, it becomes

more mobile.

SENS
perturbation

oy

Thermodynamical Feedback
e

Melting of ice
—
e i | o — 1 (st t
Mechanical Dynamical ronger expol
. . of ice out of the
Thinner seaice | | Feedback | || Feedback | .
_ o _ o Arctic
r— %ﬁ
y
. —
Lower mechanical Sea ice drift
strength acceleration
v

More fracturing
and deformation

Figure 3.9: Feedback loops: thermodynamical feedbacks are dependent on perturbation, but all
lead to thinning of all and for this reason, mechanical and dynamical feedback are comparable
in all simulations.
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Also, thinner and fractured sea ice permits increased momentum exchange between
atmosphere and ocean. In this work it is proposed that the reduction of sea ice is the
crucial trigger for a sequence of ocean circulation changes across Fram Strait and in

the Barents Sea. (Figure 3.9).

3.2 Atmosphere

Atmospheric Circulation

Even though it has been shown by Deser et al. (2015) that atmospheric circulation of
the northern hemisphere is highly sensitive to sea ice distribution and sea surface tem-
perature (SST) in the subarctic ocean, no change of circulation patterns was observed

in the sensitivity simulations performed for this study, when compared to REF.

Difference maps of wind speed and mean sea level pressure suggest no consistent
response between SENS experiments, despite the computation of some statistically
significant differences (not shown). There is too much variability in the atmosphere

and reactions to the perturbations are too small.

Air-Sea Fluxes

The anomalous loss of sea ice opens the ocean to stronger atmospheric forcing, and
accelerates ongoing feedback mechanisms. Areas experiencing large sea ice reduction
are coupled with air-sea-ice system warming. In this work, nearly the entire Arc-
tic region experiences air temperature warming near the surface (2-m temperature,
TSURF) with exception of the area undergoing SIC increase over eastern Greeland.
Most pronounced changes are concentrated over the Barents Sea and the GIN Seas,

where differences are significant at a 98% confidence level.

Accordingly, differences in net heat flux* between ocean and atmosphere are more
pronounced over the aforementioned areas. The reduction of sea ice cover in northern
part of Barents Sea, simulated in all SENS experiments, facilitates an increased mean

absorption of SW by the ocean in late spring and late summer (from April to June

4 NET =SW + LW + SH + LH
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and from July to September) when compared to REF (not shown). As a consequence,
seasonal late autumn (October to December) and winter (January to March) LW loss
is larger in SENS simulations. Winter warming contributes strongest to the annual
average TSURF increase over the Barents Sea. Averaged over the three sensitivity ex-
periments (SENS-1) the Last60 difference amounts to +0.7°C in August and +1.9°C
in February. This result corresponds to nearly half of the 21st century projections
of a summer warming up to 3.7°C over the Barents Sea IPCC (2007). This suggests
that changes in sea ice conditions play a big role in local warming and amplification.
In a recent work by Koenigk and Brodeau (2013), the projection of TSURF changes
are strongly related to modification in sea ice state end heat fluxes. From CMIP5°
future simulations with EC-Earth model, the later study obtains local annually aver-
aged warming in the Barents Sea region between 10 and to 17 K®, depending on the

greenhouse gases emission scenario’.

Nevertheless, the radiative terms (namely, SW and LW) roughly balance out each
other over the Barents Sea, and the net annual heat flux changes from Ini30 to Last60
are consequence of turbulent heat flux (SH and LH) adjustment. Values in Table 3.2
represent the spatial average corresponding to the Barents Sea area. LH and SH fluxes
from the ocean to the atmosphere are increased in all SENS when compared to REFE.
This is due to the combined effect of sea ice cover reduction and ocean warming.

Ocean properties are discussed in the upcoming section.

The balance between precipitation and evaporation (P-E) is essentially positive over
the Arctic domain in REF. In all SENS simulations, distribution of P-E changes looks
rather patchy. Even so, some consistent changes between SENS and REF are seen in
the Last60 period, and changes significant at a 98% confidence level are restricted to
areas of larger changes of sea ice cover and in the GIN Seas. Evaporation increase
overwhelms precipitation changes and over the Barents Sea, and Last60 anomalies

reach up to 0.6 mm/day, over average REF values of 0 — 1 mm/day.

5 Coupled Model Intercomparison Project Phase 5

6 Considering this values are describe with a comparative character, one can also state: 10 — 17 °C

7 Representative Concentration Pathways (RCP) 2.6, 4.5 and 8.5 emission scenarios. The RCPs are
named according to the radiative forcing target level at year 2100. More information in IPCC (2013).
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Table 3.2: Net spatial average Turbulent Heat Flux over Barents Sea

BS

Avg.Period [TW] REF ALB-1 LEAD-1 LW-1

THT 113 113 114 115

1-30
NET| 74 72 75 76
31-90 THT 120 129 127 127
NET | 81 89 86 86
91 - 150 TH1{ 132 145 146 142

NET | 92 105 106 103

TH: Turbulent Heat = SH + LH
NET: SW + LW + SH + LH

1 : from ocean to atmosphere
J 1 from atmosphere to ocean

3.3 Arctic Ocean Circulation

After discussing how sea ice and air-sea fluxes are reacting to perturbations in each
SENS experiment, this section conducts the evaluation of the ocean hydrography and
dynamics outcome. First, a condensed overview of temperature and salinity changes
is presented and discussed, followed by the survey of outcomes in the main Arctic -

Atlantic gateways.

3.3.1 Hydrography

Surface Ocean

The values of sea surface temperature (SST) and sea surface salinity (SSS) in REF
experiment resemble reasonably well observational data, and agree with overall char-

acteristics given in section 1.2.

The surface layer in the interior of the Arctic Ocean simulated in REF has SST values
lower than 2°C and SSS less than 32 psu. In turn, the AW reaching the GIN Seas is
warmer than 3°C and saltier than 35 psu. These values resemble reasonably well the

upper layer of the vertical structure in Figure 1.2.
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3.3. Arctic Ocean Circulation

Difference maps (SENS - REF) of SST Figure 3.10 suggest no change in the interior of
the Arctic Ocean is induced due to the increased sea ice melt. However, a smooth to

substantial warming prevails over shelf and subarctic seas.

In the Atlantic subarctic sector, on the other hand, SST increase up to 2°C. The prior
analysis (section 3.2) of local radiative balance changes suggest this anomaly is mostly
driven by modification of water properties upstream. This argument is supported by
the fact that in SENS simulations the North Atlantic subpolar gyre is shifted somewhat
southeastward, and consequently displaces the pathway of surface and subsurface
waters flowing northward. Changing NAC route affects the amount of sensible heat
exchange taking place between ocean and atmosphere: if the current is displaced
southward the thermal gradient between the ocean and the air is reduced, thus less
energy will be given off by the ocean water and, thus the waters within NAC and
later the NwAC have higher temperature in SENS than in REF (shown in Appendix
B, Figure B.7).

The largest changes in SSS (Figure 3.11) are fundamentally different to those of SST,
and besides, are already seen in the Ini30 period. Meltwater from thick multi-year
ice is usually advected to the Beaufort Sea (Carmack et al., 2015). The build up and
accumulation of freshwater anomaly in the interior of Beaufort Gyre is a consequence
of the enhanced Ekman convergence of the anticyclonic circulation and results in a

positive sea surface height (SSH) anomaly (Figure 3.12).

A SSS increase is observed in shallower basins, where mainly over Kara, Laptev and
East Siberian seas strong positive salinity differences are translated into robust de-
crease in SSH. The substantial increase over shelf seas and MIZ can be a consequence
of local sea ice growth rate change. Another possible reason for the large SSS dif-
ferences is simply the response to the increased trapping of freshwater inside the
gyre due to the enhanced circulation, along with the increased Transpolar Drift which
pushes water from the Kara, Laptev and East Siberian Sea. Thereafter, the changes in
SSS could be a simple response to the dynamical change of the ocean rather to ther-
modynamics of sea ice. Over GIN seas and Barents Sea the increase in salinity can be a
response to local enhanced evaporation. Salinity changes are not further investigated

in this work.
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Chapter 3. Results and Discussion

SSH results from the integration of the density field over the entire water columns,
and anomalies can be interpreted as proxies for changes in the mean geostrophic flow
changes. In Figure 3.12, the patterns of SSH changes in the center of the Arctic Ocean
indicate clearly the spin-up of the anticyclonic Beaufort Gyre, and the strengthening of
the Transpolar Drift. The combined effect of increased sea ice mobility with enhanced
circulation explains the increased SIC in the eastern Greenland slope, and suggests an

increased outflow of melt water/ freshwater through the Fram Strait.

The changing trend differs essentially for the LW-1 experiment, in which a pronounced
cooling anticipates the warming in the last 60 years of simulation. Still, differences
between SENS and REF are very similar in all experiments in Last60. This strongly
suggests the ocean as the controlling agent in damping and reacting to the different

perturbation.

Average differences of ocean temperature and salinity between 50 and 230 m are not

discussed, since they merely differ quantitatively from the surface changes.

Middepth Ocean

In accordance to Itkin et al. (2014), middepth (here 230 — 1180, in the refered work
212 — 1200m) average differences of the initial decades (in this work, 30 years, in
Itkin et al. (2014) 40 years) simulate a strong cooling signal within the Arctic Ocean
in the idealized sensitivity experiments. In the present work, negative anomalies are
restricted to the westernmost part of the Eurasian Basin, against a spread cooling
throughout the central basin in the aforementioned work. The temperature response
within the interior of the Arctic Ocean/Beaufort Gyre and Canadian Basin begins to
appear forward in time, and is more pronounced in the last 60 years average. At this
stage our results differ substantially from those in Itkin et al. (2014), thus suggesting
the relevance of long timescale simulations to the coupled response and adjustment

processes of the system.

3.3.2 Volume and Heat fluxes

After identifying and presenting some evidences of circulation changes triggered by
sea ice loss, a closer investigation of how these changes propagate towards the North
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Chapter 3. Results and Discussion

Atlantic is done here. The associated changes in volume flux across the two critical
Atlantic gateways were quantified. Anomalies of comparable sizes but opposite signs
were computed; that is, increase inflow into the Barents Sea and outflow through
FS. Simple correlation were computed and values were the largest for instantaneous

response (not shown).

3.3.2.1 Fram Strait: Volume Transport out of the Arctic

The velocity of the EGC flowing southward is fairly stable in REF from Ini30 to Last60
period, and has a speed of ca. 10 cm/s. Difference velocity across the section at
78.5° N plots indicate the increase of outflow from the Arctic Ocean, and so, support
the outcome of enhanced circulation suggested by SSH gradients mentioned in section

3.3.1. (Figure 3.13)

The upper 500m of the water column speeds up in all SENS experiments already
in Ini30 period. From Ini30 to Last60, southward velocities cover a larger vertical
and horizontal area of the layer, with the largest anomalies reaching up to 5 cm/s.
Likewise, an increasing northward trend in the east of the section is also simulated.
The AW inflow (WSC) is confined more to the eastern portion of the strait and, in
turn, speeds up. While differences agree qualitatively between all SENS and REF,
LEAD experiments drive the largest changes, followed by ALB and, lastly, LW.

Along with increased southward speeds, a substantial cooling and freshening (Figure
3.14) of the upper layer outflow occurs in all SENS. Upper water with temperature
between —1°C and 0 °C and salinity up to 33 psu in REF simulation, cools to temper-
atures of Arctic Surface Waters (i.e < —1.5°C) and, accordingly, average salinities are
reduced by up to 0.8 in Last60 in all SENS experiments. In contrast, the AW is warmer
and with higher salt content. These differences however do not exceed 0.5°C and 0.1

(when comparing Last60 averages).

Velocity differences in the lower layer (from 500 m to the bottom ) indicate slowdown
of the recirculation branch of AW. This result suggests that the increased exchange
of water occurring in the upper layer is counterbalanced further below. Mechanisms
behind the changes need to be assessed for solid understanding, and are not discussed

in this work.
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Salinity increase and warming of the waters below 500 m are comparable between
all SENS experiments. The increasing trend simulated is consistent with an advective
signal of the changes upstream as discussed in section 3.3.1. Ini30 and Interm60 dif-
ferences show positive anomalies concentrated on the eastern side of the strait. This
signal spreads zonally in Last60, suggesting the anomalies advected within the AWL

are mostly exported from the Arctic Basin over the last simulation decades.

Average REF net volume flux at a 78.5° N section across Fram Strait compare relatively
well to recent observational estimates of 2Sv to the south (Schauer et al., 2008). The
analysis of changes of inflow and outflow, is particularly critical in our study. Due to
the fact that water column from 500 to bottom has inflow and outflow velocities re-
ducing in all SENS, a negative trend of integrated flux in both directions is calculated.
However, an analysis of the upper layer changes suggest the opposite. Differences of
the net volume flux through the Fram Strait section are indicated in Table 3.3. (Table
C.1 depicts contribution of changes of the integrated inflow and outflow to the net

volume flux.)

Table 3.3: Averaged net Volume Flux changes through Fram Strait section. REF: absolute
values are positive directed to the south. SENS values denote difference between averages

(SENS - REF).
Year 1-30y  31—90y 91— 150y
REF 2324080 243+0.84 2.88+0.88
ALB-1 —0.01 0.42 0.78
LW-1 —0.07 0.25 0.44
LEAD-1 0.04 0.34 1.08
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Figure 3.13: Velocity across Fram Strait section. From top to bottom: Ini30 (1 — 30y), Interm60 (31 — 90y) and Last60 (91 — 150y). Column I: Absolute values for
REF run. Columns II - IV: difference maps between SENS-1 and REF as indicated.
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Chapter 3. Results and Discussion

3.3.2.2 Barents Sea: Volume and Heat Transport into the Arctic

The Barents Sea region is by far the most affected in all the experiments: sea ice con-
centration strongly reduces in all seasons, turbulent heat fluxes substantially increase
from ocean to atmosphere, annually average TSURF rise up to 1.5°C and over Last60

period annual absolute averaged values slightly overcome the 0°C threshold.

In this work it is suggested that a compensation of the anomalous increased outflow
through FS establishes through an increased volume flux into the Barents Sea (table
3.4). Thereafter, the investigation of the response and dynamical adjustment of the
Barents Sea circulation system is done. To support this, changes in heat and volume
flux across the section BSE, NBS, KG and BSX are discussed; keeping in mind, the
terms inflow and outflow always refer to the interior and exterior of the Barents Sea,
respectively. Figure 3.15 summarizes the Last60 average values of ocean volume and
heat fluxes through Barents Sea sections and ocean-atmosphere heat turbulent and net

heat flux.

Table 3.4: Averaged net Volume Flux changes through Barents Sea Entrance section. REF:
absolute values are positive directed to the south. SENS values denote difference between
averages (SENS - REF).

Year 1-30y  31—-90y 91— 150y

REF 254+0.89 273£093 3.22+0.92

ALB-1 —0.03 0.43 0.57
LW-1 +0.03 0.27 0.42
LEAD-1 0.08 0.32 0.67

Barents Sea Entrance (BSE)

This section is defined from the north of Norway to the south of Svalbard, and is
named Barents Sea Entrance (BSE). Net volume flux calculated in REF simulation
overestimate somewhat the 2Sv pointed out in a review by Beszczynska-Moller et al.
(2011). In REF the average net volume flux increases from 2.54 + 0.89 Sv in Ini30 to 3.22
=+ 0.92 during Last60. SENS net volume flux averages are comparable to REF in Ini30,

however the increase related to Last60 overwhelms the increase in REF. How SENS
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Total heat Flux
(SW + LW + SH + LH)

REF: 92 TW
ALB: 105 TW
LEAD: 106 TW
LW: 103 TW

Turbulent (SH + LH) heat
Flux

NBS:

REF: 0.59 Sv - 0.67 TW
ALB: 0.55 Sv - 2.00 TW

REF: 132 TW LEAD: 0.58 Sv - 1.54 TW

ALB: 145 TW LW: 0.51 Sv — 1.65 TW

LEAD: 146 TW BSX-

LW: 142 TW b )

\ . REF: 2.28 Sv — 3.74 TW
N ALB:2.82 Sv - 12.60 TW

LEAD: 2.89 Sv - 12.16 TW
LW: 2.72 Sv - 9.49 TW

BS:

REF: 3.22 Sv - 71.91 TW
ALB: 3.79 Sv - 90.73 TW
LEAD: 3.90 Sv - 90.30 TW
LW: 3.64 Sv - 85.98 TW

i KG:

REF: 0.35 Sv - 0.46 TW
ALB: 0.44 Sv - 1.10 TW
LEAD: 0.47 Sv - 0.83 TW
d LW:0.41 Sv-085TW

40°E 50°E

Figure 3.15: Last60 average volume and heat fluxes through Barents Sea sections. Solid arrows

show direction of net volume flux across sections BSE, NBS, BSX and KG. Dashed arrow shows

ocean-atmosphere turbulent and net heat flux averages for the area within 68 — 81°N and
17 — 67.5°E.

experiments differ from REF is shown in Table 3.4. The increased net volume flux
outcomes from the combined effect of an increased inflow and a substantial decreased

outflow.

The Bear Trench outflow together with Arctic waters carry initially (Ini30) ca. 0.8 Sv
out of BSE section in REF and SENS simulations. In REF simulation average outflow
reduces to almost half (0.45+ 0.31), and in all SENS runs the average drops by half over
the reduce REF value®. This suggests the outflow through the BS is a very vulnerable
branch of local circulation to a changing Arctic, and is reasonably compromised under
an increased sea ice melting scenario. The increase of AW into the Barents Sea at the
expense of Arctic Water circulation has been observed and described in the work by

Lind and Ingvaldsen (2012).

8See Table C.1 for mean values and corresponding uncertainties.
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Heat flux averages for Ini30 period compare well in all experiments with recent esti-
mates of 60 TW from high resolution model (Koenigk et al., 2012), and 70 TW from
observed data Beszczynska-Moller et al. (2011) (Table C.2). The bulk of water entering
the Barents Sea is on average up to 1°C warmer in all SENS compared to REF (with
maximum differences up to 3°C). And, even though changes in the heat flux may
be equally caused by modified water temperatures or velocity, in our simulations the
changes between SENS and REF simulations are much larger for heat flux (up to 20
TW) than for the volume flux (on average 0.5 Sv, see Table 3.4), suggesting that mainly

temperature raise is driving increased heat inflow.

Northern Barents Sea (NBS) and Kara Gate (KG)

The net volume inflow and outflow through NBS section stay rather constant in all
simulations (REF and SENS), and have all a comparable net volume flux throughout
the 150 years (from 0.5 to 0.6 Sv). However, a major change in heat fluxes gradually
takes place. A consistent warming of water masses flowing both into and out of the
Barents Sea is noticeable. The reason to this is again sustained by the warming of AW

previously mentioned.

Moreover, warmer WSC flowing through FS section (discussed in section 3.3.2.1) feed
the return flow entering the Barents Sea through the NBS (see Figure 1.5). The inte-
grated volume outflow outweighs the inflow. In Ini30 and Intemé60 it carries modified
waters with temperature around 0°C out of the Barents Sea, and thus acts as a sink
of heat to the Arctic Ocean. However, as waters in the Barents Sea warm, the outflow
though the NBS exports water warmer than 0°C. Hence, it is converted into a source
of heat to the Arctic Ocean. This trend is simulated in all experiments, but changes in

SENS overwhelm those in REF.

Through KG, net volume transport is somewhat larger in SENS runs than in REF
already in Ini30. The increased volume and temperature of AW flowing through BS
is the fundamental reason for the hefty increase of net heat transport changes, along

with the gradual increase of water net export.
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Barents Sea Exit (BSX)

BSX section is the main export path of volume and heat out of the Barents Sea. Our
REF run simulates an average net volume flux through the BSX of 1.77 £ 0.67 in Ini30.
This value agrees reasonably well with the values ranging from 1.5 to 2.0 review in
Beszczynska-Moller et al. (2011). A net volume flux increase trend is driven by a
speed up of the outflow in all experiments (REF and SENS). In all SENS simulations,
net volume flux out of the Barents Sea in Last60 is on average 0.53 Sv larger than in

REF (2.28 Sv).

Most of the water leaving the Barents Sea through the BSX has been cooled down to
temperature below 0°C (Schauer et al., 2008). Average values for Ini30 period are in
agreement with the later statement, and the export of water masses with temperature
lower than T, suggests the outflow is a source of heat to the basin. A substantial
change of sign of net heat export is caused by the warmer AW inflow. Even though,
the exceeding heat flux into the BS drives increased average turbulent heat fluxes
(Table 3.2) from the ocean to the atmosphere, waters are not cooled to temperatures
lower than 0°C. Consequently, the average net volume flux increase in the order of
0.53 Sv between SENS and REF is related to overriding heat export differences of ca.
9 TW in all SENS simulations.

The warmer outflow through BSX is in contrast to the finding by Itkin et al. (2014),
where modelling of weaker sea ice simulated a cooling through St. Anna Trough of
up to —0.45°C. In our work differences of outflow temperature between SENS and

REF are larger or equal to 1°C on surface, and larger or equal to 0.5 °C over bottom.

Changes in the cooling and mixing of AW in the Barents Sea can impact the ventilation
of the AWL by altering the production of BSW. Figure 3.16 shows the average density
of ocean water between the upper meters of the AWL, i.e. 230 and 680 m. In our
simulations, AW temperature is leading the density differences in the BS. Positive
thermal anomalies create a reverse change in density up to the central Barents Sea.

Towards the St. Anna Trough, however, an opposite change in density is observed.

Oziel et al. (2015) suggest that an increased inflow of AW into the Barents Sea would
lead to more outflow of BSW due to the feedback of local melting and freezing of sea

ice. On the contrary, Rudels et al. (2013) states that under a regime of stronger AW
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inflow no cooling to freezing temperatures occurs and no brine-induced convection to
the bottom is possible, and density changes of the BSW outflow would be related to

advected characteristics of the water mass.

It is suggested in this work that AW salinity positive anomalies advected across the
Fram Strait and into the BS are potentially a major driver of these positive density
anomalies. A thorough understanding of the exact mechanisms behind changes in

our simulations is, however, not presented here.
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Chapter 4

Summary and Outlook

4.1 Summary

This comparative study was concerned with addressing the changes in ocean circu-
lation as a response to the gradual loss of Arctic sea ice. Sea ice retraction is forced
by different physical perturbations in three sensitivity experiments (SENS). The ocean

response in each SENS is evaluated against a common reference run (REF).

The overall state of REF compares fairly well with observations of the real system, but
it is noteworthy to recall that the sensitivity simulations are idealized experiments,

and should not be mistaken as predictions for future climate.

While in all SENS experiments fairly distinct sea ice area (SIA) changes are simulated,
a steep sea ice volume (SIV) reduction occurs promptly after the introduction of each
perturbation. The retraction of SIV is mostly driven by thinning of the ice all year

round.

The reduced sea ice plays a particularly important role in areas formerly covered by
more sea ice (area and thickness). Latent and sensible heat fluxes are increased mainly
in the Barents Sea region and over the Greenland-Iceland-Norwegian (GIN) Seas. The
latter differences agree with increased near-surface air temperature. No consistent
changes in wind speed and mean sea level pressure are observed between such long

time scale experiments.
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4.1 Summary

For all three the physical perturbation comparable responses in the ocean are ob-
served. All SENS simulations create a more mobile ice. As a consequence, larger
momentum transfer may occur (between atmosphere-sea ice, atmosphere-ocean and
ocean-sea ice). In turn, this mechanism causes the enhancement of the Beaufort Gyre
and Transpolar Drift. As a consequence, increased net volume export of upper Arctic

surface water is simulated through the Fram Strait (FS).

A compensation of the increased outflow through FS is evident across the Barents Sea
Entrance (BSE) section. The enhancement of volume flux partly occurs at expense of
the reduced outflow of the Bear Trench current. Also, its shown in this work that
the inflow and circulation of Arctic Water in the Barents Sea also lessens in a regime
of increased AW inflow. In turn, the increased inflow into the Barents Sea is largely
compensated by the outflow through the BSX section in all SENS. Notwithstanding,
the input of heat into the Arctic is increased through all the passages (NBS,KG and
BSX) in all SENS.

Along with increased volume flux into the Barents Sea, a substantial warming of the
AW arises in all SENS experiments. A similar trend also occurs in the West Spitsbergen
Current (WSC); it is argued that the positive anomalies carried by the different AW
branches originate upstream and are consequence of the shift of the North Atlantic

Current pathway. Also, salinity of AW inflow has increased.

The summation of increased volume and heat fluxes may impact the production of
dense Barents Sea Water (BSW), which substantially fills the intermediate layer of the
Arctic Ocean and eventually contribute to the deep branch of the Atlantic Meridional

Overturning Circulation.

It was found that water being exported through the section Barents Sea Exit (BSX) is
denser. The signal is fairly spread to the east and west of the St. Anna Trough and is
substantial in the WSC inflow region. Therefore, it is hypothesized that these changes
can be related to the increased salinity of the AW. Still, the understanding of the exact

mechanisms behind this result need further assessment.

All in all, we believe that from this study it is possible to elucidate some ocean re-
sponses to the reduction of sea ice volume. Our SENS experiments suggest that on a

centennial time scale the decrease of sea ice volume triggers an increased inflow of AW
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4.2 Outlook

into the Arctic Ocean, and potentially gives rise to modifications in the intermediate

Arctic layer of Atlantic Water..

4.2 OQutlook

The work conducted in this thesis contributes to the increasing effort of addressing
the implications of Arctic sea ice decline on the oceanic circulation. Although some

relevant results were described and investigated, many questions remain open.

The leading role of the ocean component on the development of long time scales
anomalies is a clear message from our results. However, the exact mechanism behind
this remains uncertain in the particular case of this study. A detailed investigation of
the results for the North Atlantic ocean circulation is beyond the scope of the present
study. Notwithstanding, the verification of the impact of sea ice reduction on the
subpolar gyre and overall circulation structure can provide important insight into the

nature of coupled interactions on long time scales.

Due to time limitations, the quantitative assessment of sea ice export has not been
done. The results presented in this study would strongly benefit of a more detailed

verification of sea ice export.

For addressing the strongly linked sea ice-ocean system in the Barents Sea region,
a better representation of hydrography and, consequently, a more realistic sea ice
coverage could be achieved by running the simulations at higher resolutions. Previous
studies show that including a more accurate representation of the topography and
resolving a larger number of small scale features (e.g. sea ice fractures, mesoscale

dynamics) is particularly important for representing the local and regional climate.
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Appendix A

Glossary

e Albedo: Albedo (from the Latin albus for “white”) is the fraction of light that is

reflected by a body or surface.

Planetary Albedo: a measure of the combined atmospheric and surface re-

flectivity

¢ Autotrophic: Autotroph. Organism capable of synthesizing energy-containing

organic molecules from inorganic substances using light or chemical energy.

e Sea ice concentration: Fraction of cell area covered by sea ice ranging from 0 to

1 (0 to 100%).

e Sea ice area: Concentration/fraction of sea ice multiplied by each grid cell area.

Parameter takes sea ice fractures into account.

e Sea ice extent: Maximum reach of sea ice cover, disregarding discontinuities

(fractures) of the layer.
e Sea ice volume: Area of sea ice relative to each cell multiplied by its thickness.

e Physical and Biological uptake: Physical uptake of CO, driven by increased sol-
ubility due to ocean water cooling, mixing and turbulence at surface. Biological

uptake configures as the drawdown of CO; by photosynthetic organisms.
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Appendix B

Figures
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Figure B.1: SENS-2 development within Ini30 of SIA and SIV as climatological monthly means,
with error bars associated with year-to-year standard deviation
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Figure B.2: Sea ice thickness: 150 year absolute values (REF) and difference maps (SENS-2 -
REF). (2108) indicating averaging period from year 70 to year 220 after experiment initialization.
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Figure B.3: Sea ice concentration (SIC): 150 year absolute average (REF) and difference maps
(SENS-2 - REF). (2108) indicating averaging period from year 70 to year 220 after experiment
initialization.
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Figure B.4: Average SST north of 55° N. From top to bottom: Ini30 (1 - 30y), Interm60 (31 -
90y) and Last60 (91 — 150y). Column I: Absolute values for REF run. Columns II - IV: difference
maps between SENS-2 and REF as indicated.
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Figure B.5: Average SSS north of 55° N. From top to bottom: Ini30 (1 — 30y), Interm60 (31 —
90y) and Last60 (91 - 150y). Column I: Absolute values for REF run. Columns II - IV: difference
maps between SENS-2 and REF as indicated
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Figure B.6: Average SSH north of 55° N. From top to bottom: Ini30 (1 — 30y), Intermé60 (31 -
90y) and Last60 (91 - 150y). Column I: Absolute values for REF run. Columns II - IV: difference
maps between SENS-2 and REF as indicated
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Figure B.7: North Atlantic (north of 40° N) average 0 - 50 m ocean temperature maps. From
top to bottom: Ini30 (1 - 30y), Interm60 (31 — 90y) and Last60 (91 — 150y). Column I: Absolute
values for REF run. Columns II - IV: difference plots between SENS-1 and REF as indicated
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Figure B.8: Velocity across Fram Strait section. From top to bottom: Ini30 (1 - 30y), Interm60
(31 - 90y) and Last60 (91 — 150y). Column I: Absolute values for REF run. Columns II - IV:
difference maps between SENS-2 and REF as indicated.
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Figure B.9: Salinity across Fram Strait section. From top to bottom: Ini30 (1 — 30y), Interm60
(31 — 90y) and Last60 (91 — 150y). Column I: Absolute values for REF run. Columns II - IV:
difference maps between SENS-2 and REF as indicated.
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Figure B.10: Average 230 — 680m density in the Barents Sea. From top to bottom: Ini30 (1
- 30y), Intermé60 (31 — 90y) and Last60 (91 — 150y). Column I: Absolute values for REF run.
Columns II - IV: difference maps between SENS-2 and REF as indicated.
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Appendix C

Tables

Table C.2: Averaged ocean heat flux through BSE section

BSE

Avg.Period [TW] REF ALB-1 LEAD-1 LW-1

Inflow 64.80 £ 19.45 62.58 + 18.93 64.29 £ 17.73 63.37 £ 17.30

1-30  Outflow —10.03 + 5.25 —9.58 + 5.18 —9.51 + 4.82 —9.77 + 5.28

Net 54.76 + 18.98 53.00 + 18.43 54.78 + 18.17 53.59 + 17.38

Inflow 70.66 + 19.85 76.63 + 20.68 74.74 + 21.13 73.73 £ 21.27

31-90 Outflow —10.84 + 5.79 —7.64 + 537 —8.57 + 5.96 —8.57 + 5.57

Net 59.82 £ 20.02 68.98 £+ 21.71 66.17 £ 22.39 65.16 + 22.48

Inflow 79.94 &+ 20.14 95.33 £ 23.99 93.63 + 22.56 91.56 £ 22.00

91-150 Outflow —8.03 £ 5.61 —4.60 + 4.32 —5.58 + 5.30 —3.32 + 3.08

Net 7191 £ 21.47 90.73 £+ 25.19 90.30 £ 23.40 85.98 + 23.30

65



Table C.1: Volume Flux across FS and BSE sections. Inflow and outflow always referenced to the Arctic Ocean

FS BSE

Avg.Period  [Sv] REF ALB-1 LEAD-1 LW-1 REF ALB-1 LEAD-1 LW-1

Inflow 345+ 138 336 +149 294 +130 298+ 128 337076+ 337 +£080 340+ 074 339 +£0.75
1-30  Outflow —5.77 £+ 1.57 —5.66 + 1.65 —5.31 £+ 1.48 —5.23 £+ 1.62 —0.83 =+ 0.36 —0.85 £+ 0.37 —0.78 £ 0.31 —0.81 + 0.36

Net —232+£080 —231+083 —236+0.79 —225+084 254+0.89 251£090 262+£087 257+0.87

Inflow 3.09 £125 253 +£088 272+093 282+100 351+£079 363+£078 359 +084 356+0.83
31-90 Outflow —5.51 + 1.44 —5.38 + 1.39 —5.49 + 1.37 —5.51 + 1.47 —0.78 £+ 0.37 —0.46 £ 0.31 —0.54 + 0.35 —0.56 £+ 0.35

Net —243+084 —285+091 —-277+093 —2.68+092 273£093 317£091 3.05£099 3.00+£0.96

Inflow 271 £094 262 +084 251+076 258 +081 3.67+079 402+087 410+ 090 392+ 0.85
91-150 Outflow —5.59 £ 1.33 —6.29 + 1.29 —6.47 + 1.29 —5.89 £ 1.33 —0.45 + 0.31 —0.23 £+ 0.21 —0.17 £ 0.15 —0.28 + 0.25

Net —2.88+0.89 —3.66+095 —3.96+094 —3324+£093 322+£092 379£095 390+095 3.64£094
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Table C.3: Net spatial average Turbulent and Net Heat Flux over Barents Sea. Results from
SENS-2

BSE

Avg.Period [TW] REF ALB-2 LEAD-2 LW-2

THT 115 122 121 120

1-30
NET| 77 80 81 79
TH 126 14 137 1
31-90 T 6 0 3 33
NET | 87 101 97 93
91 - 150 THT 138 147 149 146

NET | 99 108 110 103

TH: Turbulent Heat = SH + LH
NET: SW + LW + SH + LH

1 : from ocean to atmosphere
1+ from atmosphere to ocean
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