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Abstract

This thesis describes a regional high resolution coupled ocean, HYCOM (HY-

brid Coordinate Ocean Model), and sea ice, CICE (Community Ice CodE),

model setup of the Nares Strait, the Baffin Bay and the Lincoln Sea. Two

simulations have been run.

The first simulation is a hindcast simulation with oceanic boundaries from

the operational system at the Nansen Center and atmospheric forcing from

HIRLAM (HIgh Resolution Limited Area Model), the operational model at

the Danish Meteorological Institute. The purpose of the simulation is to test

the ability of the model system to describe small scale events like the opening

of the North Water Polynya, variation of the sea ice flux etc.

The results have shown, that the North Water Polynya is well described

in the model. An opening of the polynya in February is modelled at the same

time as the observations. In general an area of thin ice is observed in the

model where the polynya is located. It is associated with an ice bridge that

forms in the southern part of Kanes Basin. The model shows, that the net

surface heat flux is positive into the ocean between May and July; hence

the atmospheric forcing keeps the polynya open. The sea ice area flux is in

the lower end, between 4×103km2/year and 15×103km2/year. The relative

annual variation of the ice cover agrees well.

The second simulation is a climate simulation. The climate change is pre-

scribed by the Intergovernmental Panel on Climate Change (IPCC) scenario

A1B, which prescribes a global temperature increase of 2 ◦C. The atmospheric

forcing is based on a regional climate simulation with HIRHAM (HIgh Reso-

lution Hamburg Atmospheric Model). The oceanographic lateral boundaries

are based on a global ocean simulation with ECHAM5-MPI-OM. The period

of the simulation is 1952 to 2080. The main difference between a hindcast

simulation and a climate simulation is that the statistics of the climate sim-

ulation should be correct, but an exact timing of individual events can not

be expected.
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The ice cover shows a decreasing trend during the entire simulation. The

mechanism of the removal of sea ice in spring and return in winter is the

same throughout the simulation. The only difference is that the winter period

becomes shorter. The North Water Polynya opens earlier than the rest of the

domain. In fall the ice cover returns from north towards south.

The area ice flux agrees well with the observed in the present day climate.

The area ice flux generally ranges from 10×103km2/year to 40×103km2/year

in this period. Around 2040 the area ice flux increases and individual years

have an area ice flux with a maximum of 90×103km2/year.

The volume ice flux has a large variation, but the 10 year average is

constant around 60×km3/year. A small increase is observed, when the area

flux increases around 2040, but it returns to its normal level shortly after.

The sea surface temperature in the Baffin Bay and the temperatures at

depths around 200 meters just north of Kanes Basin shows an increase with

up to 3 ◦C in summer in the future scenario. The sea surface salinity in the

Lincoln Sea is reduced with around 3 psu (practical salinity unit) from a

present day value (averaged from 1961-1990) of approximately 32.5.



Resumé

Denne afhandling beskriver opsætningen af en højt opløst regional model for

Nares Strædet, Baffin Bugten og Lincoln Havet. Den anvendte model er en

koblet version af en havmodel, HYCOM (HYbrid Coordinate Ocean Model)

og en ismodel, CICE (Community Ice CodE). To modelsimuleringer er kørt.

Den første er en hindcast. Nansen centrets operationelle system har leve-

ret randbetingelser til havet. Den atmosfæriske rand stammer fra HIRLAM,

der er DMI’s operationelle model for Grønland.

Formålet med denne simulering er at genskabe enkeltbegivenheder og at

undersøge, om timingen er korrekt i modellen. Det har vist sig, at det er

muligt at genskabe en åbning af Nordøstvandet ved Thule (North Water Po-

lynya) i februar. Samtidig har modellen vist, at det er muligt at genskabe

åbningen af polynien, n̊ar den åbner permanent i maj/juni. Netto varme-

fluxen ved havoverfladen er positiv ind i havet fra maj til juli, hvilket gør, at

polynien forbliver åben i det sene for̊ar og om sommeren. Den årlige isflux ind

i Nares strædet er bestemt til henholdsvis 4×103km2 i 2006 og 15×103km2 i

2007, hvilket er lavt i forhold til den isdrift, der er målt med satellit. Modellen

er meget følsom overfor vindstyrke og vindretning. Derfor kan vinden være

grunden til den lave flux. Den årlige relative variation af isdækket passer

rimeligt godt.

Den anden simulering er en klimasimulering. Klimaændringen i denne

model kørsel er forskrevet af IPCC’s scenario A1B, der foreskriver en global

opvarmning p̊a 2◦C.

Forskellen fra den første simulering er, at det ikke er muligt at genskabe

hændelser p̊a samme tid og sted som observeret. Antallet af hændelser burde

være den samme set over en længere periode. Modellen har kørt fra 1952 til

2080 p̊a basis af atmosfærisk forcering fra HIRHAM og randbetingelser fra

en simulering med en global ECHAM5-MPI-OM opsætning.

Det generelle billede er, at isdækket bliver reduceret med tid, hvilket er

forventeligt for et varmere klima. Den måde, omr̊adet åbner sig og lukker sig

p̊a, er den samme i hele simuleringen. Det vil sige, at den første åbning af
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omr̊adet er Nordøstvandet i for̊aret. Omr̊adet dækkes til igen af isformation

og transport af is fra den nordlige del i efter̊aret. Perioden, hvor hele omr̊adet

er isdækket, bliver kortere i fremtidsscenariet. Isfluxen ind i strædet fra nord

stemmer godt overens med den observerede isdrift. Modellen har en årlig

areal flux mellem 10×103km2 per år og 40×103km2 per år ind i Nares Strædet

indtil 2040. Her stiger areal fluxen op til maksimalt 90×103km2 per år, dog

med stor årlig variation. Volumefluxen er i størrelsesordnen 60 km3 per år i

hele simuleringen igen med stor variation.

Saliniteten i fremtidsscenariet i Lincoln Havet falder med ca. 3 psu (pra-

ctical salinity unit) fra et middelniveau p̊a ca. 32.5 i perioden 1961-1990.

Der er ikke den store variation i temperaturen i dette omr̊ade. Ændringen

i saliniteten i Baffin Bugten er lille. Til gengæld stiger overfladetemperatu-

ren i Baffin bugten med op til 3 ◦C. Den samme temperaturstigning gør sig

gældende ved dybder omkring 250 meter lige nord for Kane Bassinet.
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Chapter 1

Introduction

Since the beginning of the industrial age in the 1850’s the emission of the

so-called green house gasses has increased. The result is an increased number

of aerosols in the atmosphere. An increased number of aerosols traps a larger

part of the heat radiated into the atmosphere from space and as a consequence

of this the global temperature has increased.

Within the framework of the Intergovernmental Panel on Climate Change

(IPCC), (Solomon et al., 2007), a number of general circulation models

(GCM) have been run with the purpose of describing the future climate

and the expected changes. The model runs span a variety of different sce-

narios that describes the future climate, depending on different expectation

of for instance the continued anthropogenic emission of green house gasses

into the atmosphere. These simulations all show an increased global average

temperature. The magnitude of the increase depends on the scenario and the

model. An additional feature is that the warming is amplified in the Arctic.

Satellite images from the Arctic have shown a continuous decrease in the sea

ice extend in the Arctic in recent years, see figure 1.1.

The retreat of the sea ice act as a positive feedback in the climate system

as the sea ice reflects a much larger part of the incoming radiation back into

the atmosphere compared to the reflection from the ocean.

The ocean is also an important factor in the climate system due to its

large heat capacity and the redistribution of heat. Heat is transported north-

wards along the European coast and into the Arctic. Cold water is exported

12
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(a) Arctic ice cover 1979 (b) Arctic ice cover 2007

Figure 1.1: Sea ice extend on the 1st of September 1979, 1.1(a) and 1st of Septem-
ber 2007. Source http://arctic.atmos.uiuc.edu/cryosphere/

southwards east of Greenland and through the Canadian Archipelago in-

cluding the Nares Strait. One effect of this is an ice cover that extends much

further towards south around Greenland compared to the Norwegian coast.

As indicate by the enhanced warming of the Arctic and as described in

ACIA (2005), the changing climate has regional differences. Therefore it is

important to perform regional high resolution climate studies in order to be

able to resolve the local effects of the changing climate.

The purpose of this PhD project is to setup a coupled model of an ocean

model, HYCOM (HYbrid Coordinate Ocean Model), and a sea ice model,

CICE (Community Ice CodE), for the Nares Strait, the Baffin Bay and the

Lincoln Sea. The coupled model will be denoted HYCI in the rest of the text.

HYCI is used to predict the impact of the expected climate changes on the

sea ice cover and the ice thickness in the area. At the same time differences

in the hydrography will be described. The thesis is based on the following

two simulations:

1. Hindcast simulation. The focus of this simulation is to validate HYCI

and the capability of reproducing small scale events like the North

Water Polynya at the right time and place.

2. Climate simulation. A present day simulation will be compared to fu-
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ture scenarios and the trends in sea ice cover, sea surface temperatures

etc. are discussed.

A climate simulation is able to predict trends and variations, but due to the

chaotic nature of geophysical fluids it is not able to simulate the timing of

individual events. A consequence of this is that the trends in a simulation

are likely to occur, but it is not predictable in a categorical sense. Typically,

a number of ensembles are run and the average and standard deviation are

used to evaluate the development of the future climate. This study only have

one ensemble member. This particular ensemble member is driven by the

A1B scenario that predicts a global temperature increase of 2◦.

At the start of the project an eight processor computer and a stand

alone version of HYCOM were available. The model had shown some skills

modelling the area around Fylla Banke close to the Greenland coast (Stendel

and Kliem, 2006). This setup still needed some testing and validation.

The new coupled version of HYCOM and CICE along with the ESMF

coupler (Killeen et al., 2006) was unknown at the beginning of this project

and a beta version of this was obtained from The Naval Research Laboratory.

With time this PhD study became as much a model study as a climate study.

A new supercomputer (Cray XT5) was installed at DMI in the summer 2008

with increased possibilities for testing the model setup.

The thesis has been split up into six different chapters, namely this chap-

ter and the following:

2. Area description including details of the observed data, atmospheric

forcing and the oceanic lateral boundary conditions.

3. Model setup. The models and the coupling in between are described

and discussed.

4. Results from the hindcast simulation and the climate simulations in-

cluding a summary of the results obtained in Rasmussen et al. (2009a)

and Rasmussen et al. (2009b). Both articles are included in this thesis

in appendix A and appendix B.

5. Summary
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6. Conclusion



Chapter 2

Area and data description

This chapter describes the area and the known relevant observations. The

description includes boundary conditions and atmospheric forcing.

2.1 Overview of area in focus

The model domain is displayed in the red square on figure 2.1.

Figure 2.1: Overview of domain. Domain resides inside the red area

It is located between the Canadian Archipelago and Greenland and covers

the Lincoln Sea without extending across the ridge, the Nares Strait and the

16
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northern part of the Baffin Bay. A close up of the bathymetry and names of

relevant places, sections etc. is presented in figure 2.2.

Figure 2.2: Bathymetry and geographical names. Lines indicate sections. Dots are
point meassurements. Dots located in sections are referred to with the same name
as the section.

The Nares Strait connects the Baffin Bay and the Lincoln Sea. It is a

relatively shallow strait with depths from 50 m - 500 m. The deepest part of

the domain is around 2400 m and is located in the Baffin Bay. In general a

cold arctic current is running from north to south. The exception is a warmer

current that runs northwards along the coast of Greenland.

2.1.1 The Lincoln Sea

The Lincoln Sea is the area on the shelf north of Greenland and the Canadian

Archipelago. It is ice covered all year. As opposed to the rest of the Arctic,

this area has experienced an increase in the sea ice thickness in the period

from 1958-1998 (Hilmer and Lemke, 2000). However very limited number of

measurements exists from the region to validate the trend. Haas et al. (2006)
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describes a section of ice thickness measurements just north of Alert, see

figure 2.2. The thickness south of 84 degrees north was estimated to 4.7m in

2004 and 5.2 m in 2005.

2.1.2 The Nares Strait

The entrance to the Nares Strait in the southern part of the Lincoln Sea is

found where the so-called Lincoln Polynya resides (Gudmandsen, 2004). The

strait exports thick multiyear ice away from the Lincoln Sea. However, the ice

flux into the Nares Strait show a large variation. All volume fluxes presented

in this section are directed towards south. Kwok (2005) calculated the area

ice flux between 1996 and 2002 to be in the interval of 15×103km2/year and

45×103km2/year. The large variation of the ice flux is mainly governed by

wind and sea ice blocking in the strait. Land fast ice is present in Kanes

Basin.

The first estimate of the oceanic volume flux through the Nares Strait

was made by Sadler (1976). He estimated the flux to 0.67 Sv 1 based on

measurements from April and until May 1972.

The only continuous array of hydrographic measuremenents is located at

Section B in figure 2.2, Münchow and Melling (2008). A volume flux of 0.57

Sv is found from 30 meters and down. It is expected that the estimate is in

the lower end, as the top 30 meters is not included. This part of the water

column is influenced by the sea ice drift towards south. Rabe et al. (2009)

have in connection with the mooring calculated a geostrophic volume flux

between depths of 30 m and 200 m of 0.43 Sv. The same study provides a

fresh water flux of 20 mSv with a reference salinity of 34.8. This represents

the cross section that has been measured; hence it does not cover section B,

figure 2.2, from coast to coast.

Based on short term campaign in August 2003, Münchow et al. (2007)

found a volume flux of around 0.91 Sv and a fresh water flux of 31 mSv

relative to a salinity of 34.8. Around 39 % of the volume flux had Pacific

origin.

Jones and Eert (2004) find that in a section in the Kennedy Channel north

11 Sv = 106 m3/s
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of Kanes Basin, the upper 100 meters origins from Pacific water. Then follows

a sharp transition and the rest of the water column is based on Atlantic water.

Approximately 6 % of the surface waters is freshwater. These numbers are

based on a short campaign in summer 2001. All water masses flow towards

south.

Kliem and Greenberg (2003) showed that the volume flux is very sensitive

to the sea surface height difference between Baffin Bay and the Arctic. A

difference of 10 centimetres can give a change in the volume flux of more

than 0.5 Sv.

The southern part of Kanes Basin is characterised by an ice arch that

prevents the multi year ice from proceeding into the North Water Polynya

and the Baffin Bay.

2.1.3 The North Water Polynya and the northern part

of the Baffin Bay

Smith et al. (1990) quotes the definition of a polynya from the World Mete-

orological Organization (WMO) 1970:

At predictable, recurrent locations throughout the Polar Regions, there are

oceanic areas which remain either partially or totally ice free at times and

under climatologically conditions where we expect the waters to be ice covered.

These areas are called polynyas.

(WMO, 1970) separates polynyas into 2 categories:

1. Latent heat. The ice is moved away from an area and the export of

heat from ocean to atmosphere through latent heat creates new thin

ice.

2. Sensible heat. Upwelling or other forms of oceanic heat transport en-

sures an open area, which is normally ice covered. The heat import is

needed in order to compensate for the heat exported to the atmosphere

in the open water.

The definition is altered slightly for the latent heat polynya. An area with

thin ice and a high production of sea ice is also defined as a polynya. This is

the case for the North Water Polynya in winter.
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The North Water Polynya has always attracted great interest as the open

water increases the biological production compared to the surrounding ice

covered area (Deming et al., 2002; Klein et al., 2002; Barber et al., 2001a).

According to the international North Water Polynya Study (Barber et al.,

2001b), Inuit’s have known the North Water Polynya as a dangerous place to

travel on a sledge during winter due to the thin ice, however a great hunting

place as many animals stayed here in the winter. The name the North Water

was given by whalers in the last century, who saw the area as an opportunity

to go whaling in late May or early June, much earlier than elsewhere in the

area. Dunbar (1969) described the location of the North Water Polynya. The

extend can be seen in figure 2.3.

Figure 2.3: Approximate extend and location of the North Water Polynya according
to Dunbar (1969)

A general agreement has been reached that the North Water Polynya

is formed due to the formation of an ice arch in the southern part of Kanes

Basin and wind induced transport, hence it is a latent heat polynya in winter

(Melling et al., 2001; Ingram et al., 2002). Yao and Tang (2003) showed

that it is possible to model the ice arch and that the polynya in winter can

be observed as an area with a large spatially varying ice thickness that is

constant in time. They also show that the location of the ice bridge depends

on the ice strength and the oceanic volume flux. Dumont and Gratton (2008)

showed through modelling that the stability of the ice arch depends on the
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ice strength, however due to lack of ice thickness information, they were not

able to state the ”correct” parameterization.

Barber et al. (2001a) showed that the ice bridge in Kanes Basin is formed

later in the 1990’s compared to the 1980’s. They also showed that the lifetime

of the ice arch is varying.

The reason that the polynya stays open in summer is still not clear. One

suggestion is upwelling, however Melling et al. (2001) reviewed the observa-

tions and found no clear evidence for this. Marsden et al. (2004) proposed

that the polynya creates a micro climate and it becomes self sustainable due

to this.

2.1.4 Lancaster Sound

Lancaster Sound, the Nares Strait and Jones Sound are the three main con-

tributors of freshwater from the Arctic through the Canadian Archipelago to

the Baffin Bay. Jones Sound has been closed in this study and is general seen

as the least important of the three. Prinsenberg and Hamilton (2004) find a

three year average oceanic volume flux of 0.75Sv through Lancaster Sound.

This is the same magnitude that passes through the Nares Strait.

2.2 Satellite images

Satellite images have improved the knowledge of the surface of the earth.

They have the advantage of a high spatial and temporal coverage. The main

principle of a satellite is to measure the backscatter from the surface of an

area. The backscatter is then grouped into categories, for instance ice and

ocean. A variety of algorithms exist that can interpret the measurements.

Especially grid cells with more than one type of surface can create a bias.

One example is ”land contamination”, which is biased measurements close

to land due to grid cells containing both land and water or ice.

Satellite based results are used for comparison with the results from

HYCI. Data from Kaleshke et al. (2001) (12 km spatial resolution ice con-

centration) and Høyer and She (2007) (sea surface temperatures, resolution

of 0.05◦) are used to validate the results from HYCI. One disadvantage of the
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satellite meassurements is that they cannot measure the ice thickness. Kwok

and Rothrock (2009) showed that it is possible to measure the freeboard,

i.e. the height of the surface above the sea surface. The conversion to ice

thickness is not straight forward, due to uncertainties in for instance snow

depth.

2.3 Atmospheric forcing

The quality of the model input is very important for the results. The at-

mospheric forcing, calculated by HIRLAM (HIgh Resolution Limited Area

Model) and HIRHAM (HIgh Resolution Hamburg Area Model), is one of

the three main inputs to HYCI. The others are the oceanic lateral boundary

conditions and the bathymetry. The Nares Strait is very narrow and the to-

pography at the sides is steep. The result is winds with a direction along the

strait. A high resolution atmospheric forcing is required to resolve this.

Two different atmospheric models have been used to force the model in

the two different simulations. HIRLAM , section 2.3.1, has been used for the

hindcast and HIRHAM , section 2.3.2, has been used for the climate simu-

lation. The temporal spacing of the fields extracted from both atmospheric

models is one hour. The parameters extracted from the two models are listed

below:

- Precipitation in [m/s]. In principle [ m3

s·m2 ].

- Air temperature [◦C]

- Short wave radiation positive into the ocean [w/m2]

- Long wave radiation positive into the ocean [w/m2]

- Wind stress, positive towards north and east [N/m2]

- Water vapour mixing ratio [kg/kg]

- Wind speed at 10 m height [m/s]
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The parameters from both atmospheric models are compared with each other

in order to describe the differences and the impact on the model results. Data

from a high resolution non hydrostatic model (Samelson et al., 2006) has been

obtained from point B figure 2.2. The wind speed and directions from this

data set is compared to HIRLAM and HIRHAM.

2.3.1 HIRLAM

HIRLAM (Yang et al., 2005; Undén et al., 2002) is the operational model

at the Danish Meteorological Institute (DMI). It uses data assimilation even

though the amount of data in the area is limited. The data from the atmo-

spheric model is used for the hindcast described in appendix A and section

4.1. The operational domains at DMI are shown in figure 2.4.

Figure 2.4: Overview of HIRLAM domains

The model area used for the simulation is the K05 area. It has an approx-

imate resolution of 5 km.

Surface fields have been extracted from HIRLAM. The air temperature

for the entire simulation is shown in figure 2.5.

The air temperature 2 meters above sea surface varies between 0 and

minus 35 ◦C. The temperatures are higher in the southern part of the domain

in winter. There is almost no difference in the summer temperature, where
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Figure 2.5: HIRLAM air temperature, ◦C, 2 meters above sea surface as function
of time from September 2005 to August 2008. Extracted in points A, B and C,
figure 2.2

the surface temperatures reaches zero degrees. The temperature difference

from year to year is very limited.
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The precipitation, vapour mixing, incoming short wave radiation and long

wave radiation are shown in figure 2.6.

(a) Water vapour (b) Precipitation (mm/day)

(c) Incoming short wave radiation (d) Incoming long wave radiation

Figure 2.6: Time series of precipitation, vapour mixing, incoming short wave radi-
ation and incoming long wave radiation as function of time from September 2005
to August 2008. x axis is month a year. Data extracted from point A, B and C in
figure 2.2.

The precipitation is largest in late summer and fall. It is largest in the

northern part of the domain. All points have the highest precipitation from

July to September.

The water vapour is shown in figure 2.6(a). It peaks at the same time,

that the temperature and precipitation peaks.

There is no significant difference in the long and short wave radiation

from year to year. The seasonal variation is large and the short wave flux is

zero during winter as expected. The differences from year to year are limited

for the vapour mixing, precipitation, air temperature at the surface.
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Wind roses for the entire period and the two full years of the data have

been extracted in figure 2.7.

(a) A, 2006 (b) A, 2007 (c) A, Total

(d) B, 2006 (e) B, 2007 (f) B, Total

(h) C, 2006 (i) C, 2007 (j) Section C, Total

Figure 2.7: Distribution of wind direction and speed. A, B and C refers to the
points in figure 2.2.

All 3 points have bi-directional winds in the Nares Strait. Point B and C

have very similar characteristics with a dominant wind to the south. Point

A differs and has winds headed equally towards north and south. 2007 has

stronger winds that are relatively more directed towards south compared to

2006. 2007 is the year with the highest ice flux, see Rasmussen et al. (2009b).

The wind speeds are much higher in section B and C compared to section A.



CHAPTER 2. AREA AND DATA DESCRIPTION 27

2.3.2 HIRHAM

HIRHAM (Christensen et al., 2006) is the Danish Meteorological Institute

climate model. As opposed to HIRLAM it does not use data assimilation,

however the amount of data in the area is limited. The model has been used to

downscale a global simulation using ECHAM5-MPI-OM (May, 2008) for an

area around Greenland in the project Climate Greenland (CLIMGR) (Stendel

and Kliem, 2006). This is consistent with the lateral boundary conditions,

which also uses the ECHAM5-MPI-OM data, see section 2.4.2. The scenario

used is the IPCC scenario A1B, which predicts a global temperature increase

of 2 ◦C. The CLIMGR domain is showed in the red square in figure 2.8.

Figure 2.8: HIRHAM domain (red square). source: http://klimagroenland.dmi.dk/

The resolution is approximately 25 km in both horizontal directions. Most

of the surface fields and anomalies can be seen on the project home page2.

Data have been extracted from the forcing fields and are shown as point

measurement in A, B and C figure 2.2 in order to illustrate the change with

time for the area in focus in this study.

There are only small changes in the wind patterns with time. The wind

roses for all periods can be seen in appendix F. The wind distribution is

shown for the present day climate (1991 - 2020) in all 3 points in figure 2.9.

The wind roses for the rest of the periods are showed in appendix F.

2klimagroenland.dmi.dk
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(a) Section A (b) Section B (c) Section, C

Figure 2.9: Distribution of wind direction and speed 1991 - 2020. A, B and C refers
to the points in figure 2.2.

The trend is the same as it was in HIRLAM. The wind has two main

directions, where the southern winds are the most dominant. The wind is

stronger than it was in the HIRLAM data. Point A still has weaker winds

and a more even distribution between the northern and the southern wind.

The stronger wind may cause the difference between the ice fluxes into the

strait from the Lincoln Sea in the two simulations.
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One of the main effects of the changing climate is the change in temper-

ature. The variation in all 3 points is shown in figure 2.10.

(a) Point A (b) Point B

(c) Point C (d) Annual mean

Figure 2.10: Variation of air temperature in point A, B and C, figure 2.2

The annual mean temperature is increased in all three points as it is

shown in figure 2.10(d). The increase is approximately 5 degrees, however

the annual mean temperature is still below zero. As expected it is colder

in the northern part of the domain. This is not the case all year. Point A,

figure 2.10(a), is the only point with a positive summer temperature. This

is unexpected as it resides on the border to the Lincoln Sea. However the

surface plots provided from CLIMGR show that the high temperatures are

the same as the temperatures onshore, i.e. it is likely that it is an artefact of

a too low resolution. Figure 2.10(a), 2.10(b) and 2.10(c) all show an increase
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in temperature except summer.

The precipitation is shown in figure 2.11.

(a) Point A (b) Point B

(c) Point C (d) Annual mean

Figure 2.11: Variation of precipitation in point A, B and C, figure 2.2 and the
annual average of precipitation per day (d)

All points increase their precipitation in the summer. Point C has four

times as much precipitation as the other points. There is a tendency of an

increased precipitation throughout the model simulation. The increase from

1961 to 2080 is approximately 0.5 mm per day.

The temporal variation of the long wave radiation is shown in figure

2.12(b) for point A figure 2.2 and the annual variation is shown in 2.12(a).

The long wave radiation shows an increase of around 20 W/m2. The

net result may be a decrease as the reflected outgoing long wave radiation
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(a) Point A (b) Annual mean

Figure 2.12: Variation of long wave radiation in point A, figure 2.2, and the annual
average of long wave radiation.

is increased by an increased surface temperature, due to the black body

radiation that increases, when the surface temperature increases.

(a) Point A (b) Annual mean

Figure 2.13: Variation of the short wave radiation in point A, figure 2.2 and the
trend throughout the simulation.

The magnitude of the short wave radiation is very similar to the values ob-

tained from the HIRLAM data shown in figure 2.6(c). However the variation

from day to day during the summer is much larger in HIRHAM compared

to HIRLAM. The reason for this difference is unclear, however the result on
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average is a smaller amount of energy radiated into the model system. There

are no trends in the short wave radiation during the period of 120 years.

The water vapour mixing is almost constant all year in all points with

a value of 6.1 ·10−4 kg/kg. This value corresponds to the HIRLAM data in

November and April, see figure 2.6(a). The result is a higher vapour mixing

in winter and lower vapour mixing in summer.

2.3.3 Polar MM5 model

Samelson et al. (2006) have run a simulation for the Nares Strait with a

polar MM53 non hydrostatic atmospheric model. HIRLAM and HIRHAM

are hydrostatic. Data from point B figure 2.2 has been extracted for the

period 2003 to 2007. It should be noted that the comparison is only made

in one point, however, it is expected that the conclusions drawn from the

comparison between MM5, HIRLAM and HIRHAM can be extrapolated to

be valid for the entire domain. A wind rose for the entire time period and

for 2006 and 2007, which are comparable to the HIRLAM simulation, are

presented in figure 2.14.

(a) 2006 (b) 2007 (c) Total

Figure 2.14: Distribution of wind direction and speed for the MM5 model. Extracted
from point B. (c) is for the entire time series (2003-2007).

The wind pattern is very clear. It has a component to the south along the

channel and a northward component that is more scattered. The distribution

of the wind is expected and the same pattern is seen in both HIRLAM and

3http://www.mmm.ucar.edu/mm5/
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HIRHAM. A clear difference is seen between 2006 and 2007, where 2007 have

stronger winds towards south .

(a) Wind speed HIRLAM and MM5 (b) Wind direction MM5 and the difference in angle
compared to HIRLAM

Figure 2.15: (a)Time series from 1st of July 2006 - 31st of December 2006, m/s.
(b) MM5 angle in the same period as (a). The difference in angle between HIRLAM
and MM5 for points co-located in time.

Figure 2.15(a) shows the wind speed from MM5 and HIRLAM. The re-

sults agree well. The peaks are located at the same place in time, even though

they are a slightly higher in the MM5 model compared to HIRLAM. The sea

ice drift is very sensible to differences in the wind pattern and the difference

could be enough to force additional ice drift. Figure 2.15(b) shows that the

direction is correct most of the time. However, late July has some differences.

This is the same period, where HIRLAM has a northward wind and therefore

an ice flux towards north. At the same time the internal strength of the sea

ice during summer is small, due to low ice concentration and ice thickness.

A smaller difference will therefore have a larger impact on the result.

Figure 2.16 shows the distribution of the differences for all points that

are co-located in time for MM5 and HIRLAM. It shows that the wind speed

of MM5 in general is slightly higher than HIRLAM. An average difference

of -1.44 m/s (HIRLAM -MM5) is found again confirming the increased wind

speed in MM5. The wind direction has a slight tendency of being turned with

a few degrees counter clockwise.
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Figure 2.16: The difference in angle and wind speed has been sorted. The differences
are calculated as HIRLAM-MM5, hence negative wind speed indicates higher wind
speeds in the MM5 model. The colours indicate the number of events in a bin.
For instance if a lot of observations differs with less than 2 m/s and less than 10
degrees a high number is obtained in this bin.
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2.3.4 Hans Island weather station and weather sta-

tions close to the Nares Strait

An automated weather station has just recently been deployed at Hans Island

close to section B (Wilkinson et al., 2009). This is the first near sea surface

automated weather station in the Nares Strait. With time the station will

provide a good data set for validation of high resolution atmospheric models.

However a historical data set is missing. The closest weather stations until

now are located at Alert and Thule airbase see figure 2.2. The steep topogra-

phy makes the wind measurements from these stations uncorrelated with the

wind at the sea surface in the Nares Strait. Samelson and Barbour (2008)

have correlated the pressure difference at the two locations with modelled

winds at the sea surface. The model used is described in section 2.3.3. The

results are promising, and a time series from 1955 to 2005 has been created

based on the pressure difference.

2.3.5 Summary of the atmospheric boundary condi-

tions

The wind conditions of HIRLAM, HIRHAM and MM5 are compared in point

B figure 2.2. They all show a good agreement in the main directions of the

wind. The wind speed appears to be lower in HIRLAM compared to the

two other models. This trend is confirmed when HIRLAM and HIRHAM is

compared in point A and C. HIRLAM and HIRHAM agrees that the winds

are strongest and headed most towards south in point C then point B and

at last point A.

The long wave radiation are comparable as well as the temperature and

precipitation in the present day climate of HIRHAM and HIRLAM. The

exception is that the summer temperature in point A in HIRHAM approaches

5 degrees, which may be caused by land contamination, due to low resolution

in the HIRHAM model. The magnitude of the short wave radiation is the

same in both atmospheric models, however the variation from day to day

in HIRLAM is much smaller than the variation in HIRHAM. The water

vapour mixing is constant in HIRHAM matching the values of HIRLAM in
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November and April.

2.4 Oceanographic boundary conditions

The lateral boundary conditions includes data for both ocean and sea ice.

These and the atmospheric forcing are the only input data to HYCI that

varies with time, hence the main driver of the climate change is found in

either the atmospheric forcing or the lateral ocean boundary conditions. The

following parameters are extracted:

• Temperature in each layer

• Salinity in each layer

• Velocities in both horizontal directions and each layer

• Ice thickness (one layer)

• Ice cover (one layer)

The parameters have been interpolated to the grid of HYCI, see figure 3.3,

and the development as function of time and depth is discussed in this section.

Two points, D in north and E in south, are used, see figure 2.2. They will be

referred to as D and E in this section. The lateral boundary conditions for the

hindcast simulation are described in section 2.4.1 and the lateral boundary

conditions for the climate simulation are described in section 2.4.2.

2.4.1 Hindcast - Nansen Center data

The Nansen Center simulation (Bertino and Lisæter, 2008) covers the Arctic

and the North Atlantic Ocean. The simulation does not include data as-

similation as opposed to the one described in the article. The period of the

data set is 2005 - 2008. The model system consists of HYCOM (Bleck, 2002)

and a sea ice model, which has been developed at the Nansen Center. It

uses the Elastic-Viscous-Plastic rheology described by Hunke and Dukowicz

(1997). In order to utilize that both ocean models are isopycnal, the same

vertical discretization of the density grid is used in the hindcast and in the
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boundary conditions; i.e. interpolation is avoided. The bathymetry from the

Nansen Center data, on its native grid, covering an area slightly larger than

the HYCI domain is shown in figure 2.17.

Figure 2.17: Bathymetry and grid of Nansen simulation, Depths in meters

The depths are very similar to the depths of HYCI, see figure 2.2. The

narrow part of the strait only have 2-3 grid cells across the strait and in one

section only one grid cell is open. The limited number of grid points across

the strait is one of the main motivations for a high resolution setup. The

grid size is around 15 kilometres in the Nansen Center data for the domain

in focus. The temporal spacing of the data is one day. Linear interpolation

is used in time between the data points.

The salinity, temperature and velocities for E are shown in figure 2.18.

The seasons are clear in both salinity, figure 2.18(b), and temperature,

figure 2.18(a). It can be seen as a wave propagating in time with a trough

in late fall/early winter and a top located approximately in May. A warming

and a freshening of the surface water are seen in summer. The temperature

of the top 100 meters of the water column is at the freezing point or close to
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(a) Temperature ◦C

.

(b) Salinity

.

(c) u (m/s) (d) v (m/s)

Figure 2.18: Boundary conditions, E. Time and depth series of salinity figure
2.18(b), temperature figure 2.18(a), east/west velocity (positive towards east) figure
2.18(c) and north/south velocity (positive towards north) figure 2.18(d).
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this during winter.

The u and v velocities are shown in figure 2.18(c) and figure 2.18(d) and

are directed towards south and west. A component towards south is seen

near the bottom. The velocities have a magnitude less than 10 cm/s.

The same properties are presented for D on the northern boundary of the

domain. The temperature, salinity and velocities are shown in figure 2.19.

(a) Temperature ◦C

.

(b) Salinity

.

(c) East/west velocity, u, (m/s) (d) South/north velocity, v, (m/s)

Figure 2.19: Boundary conditions, D. Time and depth series of salinity figure
2.19(b), temperature figure 2.19(a), east/west velocity (positive towards east) figure
2.19(c) and north/south velocity (positive towards north) figure 2.19(d).

The point resides on the shelf in the Lincoln Sea and is ice covered at all

times. Figure 2.19(a) shows that the temperature is below zero at all time

and depths. The salinity drops in summer due to sea ice melt. An increase

in the freshness of the water is observed in the last two years of the data set.
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The magnitude of the velocities is less than 5 cm/s. However the east/west

velocity has periods with a magnitude close to 10 cm/s near the bottom.

The ice cover and the ice thickness for the two points are shown in figure

2.20.

.

(a) (b)

Figure 2.20: Boundary conditions D and E. Ice cover and thickness as function of
time.

D is fully ice covered most of the time. It has a slight reduction during

summer. The lowest ice concentrations are found in the last two summers of

the time series. The ice thickness drops independently of the season in the

Lincoln Sea in the first two years, then a seasonal cycle is observed. E in the

Baffin Bay has an annual cycle and becomes ice free during summer and then

freezes during winter reaching a maximum thickness of 1 meter.

The average surface ice thickness, temperature and salinity are shown for

August in figure 2.21.

The Nares Strait is ice free from section B, figure 2.2, and southwards. The

ice thickness north of this point is 3-4 meters except at the entrance to the

Nares Strait which has an ice thickness of 2.5 meters. This is the location of

the Lincoln Polynya. The temperature, figure 2.21(b), reflects the ice covered

area as it stays at the freezing point, where ice is present. The warm current

along Greenland is present in the south eastern part of the domain. Figure

2.21(c) shows that Kanes Basin is very fresh in August compared to the rest

of the domain.
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(a) Ice thickness (m) (b) Temperature ◦C (c) Salinity

Figure 2.21: Boundary conditions. Average ice thickness, sea surface temperature
and sea surface salinity August 2005 - August 2008.

2.4.2 Climate simulation - ECHAM5-MPI-OM

The lateral boundary conditions used for the climate simulation are provided

from a global simulation using ECHAM-MPI-OM, see May (2006, 2008).

The period of the simulation used in this study is from 1952 to 2080. The

simulation is based on the A1B scenario that assumes a 2 degree global

warming, however regional differences are expected. The bathymetry in the

area is shown in figure 2.22.

Figure 2.22: Bathymetry of the ECHAM-MPI-OM simulation, (m)

The spatial resolution of ECHAM-MPI-OM is 1.5
◦
. The temporal spacing

is one month. The Nares Strait is open but only with one grid cell in the
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northern part, hence there is no possibilities of currents across the strait and

the flow along strait is uniform in each layer. This and the bathymetry of the

hindcast illustrate the need for high resolution modelling in the area.

Salinity, temperature and the horizontal velocities for E are presented in

figure 2.23.

(a) Temperature (◦C) (b) Salinity

(c) East/west velocity (m/s) (d) South/north velocity (m/s)

Figure 2.23: Time series of salinity, temperature and velocities in E as function of
depth and time.

E has a very constant salinity below depths of 100 meters. The seasonal

variation only appears in the top 10 - 20 meters. A weak freshening is observed

late in the simulation. The temperature at depths of around 300 meters and

down shows a cooling from 1980 to 2020 followed by a warming of about

3 degrees. The surface layer with temperatures close to the freezing point

becomes thinner with time. The east/west velocity changes direction during

the simulation. In the beginning it is headed towards east and in the end



CHAPTER 2. AREA AND DATA DESCRIPTION 43

towards west. The south/north velocity is directed towards north in the be-

ginning and then becomes weaker in the end of the simulation. The velocities

are generally lower than the velocities in HIRLAM for the same point. The

characteristics of D are extracted in figure 2.24.

(a) Temperature (◦C) (b) Salinity

(c) East/west velocity (m/s) (d) South/north velocity (m/s)

Figure 2.24: Time series of salinity, temperature and velocities in D as function
of depth and time.

The salinity decreases in the top 50 meters of the water column. The

temperature has a warm trend in the last 20 years of the simulation, how-

ever it is not as strong as the warming in E, see figure 2.23. The trend is

mainly observed at the bottom. There is a strong eastward current and a

weak southward current, hence as the point is on the northern boundary, the

forcing from the current field into the domain is weak.

The ice conditions in the domain are evaluated based on averages of each

of the four 30 year periods for D and E. This is shown in figure 2.25.
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(a) Ice thickness D, (m) (b) Ice thickness E, (m)

(c) Ice cover D (d) Ice cover E

Figure 2.25: Ice thickness and ice cover in D and E as function of the time of year
in months. all four subperiods are shown.
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The ice thickness in D, figure 2.25(a), decreases from subperiod to sub-

period. The annual variation is around one meter in all four periods. Figure

2.25(c) shows that ice is always present, however the ice cover is not 100 %

during summer. E in the Baffin Bay is ice free during summer and has an

ice thickness of around 1 meter in winter, hence the seasonal variation in ice

thickness is the same in both points.

The spatial variation of the surface is shown for the present day climate

(1991-2020) for the parameters: ice thickness, sea surface temperature and

sea surface salinity in figure 2.26.

(a) Ice thickness (m) (b) Sea surface tempera-
ture ◦C

(c) Sea surface salinity

Figure 2.26: Surface fields of ice thickness, temperature and salinity. Average of
August 1991-2020.

The ice thickness shows that Lancaster Sound is ice covered, which is not

the case in the Nansen Center data. The result is low temperatures and very

fresh surface water in the Lancaster sound. The ice cover in summer is in

general larger than what is observed in the Nansen center simulation. There

are no signs of polynyas or other dynamical features in the domain. The large

ice cover is reflected in the temperatures as it is only parts of the Baffin Bay

that has temperatures above the freezing point.

2.4.3 Summary oceanographic data

Two different data sets have been used as boundary conditions for HYCI.

The hindcast uses a simulation from the Nansen Center and the climate

simulation uses a global setup of ECHAM-MPI-OM. The lateral boundary
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conditions are compared in two points, D and E, see figure 2.2. The present

day climate from the climate simulation is compared to the hindcast. The two

sets of boundary conditions are referred to with the name of the simulation

they are applied to.

Especially the climate simulation has a low resolution with one water grid

point in the east/west direction in the northern part of the Nares Strait. This

shows the need for a high resolution model.

Point E in the Baffin Bay, shows a heating and freshen in the summer in

both simulations. The surface heating extends slightly deeper in the hindcast

compared to the climate simulation. The salinity and temperatures in the

deeper part of the strait have approximately the same properties in both

simulations. A warming is seen in the middle of the water column in the

future scenario of the climate model.

The biggest difference between the two simulations is the ocean currents.

Both simulations have a weak east/west current. The current towards south

in the hindcast are stronger and opposite directed compared to the current

in the climate simulation. One explanation could be the location of the point

on the edge of the deep part of the Baffin Bay, and close to the transition

between the general southward flow and the northward Greenland current.

Point D is ice covered at all times. The temperature is slightly higher

in the middle of the water column in the climate simulation compared to

the hindcast. A warming and a freshening are seen in point D in the future

scenario, when compared to the present day scenario. A large seasonal change

in the hindcast simulation. The current is headed towards east and north in

both models, even though it is weak. The climate model has some events of

high velocities towards east in the top of the water column.

The ice cover is more uniform in the climate simulation compared to the

hindcast due to the low resolution. Local phenomena’s like the North Water

Polynya is poor or not at all described in the climate simulation. The ice

cover extend is larger during summer in the climate simulation both in the

present day and the future scenario compared to the hindcast and satellite

images. The effect is that the Lancaster Sound is ice covered all year in the

entire climate simulation. This is reflected in temperature and salinity surface

fields.
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The seasonal variation of the ice thickness is approximately 1 meter in

both simulations and points. The ice thickness in the Lincoln Sea drops from

5 meter in the present day scenario to 1 meter in the future scenario.



Chapter 3

HYCI - Setup and description

The model (HYCI) is a slightly modified version of a coupled version of HY-

COM (HYbrid Coordinate Ocean Model) v2.2.06 (Chassignet et al., 2007;

Bleck, 2002) and CICE v3.14 (Community Ice COde) (Hunke and Lipscomb,

2006; Hunke and Dukowicz, 1997). HYCOM explores a hybrid coordinate

that is isopycnal in the open, stratified ocean, but smoothly reverts to a

terrain-following coordinate in shallow coastal regions, and to z-level coordi-

nates in the mixed layer and/or unstratified seas. CICE applies an elastic-

viscous-plastic ice rheology and includes a multi-layer thickness distribution.

The coupler used is ESMF (Earth System Modelling Framework), (Killeen

et al., 2006). HYCOM and CICE are described in section 3.1 and in section

3.2.

This chapter describes the ocean part, the sea ice part and the coupling

between the two models.

3.1 Sea ice model - CICE

CICE origins from the Los Alamos national laboratory. It is a so-called

Elastic-Viscous-Plastic model (EVP).

Modelling of sea ice consists of three main parts that need to be solved

in each grid cell.

1. Horizontal transport

2. Thermodynamics

48
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3. Mechanical redistribution

1) is advection of sea ice from grid cell to grid cell. 2) describes the growth

or decay of sea ice due to the incoming heat fluxes from the ocean or the

atmosphere. 3) is a mechanical redistribution of sea ice between the different

ice categories.

The basic equation of the model describes the temporal evolution of the

ice thickness distribution as function of the three mentioned physical pro-

cesses:
∂G

∂t
= −∇ · (Gu)︸ ︷︷ ︸

1

− ∂(f ·G)

∂h︸ ︷︷ ︸
2

+ ψ︸︷︷︸
3

(3.1)

Each of the three terms on the right hand side of equation 3.1 are solved

independently neglecting the two other terms. This is only realistic if the

time steps are sufficiently small. G is an ice thickness distribution function, f

is the rate of thermodynamic growth, and h is the ice thickness. ψ is a ridging

redistribution function. The ice thickness categories are chosen according to

Lipscomb and Hunke (2004).

Category Hmin [m] Hmax [m]

a0 0 0

a1 0 0.64

a2 0.64 1.39

a3 1.39 2.47

a4 2.47 4.57

a5 4.57

Table 3.1: Ice thickness categories. Minimum (Hmin) and maximum (Hmax) values
of ice thickness for each category.

The model divides each grid cell into 6 relative areas, one for each cate-

gory. The sum of the six relative areas have to be 1. a0 is the ice free zone

and the rest of the categories have the thickness intervals described in table

3.1.
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3.1.1 Mechanical redistribution

The mechanical redistributing, third term in equation 3.1, covers ridging,

rafting etc. The main task of this function is to redistribute sea ice from thin

categories to thicker categories due to convergence of the ice. The mechanical

redistribution conserves the volume of ice and its energy.

Hibler (1979) describes the internal ice compression strength as:

P = P ∗ · h · e−C(1−ai) (3.2)

P* and C are constants set to 27500 N/m and 20. h relies on the ice thickness

and ai is the compactness of the ice defined by the relative ridged area of ice in

a grid cell, hence its value is at most equal to the ice concentration. Equation

3.2 gives a simple description of the compression strength. A more complex

and more correct formulation is based on the ridging potential energy per

unit area of compressive deformation as derived by Lipscomb et al. (2007).

This formulation is used in the current setup:

P = CfCpβ
Nc∑
n=1

(−aPnh
2
n +

aPn

kn

(H2
min + 2Hminλ+ 2λ2)) (3.3)

Cp is related to the densities of the ice and water:

CP =
g · ρi

2ρw

(ρw − ρi) (3.4)

Cf is set to 17. β, kn λ and aPn are related to the ridging scheme. h is the

average ice thickness. g is the gravitation constant.

3.1.2 Horizontal ice transport

Neglecting term 2 and 3, and introducing G rewritten to a function of the

fractional areas introduced in table 3.1, equation 3.1 can be rewritten to

equation 3.5, which describes the horizontal transport.

∂ain

∂t
+∇ · (ainu) = 0 (3.5)

Equation 3.5 is solved for each thickness category. Similar transport equations

exist for ice volume, snow volume, ice energy, snow energy and area weighted

surface temperatures.
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The horizontal transport equation leads to a requirement for the time

step.

∆t ·max u

∆x
< 1 (3.6)

The maximum value refers to the maximum value of the velocity divided with

the grid size for all grid cells. It has the same characteristics as the Courant

number described in section 3.4.1. Further details on the ice transport scheme

can be found in Lipscomb and Hunke (2004) and Dukowicz and Baumgardner

(2000).

It is assumed that the internal ice stress is zero when it diverges. The ice

velocity is determined from the momentum equation (Hibler, 1979):

m
∂u

∂t
= ∇σ + τw + τo + k̂ ×mfu−mg∇H0 (3.7)

σ is the internal strength defined by the Elastic-Viscous-Plastic (EVP) rhe-

ology, which is an improvement of the Viscous-Plastic (VP) rheology. τw and

τo are the frictions from the wind and the ocean. The fourth term on the

right hand side is the Coriolis force. The last term is the sea surface tilt.

3.1.3 Viscous-Plastic rheology

The VP rheology described by Hibler (1979) has become the favoured sea

ice rheology. Rothrock (1975) outlines some of the restrictions for the yield

curve. First two new variables that both are functions of the principal stresses

σ1 and σ2 are defined:

σI =
1

2
(σ1 + σ2) (3.8)

σII =
1

2
(−σ1 + σ2) (3.9)

Equation 3.8 describes pure convergence of the sea ice and equation 3.9 de-

scribes maximum shear. Rothrock (1975) has outlined some restrictions for

the yield curve:

• Pure convergence results in the limitation that the yield curve must

cross σI in -P

• σI and σII equal to zero have to be on the curve.
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• The yield curve is symmetrical around σI

• Both σ1 and σ2 has to be negative

With these and a few extra requirements described by Rothrock (1975) any

physical shape of the yield curve is allowed. A teardrop form has been sug-

gested (Rothrock, 1975), but it has some numerical difficulties. Typically an

elliptic shape is used (Hibler, 1979), see figure 3.1. A parameter, e, is defined

Figure 3.1: Elliptic yield function

which is the relationship between the two major axis of the ellipse. It is typ-

ically set to 2. The yield curve defines when the plastic material starts to

flow:

• Values outside the curve are not allowed

• Values on the curve result in flow

• Values inside the yield curve prevent flow

The internal strength is defined by a constitutive equation that relates the

rates of strain, ˙εij with the stress σij, defined by Hibler (1979) and rewritten

by Hunke and Dukowicz (1997). The result is:

˙εij =
1

2η
σij +

η − ζ
4ηζ

σkkδij −
P

4ζ
δij (3.10)
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ζ and η are the bulk and shear viscosities defined in equation 3.11 and 3.12

ζ =
P

2∆
(3.11)

η =
P

e2∆
(3.12)

∆ =
√

(ε̇211 + ε̇222)(1 + e−2) + 4e−2ε̇212 + 2ε̇11ε̇22(1 + e−2) (3.13)

The ellipticity, e, shows the difference between the shear and the bulk vis-

cosities. If this is one the ellipse turns into a circle and the bulk and shear

stresses are identical. The numerical difficulties for the VP rheology are shown

in equation 3.11, 3.12 and 3.13. When the strain rate approaches zero the

viscosities approaches infinity. Hibler (1979) used a maximum value of the

viscosities in order to avoid numerical problems, however there is no physical

argument for choosing these limits.

3.1.4 Elastic-Viscous-Plastic rheology

A solution to the VP rheology numerical problem is described in Hunke and

Dukowicz (1997). An elastic connection between the rate of strain and the

stress is defined:
1

E

∂σij

∂t
= ˙εij (3.14)

This is Hooke’s law differentiated with time. The elastic term is added to

equation 3.10. The altered equation 3.10 is:

˙εij =
1

2η
σij +

η − ζ
4ηζ

σkkδij −
P

4ζ
δij +

1

E

∂σij

∂t
(3.15)

This is the constitutive equation for the EVP rheology. In the case of zero

strain, hence infinitely large viscosities, 3.15 converges to 3.14. Hunke and

Zhang (1998) showed that besides solving the ill posed numeric’s it results in

a computational efficient code. The elastic domain is only allowed on small

time scales and it is tuned to fix the VP models problems in a fast and

efficient manner, rather than being a true elastic method.

3.1.5 Continuum assumption

One of the main assumptions in the VP and the EVP rheology is the contin-

uum (AIDJEX) assumption (Coon, 1980; Coon et al., 2007): It is possible to
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describe the ice motion on scales of 100 km in space and one day in time as

a continuum, due to the random direction of leads and cracks. It is assumed

that when a sufficiently large area was observed, the number of leads and

cracks are the same in all directions. However, satellite images have shown

that occasionally there is a dominant direction of the leads and cracks, so

the continuum assumption is not always valid (Coon et al., 2007). It is also

argued that the EVP rheology models the sea ice motion well but not the

deformation of the sea ice.

The Nares Strait is not even 100 km wide. It is easy to imagine that the

assumptions become doubtful in an area with many local effects related to

scales much smaller than 100 km. The results in chapter 4 show that the

model catches some of the mechanical features of the domain but not all.

Sensitivity studies of the parameterization of the model would add further

knowledge on whether or not the EVP rheology is fully valid for high reso-

lution setups in coastal areas.

3.1.6 Alternative approaches

The EVP and VP approaches also exist as finite element models. An exam-

ple is SLIM the second generation Louvain-la Neuve ice-ocean model, which

originally is developed as a finite difference model but now also exist in a

finite element version. An application of this is described by Lietaer et al.

(2008). The finite element approach does not solve the fundamental problem

of the basic continuum assumption, it only changes the numerics.

New rheology approaches try to fix the problems of the continuum as-

sumption. One approach is by Schreyer et al. (2006) who keeps the general

continuum description. The difference between Schreyer’s approach and the

VP/EVP approach is that leads are described without the AIDJEX assump-

tion, instead a description of the direction and size of the individual lead

is provided. The material point method (Sulsky et al., 2007) have been sug-

gested to solve the numerics of the method described by Schreyer et al. (2006).

The method still needs to be tested properly.
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3.1.7 Thermodynamic growth and thickness redistri-

bution

The thermodynamics are solved by terms 2 in equation 3.1.

∂G

∂t
+
∂(f ·G)

∂h
= 0 (3.16)

The thermodynamic model is described by Bitz and Lipscomb (2004). There

are two contributors to the heat flux into the sea ice model: the ocean and

the atmosphere. The coupling with the ocean is described in section 3.3. The

atmospheric heat surface flux, Fsurf into the ice is defined by:

Fsurf = Flatent + Fsens +Rs (3.17)

The sensible heat, Fsens, depends on the temperature difference between the

ice and the atmosphere. The latent heat, Flatent, depends on the water vapour.

Rs is the sum of the radiative forcings into the sea ice defined by:

Rs = (1− αi)(1− i0) · s− (1− εi) · σT 4
s + εi · l (3.18)

s and l are the incoming short and long wave fluxes, respectively, provided by

the atmospheric forcing; αi is the ice albedo; i0 is the fraction of the absorbed

incoming short wave radiation, which depends on the optical properties of

the snow cover. The albedo has been calibrated toward the SHEBA field ex-

periment (Perovich and Elder, 2002; Perovich and Moritz, 2002). It depends

on the ice thickness, surface temperature and the presence of snow. The snow

cover is very important. The albedo of ice with a surface temperature less

than -1 ◦C and a thickness of 0.5 m is 0.55 without snow. With snow the

albedo increases to 0.85. The long wave emmissivity is set to 0.95 for snow

and ice.

The second term on the right hand side of equation 3.18 is the black

body radiation. σ is Stefan-Boltzmann constant equal to 5.67·10−8. Ts is

the sea surface temperature. The third part is the reflected part of the long

wave radiation due to the emissivity of the surface. calculated from the ocean

and atmosphere, a new temperature profile in the snow and ice layer can be

derived and the amount of melt / freeze can be established. In order to avoid

an unrealistic physical solution, a few limitations are set:
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- The surface temperature cannot be positive.

- If the snow surface is below the freeboard height it will be transformed

to ice.

- Water is required to create ice, hence ice can only freeze at the surface

under certain conditions, for instance when water vapour is present.

3.2 HYCOM

The name HYbrid Coordinate Ocean Model (HYCOM) (Bleck, 2002; Chas-

signet et al., 2007), refers to the hybrid vertical coordinates. It is a further

development of the Miami Isopycnal Coordinate Ocean Model (MICOM),

(Bleck and Boudra, 1981), which is a pure isopycnal coordinate model. HY-

COM uses isopycnal coordinates as the basis and many routines are therefore

maintained from MICOM (Bleck, 2002). Fixed layer thickness (z layer model)

near the surface and terrain following coordinates are allowed. HYCOM has

a sea ice model imbedded, but it is only thermodynamic and it is not suited

for this purpose.

3.2.1 Basic equations of HYCOM

The potential density is the vertical coordinate. An important parameter in

an isopycnic model is the so-called Montgomery potential, M. The Mont-

gomery potential differentiated with respect to the inverse potential density,

β is:
∂M

∂β
= p (3.19)

After integration with respect to β equation 3.19 yields:

M = Pβ + k1 = Pβ + gz + k2 (3.20)

k1 is an integration constant. It is equivalent to the sea surface height times

the gravitational constant, g, plus an offset, k2. This explains why an offset

is observed in the sea surface height output from HYCOM when compared

with the boundary conditions.
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The density is a function of salinity, temperature and pressure. It is con-

venient to introduce a potential density defined at a given reference pressure

(p = 0 in this setup). The result is that the density is a function of temper-

ature and salinity only.

The basic equations are outlined in equation 3.21, 3.22 and 3.23, as de-

scribed by Bleck (2002). The equations are described in general vertical co-

ordinates, s. First the momentum equation in x and y direction:

∂V

∂ts
+∇s

V

2
+

(
∂v

∂xs

− ∂u

∂ys

+ f

)
k×V +

(
∂s

∂t

∂p

∂s

)
∂V

∂p
+∇sM − p∇sα

= −g∂τ
∂p

+

(
∂p

∂s

)−1

∇s ·
(
ν
∂p

∂s
V

)
(3.21)

V is the two dimensional velocity vector in x and y. k is the vertical unit

vector. f is the coriolios parameter. p is pressure, τ is the friction and ν is

the viscosity. H in equation 3.23 is a source term. The continuity equation

or mass conservation equation yields:

∂

∂ts

(
∂p

∂s

)
+∇s ·

(
v
∂p

∂s

)
+

∂

∂s

(
∂s

∂t

∂p

∂s

)
= 0 (3.22)

The conservation of thermodynamically properties are described as:

∂

∂ts

(
∂p

∂s
θ

)
+∇s ·

(
v
∂p

∂s
θ

)
+

∂

∂s

(
∂s

∂t

∂p

∂s
θ

)
=

(
∂p

∂s

)−1

∇s ·
(
ν
∂p

∂s
θ

)
+H

(3.23)

In principle, equation 3.21, 3.22 and 3.23 include two momentum equations

(3.21) (Navier Stokes equations), one continuity equation (3.22) and two

conservation equations (3.23) that conserves two of three thermodynamic

parameters (salinity, temperature and density). The third thermodynamic

parameter is described by the equation of state. The full format of the solution

of the equation of state is the so-called UNESCO equation (UNESCO, 1981).

However, this is numerically demanding and the polynomial described by

Brydon et al. (1999) is used instead.

Ocean models normally conserves temperature and salinity and then de-

rives the potential density. This has a unique solution. However, when isopy-

cnal coordinates are used it is more obvious to conserve density (automatic)
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and salinity. In principle, this is obtained with an inversion of the equation

of state. A problem arises as the solution is not mathematically unique: two

solutions exist. Fortunately, in most cases the lowest temperatures can be

eliminated as it is below the freezing temperature. Therefore HYCOM uses

the higher of the two solutions. Only when both salinity and temperatures

are low 2 feasible solutions are found, see figure 3.2.

Figure 3.2: Potential density (kg/m3-1000) with reference pressure according to
polynomial by Brydon et al. (1999). Colours indicates density. Contour lines with
density difference of 2 kg/m3.

It is not assumed to be a problem in this setup, as the salinity is above 20.

A solution is to conserve salt and temperature, which is possible in HYCOM.

This may lead to extra computations, as the density is already given.

3.2.2 Vertical coordinates in HYCOM

Isopycnal coordinates are intuitively correct many places in the ocean. The

different water masses are often separated through their densities. If the tar-

get densities are chosen correctly, the result is layers that match the physical

properties of the water column. This means that spurious diapycnal mixing is

avoided. Unfortunately, as other vertical coordinates it is not perfect. When

the water column is fully mixed, the density is the same in the entire water
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column. The result is one isopycnal layer. The result is a poor resolution of

the water column. A similar problem occurs if the global ocean is modelled.

A set of target densities matches well in some areas but not in other areas.

In order to solve these problems MICOM was developed into HYCOM. The

new model allow surface layers with z coordinates (fixed layer thickness),

σ coordinates (terrain following) and at last the main isopycnal coordinate,

however the main vertical discretization is still the isopycnal coordinates.

3.2.3 Altered short and long wave radiation input for

HYCOM

The original version of HYCOM expects short and long wave radiation that

is reduced for surface reflection and black body radiation. It is expected that

the high resolution regional model, described in this thesis, describes the ice

cover better than the atmospheric model. Due to the large change in albedo

as function of the surface colour (ice/ocean), the radiation input has been

changed, i.e. the incoming short and long wave radiation at the surface are

reduced inside the model instead of outside. The net radiation into the ocean

is then calculated inside the ocean model as:

Rs = (1− αw) · s− (1− εw) · σT 4
s + εw · l (3.24)

αw is the short wave albedo of the ocean set to 0.06. εw is the emissivity

set to 0.985. This is very similar to the radiation balance from the sea ice

model described in equation 3.18. The surface heat balance is the same for

the ocean and the sea ice. It is described in equation 3.17. The standard

latent heat and sensible heat formulation of HYCOM is used, see Kara et al.

(2004); Fairall et al. (2003).

3.3 Coupling

The coupling exchanges energy, salt and friction between CICE and HYCOM.

The energy exchange ensures that the sea surface temperature stays at the

freezing point as long as ice is present. The freezing point is defined linearly
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in salinity, S:

Tfrz = −0.054 · S (3.25)

The potential melt/freeze, potmf , energy does not only depend on the dif-

ference in temperature. The thickness of the surface layer, hfrz, where the

ocean is allowed to freeze is set to the thickness of the turbulent boundary

layer or at most 20 meters. The potential melt freeze potential yields:

potmf = (Tfrz − Ts)
spcifh · hfrz · ρw

dtbaclin

= (Tfrz − Ts)
3990 J

kg·deg
· hfrz · 1000 kg

m3

360s
(3.26)

= (Tfrz − Ts) · hfrz · 11083.33
W

deg ·m3

spcifh is the specific heat of the ocean. ρw is the density of the water and

dtbaclin is the baroclinic timestep. There is a limit to the melt freeze potential

of ± 1000 W/m2. This corresponds to a very small temperature difference.

Normally it does not limit the exchange of energy, as the time scale of the

creation of the potential is limited to the baroclinic time step (6 minutes in

this setup), but potentially it can cause problems and limitations, that are

not physically bounded are not desirable.

A positive potmf results in a production of frazil ice. CICE starts to freeze

the open water area first. If the potential is negative, the ice will melt from

below. The energy used to freeze or melt the ice is added to the heat balance

in HYCOM in order to maintain the sea surface temperature at the freezing

point as long as ice is present. If all the ice is melted, the energy that is

exported from HYCOM to CICE and not used to melt ice is returned to

HYCOM. The result is an increase in the sea surface temperature.

The following parameters are exported from HYCOM to CICE.

- Temperature of the sea surface layer

- Salinity of the sea surface layer

- Average horizontal velocities, u and v, of the top 10 meters of the water

column

- Sea surface height
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- Melt freeze potential

- Thickness of turbulent boundary layer depth

The following parameters are exported from CICE to HYCOM:

- Ice concentration

- Ice thickness

- Melt freeze potential

- Ice friction x and y direction

- Short wave flux that penetrates through the ice into the surface of the

ocean

- Energy flux

- Salt

- Fresh water

All values are grid cell averages. The surface layer of the ocean increases the

salinity when the ice freezes, due to brine rejection, and fresh water when

the ice melts. It is expected that the sea surface in summer will be fresher

than in winter.

3.3.1 Model grid

The main reason for running a regional high resolution setup is to resolve

small scale features in areas like the Nares Strait. The model grid of HYCI

is shown in figure 3.3. The grid is equidistant with a grid size of 0.32◦ The

same horizontal grid has been used in both the hindcast and the climate

simulations. The lowest number of grid cells is 8 across the strait, which is

higher than the number of grid cells used in the lateral boundary conditions

see figure 2.17 and figure 2.22.

The model grid in the sea ice model and the ocean model differs. The sea

ice model uses a B grid and the ocean model operates on a C grid. The B

grid and the C grid is outlined in schematically form in figure 3.4.
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Figure 3.3: Computational grid size in km. Colorbar indicates gird size in km.
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(a) B grid (b) C grid

Figure 3.4: P point includes all values except velocities, fluxes and frictions. They
are located in u,v point

Both types of grid have one extra u,v point compared to the number of p

points. Therefore a pseudo row and column of land points are added to both

models. Unfortunately this is added to the northern and eastern boundary

in HYCOM and the western and southern boundary in CICE. The result

is a row with ocean but no ice in south and west and consequently a large

heat flux out of the model in winter, as the insulating layer of ice is removed.

In order to avoid this, the ice concentration and ice cover is copied from the

second row to the first. The velocities are set to zero due to the none dynamic

boundary conditions see section 3.4.

The main difference between the two grid types is the location of the

velocity and friction vectors. The B grid has the u and v velocity co-located,

whereas the C grid has these vectors to the south (v) and to the west (u).

The application of the model decides which grid type is the most appropriate.

One of the main differences is that in a one grid point channel there are no

velocities in the B grid. The C grid maintains the flow along the channel,

however a one grid point channel is not expected to be well resolved. It

is convenient to use the C grid for the pressure gradient as the velocity is

derived in between two p points, hence interpolation is avoided. The same

arguments work in favour of the B grid, when the Coriolis force is evaluated

as this incorporates a product of the u and v velocity. None of the two grids

are in general superior to the other in all cases. However, ocean circulation
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models today mainly uses the C grid and sea ice models often uses the B

grids.

In general, the purpose of a model should be considered before choosing

a grid as it is a fundamental part of the discretization of the equations in a

model. All values in this setup are interpolated to p points before they are

exchanged between the HYCOM and CICE.

3.4 Lateral boundary conditions

The lateral boundary conditions are based on a relaxation towards a known

field from the 2 models described in section 2.4. The relaxation from the

known field is strongest close to the boundary and then decreases as the

distance to the boundary increases. The distance in this section is defined as

the number of grid cells of water between a given point and the boundary. If

this distance is more than 10, the boundary conditions are not seen. Based

on the e-folding time, E, defined in days, the relaxation parameter, γ, can be

found:

γ =
dtbaclin

E · sday
=

1

E · 240
(3.27)

sday is the number of seconds in one day. A variation of the e-folding time

from 1 to 10 days has been applied in this setup, hence the e-fold time on the

boundary is 1, and 10 points away it is 10. The variation of γ can be seen in

figure 3.5.

Closed boundaries are seen along with the variation of γ, hence the areas

near the boundaries with γ equal to 0 are the closed boundary conditions.

The baroclinic boundary conditions are then applied as follows:

NF = (1− γ)OF + γBF (3.28)

NF is the new field, OF is the old model field and BF is the field from the

boundary conditions. The values from the boundary conditions are found

through linear interpolation between two points in time. This type of bound-

ary conditions are imposed on the temperature, salinity and the velocities in

the ocean model.

The barotropic boundary condition is not implemented, due to the lateral

boundary conditions for the climate simulation. They only have output once
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Figure 3.5: Relaxation parameter, γ

a month as a total velocity. It is assumed that the entire velocity field is

baroclinic. The results in chapter 4 show a too weak volume flux through

the Nares Strait, which might be the result of the strength of the boundary

conditions. It is very likely that a higher γ value and/or the use of barotropic

boundary conditions would induce a stronger volume flux through the strait.

The same type of boundary conditions has been used on the sea ice. It

is used straight forward for the ice cover and the ice thickness, however in

order to maintain the thermodynamically properties, the ice enthalpy must

be found for each sea ice category. The surface temperature of the ice is

found based on the minimum value of the air temperature and 0◦C. The

temperature at the bottom of the ice towards the ocean is set to the freezing

point of the ocean, see equation 3.25. A piecewise linear temperature profile

is assumed between the ice surface and the ocean. The temperature, Ti, at

any point in the sea ice can then be found, and the ice enthalpy is then

defined as:

eice = −(ρi ·(cpice ·(Tmlt−Ti)+Lfresh ·(1−
Tmlt

Ti

)−cpocn ·Tmlt))·vicen/nl (3.29)

ρi is the density of ice set to 917 kg/m3. Cpice is the specific heat of the ice,

2106 J/K/Kg. Cpocn is the specific heat of the ocean, 4218 J/K/Kg. Tmlt is
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the melt temperature of the ice. vicen is the volume of the given layer of ice

and nl is the number of layers. Lfresh is the latent heat of fresh ice defined

as:

Lfresh = Lsub − Lavp = (2.835e6− 2.501e6)
J

KKg
= 3.34

J

KKg
(3.30)

Lsub is the latent heat of the sublimation of freshwater and Lvap is the latent

heat of vaporization of freshwater.

CICE creates an artificial row and column of land around the entire do-

main when it is run as a nested area, i.e. it is not possible to apply dynamic

boundary conditions as the velocities perpendicular to the boundary has been

set to zero.

3.4.1 Time step

The barotropic time step is based on the phase speed of the linear shallow

water wave. The time step limitation yields:

∆x√
gh
≥ ∆t (3.31)

g is the gravitational constant. h is the water depth. This is the so-called

Courant number. The maximum barotropic time step based on the grid size

and depths of HYCI is 43 seconds. This is not the only time step criterion.

A safe choice has therefore been made and the barotropic time step, dtbatrop,

has been set to 18 seconds. As a rule of thumb, the baroclinic time step,

dtbaclin, can be up to 50 times bigger compared to the barotropic. It has been

set to 360 seconds. The time step in CICE is set to 360 seconds as well.

3.4.2 Missing model physics

• Ice bergs are not included in the model. It is likely that they would

keep the ice in Kanes Basin longer.

• Melt water from Greenland is missing. The surface waters is expected

to freshen, if this is included.
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• Tides are not included. Ice drift buoys in the Nares Strait indicates

that the tides are strong in the Nares Strait. It is not expected that the

oceanic volume flux will differ much if the tides are included, however

this is likely to influence the ice strength in the Nares Strait.

3.4.3 Model parameters

Some characteristic model parameters are listed in table 3.2. The main dif-

Parameter Hindcast Climate

Period Sep 2005 - Aug 2008 1952 - 2080

idm n grid points x direction (east to west) 110 110

jdm n grid points y direction (south to north) 180 180

kdm n vertical grid points 22 20

Model grid size 4 km - 10 Km 4 km - 10 km

min density 21.8 20.0

max density 28.11 30.0

nhybrid 10 10

grid size atmosphere 5 km 25 km

Temporal spacing Atmosphere 1 hour 1 hour

grid size lateral bound. cond. 15 km 25 km

Temporal spacing Lateral boundary condition 1 day 1 month

Number of ice layers 5 5

Baroclinic time step 360 s 360 s

Barotropic time step 18 s 18 s

Time step CICE 360 s 360 s

Emissivity ice, εi 0.95 0.95

Emissivity ocean, εw 0.985 0.985

Albedo ice, αi varying varying

Albedo ocean, αw 0.06 0.06

Table 3.2: Key parameters for the model setup

ference between the two model simulations, besides the atmosphere and the

oceanic boundary conditions, are the vertical discretization of the ocean
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model. 22 layers are used in the hindcast and 20 layers are used in the climate

simulation. The 20 layers in the climate simulation span a wider density field.

The full input files is shown in appendix C.

The period for the climate simulation is split into the following four sub-

sections:

Period Years

A 1961 - 1990

B 1991 - 2020

C 2021 - 2050

D 2051 - 2080

Table 3.3: Subperiods of the climate simulation

The results from both simulations are discussed in chapter 4 and the

matching articles (Rasmussen et al., 2009b,a), attached in appendix A and

B. A parameter used in the treatment of the results is the relative ice coverage

or the averaged ice concentration. It is defined as:

ã =
aice

aocean

(3.32)

Ã is the relative area covered by ice. Aocean is the area of the ocean grid cells

in the domain. Aice is the area of the ice covered ocean grid cells.

The ice flux through section A, see figure 2.2. It has been calculated based

on the following equations:

Fa = −
n∑

i=1

vi · ci · r · cosφ ·∆λ (3.33)

Fv = −
n∑

i=1

vi · ci · r · cosφ ·∆λ ·Hi (3.34)

where n is the number of grid cells that has been used in the cross section,

vi the northward ice velocity component, ci the ice concentration, Hi the ice

thickness, i the grid index, φ the latitude, r the radius of the Earth, and ∆λ

the longitude extension of each grid cell.

The area flux is interesting as it is not possible to derive the ice thickness

directly from satellite images.



Chapter 4

Results

This chapter is based on two simulations with HYCI:

1. Hindcast

2. Climate

The model setup and boundary conditions are discussed in the previous chap-

ters of this thesis. The main conclusions have been outlined in the two articles,

see appendix A and appendix B, but additional considerations are made in

this chapter. This chapter is divided into four sections. First the main con-

clusions from the two articles are presented, then results from the ocean part

of the model are outlined and finally the results from the sea ice part of the

model are discussed.

4.1 Article I - Modelling the sea ice in the

Nares Strait

The article is included in appendix A. A hindcast simulation with HYCI was

run for the Lincoln Sea, the Nares Strait and the Baffin Bay. The region,

including a map see figure 2.2, is described in chapter 2 of this thesis.

The focus of the article is on the development of the North Water Polynya,

but the general sea ice cover and the sea ice flux into the Nares Strait from

the Lincoln Sea are also described in appendix A section 4 and section 7,

respectively.

69
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The article documents that the model is able to reproduce an opening of

the North Water Polynya in February. The opening is closely connected to

high wind speeds towards south and west. The polynya closes after a few days

due to the cold conditions in the area. The polynya is visible during winter

even though the entire area is ice covered, due to large spatial variations in

the ice thickness. An ice bridge is seen in the southern part of Kanes Basin

blocking the flow of thick multiyear sea ice into the area of the North Water

Polynya. The northern part of the Baffin Bay, where the polynya is located,

is therefore covered with a thin ice layer.

The polynya opens in summer and stays open until fall. No signs of up-

welling are seen in the model. The energy balance at the surface of the ocean

shows a positive heat flux into the ocean, which indicates that the main

driver for the maintenance of the polynya is the atmospheric heat flux into

the ocean.

The annual variation of the relative ice cover in the model agrees well with

the observed data from satellite images and the lateral boundary conditions.

The biggest differences are seen in winter and summer.

- Winter: Due to the cold conditions it is expected that the ice cover is

100 %. This is the case in the hindcast, but not in the satellite images.

- Summer: Two main differences are observed in summer.

1) Sea ice cover in the Lincoln Sea. The ice cover in the satellite im-

ages is close to 100 %, which is slightly more than the result from the

hindcast.

2) Sea ice in the Nares Strait. Less sea ice is present in the Nares Strait

in the hindcast compared to the satellite images.

The sea surface temperature is strongly correlated to the ice cover. Therefore,

the largest bias in the sea surface temperature is observed north of Kanes

Basin, where HYCI opens earlier than the satellite based observations.

The ice flux at the entrance to the Nares Strait is low in this simulation

compared to the observations made by satellite. One reason for this seems to

be the somewhat low winds in HIRLAM compared to HIRHAM and MM5.

The period with the highest ice flux is summer, due to the low internal ice

strength of the model.
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4.2 Article II - The effect of climate change

on the sea ice and the hydrography in the

Nares Strait

The second article describes the expected climate changes in the Lincoln Sea,

the Nares Strait and the Baffin Bay, see figure 2.2. The article is attached in

appendix B. The sections of the article describe the evolution with time of

the following parameters listed by their section number:

3. Relative ice cover in the entire domain

4. Ice flux into the Nares Strait from the Lincoln Sea

5. The North Water Polynya

6. Sea surface temperature

7. Temperature and salinity profiles at cross section B figure 2.2.

The simulation runs from 1952 - 2080. The first 8 years of the simulation are

used as spin up. The last 120 years are split into 4 subperiods, see table 3.3.

The area ice flux through the entrance to the Nares Strait has been cal-

culated. From 1960 to 2040 the area flux increases slightly with a magni-

tude around 30×103km2/year. Large variations from year to year are ob-

served in the model. The magnitude matches the results from Kwok (2005).

Around 2040 the modelled area flux increases to a new level with an av-

erage around 60×103km2/year, still with large variations and peaks up to

90×103km2/year. A similar magnitude of the ice flux into the Nares Strait

has been observed by satellite images in 2006/2007, where the area flux

reached approximately 80×103km2/year.1

The volume flux of sea ice is around 60×km3/year in the entire period. A

small increase in the magnitude is seen when the area flux increases abruptly.

However the volume flux quickly returns to the old level due to the decrease

in ice thickness.

1personal communication with Ron Kwok through Leif Toudal Pedersen
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The relative sea ice cover defined in equation 3.32 has an annual variation

comparable to the annual variation seen in the sea ice cover observed from

satellites. The exception is the period from mid October and until the area

is fully sea ice covered. The satellite images indicate that the refreeze is too

slow in this simulation. As this is not the case in the hindcast, at least two

possibilities exist for this difference:

1. The temporal spacing (monthly compared to daily in the hindcast) of

the lateral boundary conditions and the linear interpolation in between.

2. The timing of the ice flux in the model. It peaks around June, whereas

the ice flux observed in the satellite images (Kwok, 2005) peaks in late

summer/fall.

The latter difference is seen in the hindcast as well. Therefore, 1) seems to

be the most likely cause.

The mechanisms that governs the removal and the return of the sea ice

from the Nares Strait appear to be the same in the entire simulation. The

North Water Polynya opens in spring earlier than the rest of the domain.

The return of the sea ice is initiated from north and then it spreads towards

south in fall. The difference is the length of winter and summer. The period

with (partly) ice free Nares Strait becomes longer with time. The North

Water Polynya is a very characteristic feature of the Nares Strait and the

Baffin Bay. The polynya opens earlier in the present scenarios compared to

the future scenario.

The sea surface temperature is closely linked to the ice cover. As long

as the ocean is ice covered, the sea surface temperature stays at the freez-

ing point. As soon as the ice is removed during summer, the temperature

increases. The result is that the surface temperature anomaly between the 4

different subperiods is small in the Lincoln Sea, where ice is present during

the entire simulation. Anomalies of 2-3◦ are observed in the Baffin Bay when

the present day scenario is compared to the future scenario.

The temperature and salinity from cross section B in figure 2.2 have been

extracted. They show a warming and freshening of the sea surface in summer

compared to winter and very small changes near the bottom, due to a strong

vertical stratification and a limited vertical mixing.
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Modelled temperature and salinity profiles has been extracted for summer

from point B, figure 2.2. The four subperiods are compared internally and

with the database obtained by Kliem and Greenberg (2003). The sea surface

is fresher in the data obtained from the database compared to the present

day climate.

The future scenarios show a freshening of the surface but limited change

in the salinity at depths. The temperature in the future scenario increases

with up to 3◦C at depths of 200 meters. A similar warming and freshen is

also seen in the lateral boundary conditions, see figure 2.24(a), figure 2.24(b)

and figure 2.23(a).

4.3 Oceanographic results

This section describes results not included in the two articles summarized

in the previous two sections in this chapter. The subsections describe results

from both the hindcast and the climate simulation. Many of the conclusions

from the two simulations are the same and the results from both simulations

are therefore not showed for all topics.

4.3.1 Sea surface height (SSH)

It is not expected that the sea surface height changes, due to local sources

or sinks in the domain considered. However, it is a good test of the model

properties and the boundary conditions. The average sea surface height for

the entire domain for the hindcast and the climate simulation are displayed

in figure 4.1.

The sea surface height increases with 20 cm during the simulation both

in the ECHAM5-MPI-OM and in the climate simulation, figure 4.1(b). The

sea surface height is constant in the hindcast and in the boundary conditions

related to this simulation. Both simulations have a difference in the offset,

due to the sea surface height being a diagnostic variable in HYCI, see section

3.2.1. The result fits well with the expectations.
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(a) Sea surface height, hindcast (b) Sea surface height, Climate simulation

Figure 4.1: Trend of the sea surface height, 4.1(a) hindcast and 4.1(b) climate
simulation.

4.3.2 Hybrid layers

The lateral boundary conditions for the hindcast and the hindcast itself use

the same target densities. It is assumed that the target densities in the hind-

cast spans the necessary density layers to cover the North Atlantic and the

Arctic oceans.

The question is how many of these isopycnic layers are relevant for the

area in focus. Time series for point D, figure 2.2, are extracted, and the

location of the middle of each layer with respect to depth are shown in figure

4.2(a) and figure 4.2(b). Similar with respect to density are shown in figure

4.2(c) figure 4.2(d).

22 layers have been used in the hindcast. 16 layers are plotted in figure

4.2. The last 6 (17-22) all have zero thickness as their target densities are too

high. Three layers are all constant in density and match the target densities

(27.66, 27.8 and 27.9) during the simulation, see figure 4.2(c) and 4.2(d),

hence they are isopycnal layers. The top 10 layers are all constant in thickness

space. They are distributed on the top 50 meters. These are all z layers. They

are transformed into z layers because their target densities are lighter than

the water column. HYCOM uses the light layers to resolve the mixed layer.

The result is a very high vertical resolution in the top 50 meter of the water

column and then a low resolution in the deepest 200 meters. During the
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(a) Layer thickness, Nansen Center (b) Layer Thickness, HYCI hindcast

(c) Layer density, Nansen Center (d) Layer density HYCI hindcast

Figure 4.2: Thickness, m, and Potential density, kg/m3, of layers as function of
time.
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three year simulation, the water column becomes fresher at the surface, i.e.

the density drops. The result is an additional isopycnal layer. The annual

variation is also observed in the boundary conditions, see figure 2.19(a) and

2.19(b).

The densities in the top 10 layers of HYCI are the same during winter,

hence a thick mix layer is created. The variation from winter to summer is

large. The density of the top layer drops with approximately 0.5×kg/m3. The

result is that the top 10 layers varies in density space. A stronger stratification

is obtained in summer.

The results show that a pure isopycnal model setup for the region in focus

with the same target densities as the ones chosen in a North Atlantic/Arctic

domain will have a limited vertical discretization. It is clear that a pure

isopycnal model is not an obvious choice for this region.

HYCOM uses all the layers, where the target densities are lighter than or

within the densities of the water column. It applies all the extra layers in or

near the mix layer. This is a sane choice, as the largest variations normally

occur in the top of the water column. The result in this setup is that 16 of the

22 layers are used. The hybrid model works, but a model with only terrain

following layers could be cheaper with respect to computational time, as it

avoids the redistribution of the layers between z layers, isopycnic layers and

terrain following layers during the simulation.

The boundary conditions rely on the vertical layers having the same thick-

ness in the boundary conditions and in the model, as it computes the relax-

ation from layer to layer, hence temperature, salinity and velocities from

layer one in the boundary conditions are all interpolated to layer one in

HYCI without checking the location of the layer. Figure 4.2 shows that the

thicknesses of the different layers are more or less the same in the boundary

conditions and the hindcast, i.e. the conditions for the boundary conditions

are fulfilled.

4.3.3 Ocean flux

The observed oceanic volume flux through section B, figure 2.2, is in the

range 0.6 - 1.0 Sv southwards through the Nares Strait, see section 2.1.2.
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The time series from the hindcast for the years 2006, 2007 and 2008 are

shown in figure 4.3.

Figure 4.3: Annual variation of the oceanic volume flux at section B, figure 2.2.
Positive towards north

The modelled oceanic volume flux rarely exceeds 0.1 Sv which is very low

even compared to the expected annual average.

The annual average is calculated for both volume flux and fresh water

flux with a reference salinity of 34.8. The result is shown in table 4.1.

Year Volume flux [mSv] Fresh water [mSV]

2006 -12 0.18

2007 -14 -0.45

2008 -15 -0.31

Table 4.1: Annual average of volume flux and fresh water flux in the hindcast. The
flux is positive towards north.

The average annual volume flux and fresh water flux are much smaller

than in the observations. Eventhough the observations have a relative large

range compared to the magnitude, this can not explain the low oceanic vol-

ume flux calculated by the model.
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A reason for the low volume flux is very likely the boundary conditions.

The e-folding time, equation 3.27, should not be included in the baroclinic

relaxation scheme, when it is used without barotropic boundary conditions.

The weight, γ equation 3.28, near the boundary should be close to 1/2 instead

of 1/240, see figure 3.5.

The present scheme seem to work reasonable on the stationary fields:

temperature, salinity, ice thickness and ice cover.

The annual average of the oceanic volume flux for the climate simulation

is shown in figure 4.4.

Figure 4.4: Annual Ocean flux as function of time in the climate simulation, section
B figure 2.2. Positive towards north.

The same trend is seen in the climate simulation as in the hindcast.

A volume flux southwards of approximately 0.01 Sv (10mSv) is modelled.

An interesting trend with a reversal of the annual volume flux from around

2040 is observed. Conclusions made based on the low oceanic flux must be

taken with extra precaution. The fact that both data sets do not yield a

significant volume flux through the Nares Strait indicates that the problem

resides within the model setup and not the applied boundary conditions.
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4.3.4 Oceanic velocities cross section B

The north/south oceanic velocity for the hindcast is shown for crosssection

B in figure 4.5. The plots presented are averages of 2006 and 2007 for the

season described below each plot. The results for the climate simulation are

similar for the present day climate. As a consequence of this they are not

shown.

(a) December, January and February (b) March, April and May

(c) June, July and August (d) September, October and November

Figure 4.5: South/north velocity at crosssection B, figure 2.2. Seasonal average
2006 and 2007 hindcast. (a) winter (b) spring (c) summer (d) fall. Velocity positive
towards north. Distance from start of crosssection on the Canadian site of the
channel.

It was expected that the velocity was headed towards south in most of

the cross section. Especially the current along the Canadian Archipelago

was expected to be strong towards south(Münchow and Melling, 2008). The

modelled result shows a northward current along the coast of Canada and

a current towards south on the Greenland side of the strait. The southward

current is strongest in fall, see figure 4.5.

The surface velocity is shown for Kanes Basin and the area just north of

this in figure 4.6.
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(a) December, January and February (b) March, April and May

(c) June, July and August (d) September, October and November

(e) September, October and November

Figure 4.6: Surface velocity (layer 1) for the four seasons. Colours indicate
south/north velocity positive towards north. Arrows indicate the strength and di-
rection of the horizontal velocity.

The surface currents show the same pattern as the velocities in cross sec-

tion B figure 4.5. The southward current is seen closer to the Greenland side

of the crosssection than expected. The surface currents are strongest in fall
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as indicated in the oceanic flux figure 4.3 and the crosssection velocities fig-

ure 4.5. As mentioned earlier, the use of only baroclinic boundary conditions

including an e-folding time is expected to cause the low velocities. If this is

the case and it is assumed that a simulation with a higher volume flux results

in a stronger surface current, then it might explain the lack of ice flow in fall,

as it would impose a larger friction on the sea ice.

The northward velocity near the coast of Canada could imply a pressure

gradient error (Kliem and Pietrzak, 1999). This is only possible if the vertical

coordinate is transformed into terrain following coordinates.

4.3.5 Temperature and salinity profiles for the hind-

cast

Temperature and salinity profiles for point A, B and C figure 2.2 have been

extracted for the hindcast simulation in order to compare with the database

established by Kliem and Greenberg (2003). According to the article, most

measurements in the database are obtained in summer, consequently all tem-

perature and salinity profiles from the model are based on averages of June,

July and August. The profiles are interpolated to the same vertical grid and

averaged. The profiles for A,B and C are shown in figure 4.7. Note the dif-

ferent depths in the 3 locations.

The salinity profiles show good correspondence in the bottom half of the

profiles. A near surface difference between the model and the database is

observed, i.e. the near sea surface is fresher in the database compared to the

model. The difference is smallest in point A, which is fully ice covered or

near fully ice covered all year. The same trend is observed in the climate

simulation, point B, figure 2.2, see appendix B. The lack of melt water from

Greenland in the model could explain the lack of fresh water in the model.

The temperatures in the deepest part of the profiles have similar gradi-

ents, but there is a different offset. The result is that the modelled tempera-

ture is colder by 0.5◦ to 1◦ compared to the database.

Point C, in the database and the hindcast, are coldest around depths of

100 m. The measured temperature in point A and B are coldest closer to

the surface compared to the hindcast. The temperatures near the surface are
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Figure 4.7: Temperature and salinity profiles for hindcast in point A,B and C figure
2.2. Profiles of the model are based on an average of June, July and August 2006,
2007 and 2008. Top row salinity. Bottom row temperature.

very similar in point A, which is the location with full ice cover almost all

year, hence the temperature is at the freezing point or near it. Point B and

C both have higher temperatures near the surface in the model compared

to the observations. It should be mentioned that temperature is a diagnostic

variable in this setup.

An exact match of the results are not expected, as the database is a
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collection of data from point measurements widely spread in time (app. 50

years). The climate simulation shows a temperature difference between the

two subperiods (1961-1990 and 1991-2020) of approximately 1◦ at depths of

150m, hence a magnitude that is similar to the difference between the mod-

elled temperature in the hindcast and the measured temperature. Natural

variability may influence the final result. The general agreement between the

model and the database seems reasonable.

4.3.6 Sea surface salinity

The sea surface salinity determines when the sea ice melts and freeze. Higher

salinity results in a lower freezing point. The sea surface salinity for the

present day scenario (1961-1990) and the anomaly (2051-2080)-(1961-1990)

are shown for all 4 seasons in figure 4.8.

A general freshen of most of the domain is seen in all four seasons. Es-

pecially the Lincoln Sea experiences a fresher surface layer with a decrease

in the salinity of around 3 psu. Baffin Bay has the lowest surface salinity

anomaly. The deepest part of Baffin Bay experiences an increase in salinity.

The fresh Lincoln Sea and the more constant salinity trend in the Baffin Bay

are also seen in the boundary conditions, see figure 2.23(b) and figure 2.23(b).

Increased sea ice melt and precipitation may also influence the result. The

anomaly is largest in summer and fall.

4.3.7 Surface heat flux North water polynya

Rasmussen et al. (2009b), see appendix A, indicates that the continuous

opening of the North Water Polynya in summer is forced by the atmosphere.

The short wave radiation has a larger variation (from day to day) in the

climate simulation compared to the hindcast, therefore the surface heat flux

is presented along with the ice concentration for point C figure 2.2, which is

the location of the North Water Polynya.

The purpose of this chapter is to test whether the same conclusion from

the hindcast can be extended to the climate simulation, which has a some-

what lower average of the short wave radiation, see figure 2.6(c) and figure

2.13.
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(a) Winter (b) Spring (c) Summer (d) Fall

(e) winter (f) Spring (g) Summer (h) Fall

Figure 4.8: Sea surface salinity. Top row average 1961-1990 for each season, (a)
December, January and February, (b) March, April and May, (c), June, July and
August, (d) September, November and December. Bottom row anomalies of the
four seasons

Model year 2005 has been used for the test and the result is displayed in

figure 4.9.

The result and conclusion is basically the same as in the article described

in appendix A. The surface heat flux is positive into the ocean from May

to July, i.e. the surface heat flux is considered to be the main driver of the

continuous early opening of the polynya compared to the surroundings. The

variations of the surface heat flux are larger during summer in the climate

simulation compared to the hindcast, due to the high frequent variations in

the short wave radiation.

The surface heat flux from the ocean describes the exchange of heat to-

wards the atmosphere or the sea ice, depending on the ice concentration, i.e.

it is a pure internal heat flux when a grid cell is fully ice covered. The large
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(a) (b)

Figure 4.9: Surface flux point C, figure 2.2, climate simulation. (a) Surface flux
(b) Ice cover.

variation in winter is a consequence of the wind driven removal of sea ice.

When ice is removed a large negative heat flux is created from the ocean to

the ice model in order to form new ice. This ensures that the temperature

stays at the freezing point. A limit of 1000 w/m2 for the heat flux is set by

the coupler.

4.4 Sea ice

This sections deal with results related to the sea ice model. The section is

not as extensive as the ocean part of this chapter, as most of the results are

already described in the two articles connected to this thesis.

4.4.1 Sea ice cover

The annual variation of the average ice cover for the four subperiods, see table

3.3, are shown in Rasmussen et al. (2009a). The evolution of the average ice

concentration for the entire domain as function of time of year and model

year for the climate simulation is shown in figure 4.10.

Figure 4.10 shows that the ice cover decreases and the summer becomes

longer in the future scenario. However, it also shows that there are large

variations from year to year. The number of days with a full ice cover is
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Figure 4.10: Relative sea ice cover as function of year and time of year. 0 is ice
free. 1 is fully ice covered ocean.

reduced from approximately 230 days in the beginning of the simulation to

approximately 150 days in the end.

4.4.2 The North Water Polynya in winter

An ice bridge reveals itself as an area with large spatial variation in the ice

thickness. The ice bridge in Kanes Basin is close connected to the North

Water Polynya. This was shown in the article describing the hindcast, figure

6 appendix A and by Yao and Tang (2003).

In order to show that the ice bridge in Kanes Basin is present in the

climate simulation, two plots of the ice thickness and the corresponding ice

cover for the 1st of March 1970 and the 16th of April 1970 are presented in

figure 4.11.

The sea ice cover in figure 4.11(a) and figure 4.11(b) shows a small reduc-

tion in the ice concentration at the location of the North Water Polynya. It

is easier to see the North Water Polynya and its related ice bridge in Kanes

Basin in the ice thickness, see figure 4.11(c) and figure 4.11(d). The ice bridge

is seen at approximately the same location both days. The area with low ice
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(a) Ice cover, 1st of March - 1970 (b) Ice cover, 16th of April - 1970

(c) Ice thickness, 1st of March
1970

(d) ice thickness, 16th of April
1970

Figure 4.11: Top row sea ice over (a) 1st of March 1970 (b) 16th of April 1970.
Bottom row Sea ice thickness (c) 1st of March 1970 (d) 16th of April 1970

thickness is largest on the 16th of April. The small area with low ice concen-

tration and the larger area with low ice thickness indicates that the North
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Water Polynya is a latent heat polynya in winter, where wind forces the ice

away from the coast and new ice quickly forms, due to the cold conditions in

the area.

The main difference compared to the hindcast is seen at the entrance

to the Nares Strait in figure 4.11(b) and figure 4.11(d). Signs of ridging,

indicating the location of the Lincoln polynya, is seen. This is the result of

ice drift into the Nares Strait, see figure 4.12(c).

The ice thickness of 1m in winter, point E figure 2.2, fits well with the

boundary conditions from ECHAM5-MPI-OM, see figure 2.25(a).

4.4.3 Sea ice dynamics

The sea ice transport into the Nares Strait from the Lincoln Sea is governed

by different processes depending on the season. Time series from point A

figure 2.2 are extracted. The wind stress, the internal stress with opposite

sign, the ice velocity, the ice concentration and the ice thickness are all plotted

for the climate simulation model year 1970 in figure 4.12.

The internal strength and the wind stress show good correlation especially

from January to April and again late in the year, where the ice is getting

stronger and the ice cover is 100 %.

The long period in summer with sea ice flow into the strait correlates well

with a lower sea ice concentration, which results in a very low ice strength

and relatively free ice drift. Even though April, May, June and July results

in a large ice flow towards south, the ice becomes thicker. This is due to

the import of thick multi year ice from the Lincoln Sea. The 2 spikes in

the south/north ice velocity that are seen early in the year and late in the

year are both correlated with high wind stresses that exceeds the internal ice

strength. A high wind stress is observed towards north in February/March,

but the internal strength prevents sea ice drift. This is the period with the

strongest sea ice, due to the compactness of the sea ice. This shows that

the limit between ice drift and ice block can be very small and just a small

change in the wind stress or the compactness of the ice may alter this. This

supports the argument that even a small difference between the wind speeds

in HIRLAM and HIRHAM may result in additional ice drift.



CHAPTER 4. RESULTS 89

(a)

(b)

(c)

Figure 4.12: Correlation between internal stress, wind stress, ice concentration, ice
thickness and north/south velocity, model year 1970, climate simulation point A
figure 2.2. (a) Wind stress and internal stress (b) Ice thickness and relative ice
concentration (c) ice velocity positive from south towards north

The correlation between the wind, the ice concentration and the ice ve-

locity does not provide a clear answer to whether or not the ice rheology

provides the correct internal ice strength. The magnitude of the total annual

ice flux from year to year matches the observations with satellite images,

however the annual variation differs. Whether this is due to the ice rheology

or the forcing from wind and ocean is unclear. A large dependency of the
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ice concentration is observed. The one layer boundary condition and the as-

sumptions that all the ice on the lateral boundary origins from the same ice

thickness category increases the ice strength as the homogeneity of the ice

increases the ice strength.



Chapter 5

Summary and discussion

This chapter summarises and discusses the results obtained in this study.

Many of the conclusions are the same or they supplement each other for the

hindcast and the climate simulation as a result of this, the chapter is divided

by topic instead of by simulation. The following topics are discussed:

• Ice cover

• North Water Polynya

• Ice flux at the entrance to the Nares Strait

• Ocean temperature and salinity

• Oceanic volume flux

• Model considerations

The discussion shows that the setup works reasonable well, but there are still

many topics that could be explored further and improved. Some of these are

described in the future work section.

5.1 Ice cover

The average ice concentration of the domain fits well in both simulations

when it is compared with the satellite images. However, differences are ob-

served.

91
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Hindcast

The average ice concentration in the hindcast varies between 100 % in winter

and 15 % in summer, whereas the averaged ice concentration in the satellite

images varies between 95 % in winter and 20 % in summer.

Due to the cold conditions it is expected that the average ice concentration

is 100 % in winter. There are two main differences in summer. In the Lincoln

Sea, the sea ice concentration in the satellite images is close to 100 %, which is

slightly more than the result from the hindcast. In the Nares Strait, sea ice is

present in the satellite images, but is very limited in the model. Explanations

to the difference between the satellite images and the hindcast in the Nares

Strait are:

• The satellite images have a spatial resolution as well as HYCI. In this

case the grid size is 12 km. If a water grid cell includes both water and

land, the result will be influenced by the backscatter from land. This

may result in artificial sea ice near the coast, i.e. the satellite images

have been land contaminated.

• Model sensitivity. Many assumptions and simplifications are made when

deriving for instance the albedo. A different parameterisation can easily

alter the heat balance between the model surface and the atmosphere

and thereby alter the heat balance of the model.

• Very limited data exist in this area which is suited to validate the

oceanic and the atmospheric forcing. Uncertainties from this must be

taken into account. A higher averaged short wave radiation field is seen

in the input to the hindcast compared to the climate model. This results

in a slightly different heat input to the model in the two simulations.

The last two points are valid for the climate simulation as well.

Climate simulation

The modelled annual average of the period from 1991 to 2020 from the cli-

mate simulation is compared to an average of satellite images (1991-2008)
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(Kaleshke et al., 2001). The four subperiods of the climate simulation (1961-

1990, 1991-2020, 2021-2050 and 2051-2080) are compared to each other.

The modelled period from 1991 to 2020 matches the satellite images well

from January to October. The refreezing of the domain is slower from October

until the domain is fully ice covered compared to observations by satellite

and the hindcast. The temporal spacing of the lateral boundary conditions

is one month which is likely to cause the delay of the fully ice covered ocean.

The similarity of the annual variation in the first nine month of the year

is a qualified truth, as it disguises differences in summer, see figure 3 in

appendix A. Due to the lateral boundary conditions, the climate simulation

have ice in the Lancaster Sound in summer from 1961 to 2080 as opposed

to what is observed in the present day climate in the satellite images and

the boundary conditions for the hindcast, i.e. the ice concentration must be

lower in other parts of the domain.

A solution to the unrealistic sea ice cover in the Lancaster Sound could be

to use the satellite ice cover or the ice cover from the hindcast in the present

day scenario, but this does not solve the problem in the future scenario.

Therefore, it was chosen to keep the sea ice in the Lancaster Sound in the

climate simulation even though this introduces an error in the present day

scenario, but it also ensures that the lateral boundary conditions are consis-

tent in the entire simulation. The presence of sea ice in Lancaster Sound also

affects the sea surface temperature and salinity.

This illustrates well that all problems can not be solved by a high resolu-

tion nesting. Large parts of the physics in the domain are still governed by

the quality of the outer domain.

The sea ice cover is reduced in the entire climate simulation and the

summer minimum of the relative sea ice cover drops from approximately

27 % in the first subperiod to approximately 17 % in the last. The winter

maximum for the present day scenario is around 95 %, which is very similar

to the observations by satellite. The difference between the four subperiods is

that the onset of the melt and freeze season changes, i.e. the summer becomes

longer and the winter becomes shorter in the future scenarios.
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5.2 North Water Polynya

The North Water Polynya is located in the northern part of the Baffin Bay.

The hindcast shows that HYCI is able to reproduce an opening, observed

by satellite, of the North Water Polynya in February. The opening is quickly

closed again due to the cold conditions in the area. The main forcing of this

event is a strong wind towards south and west.

In winter, the North Water Polynya is best seen as an area with low ice

thickness surrounded by higher ice thickness. In a strict sense this is not

a polynya as there is no open water. The polynya is created due to an ice

bridge that blocks the inflow of thick ice from north and the wind that forces

the sea ice away from the coast of Greenland. The polynya closes due to the

formation of new ice near the coast of Greenland caused by the latent heat

flux from the ocean to the atmosphere, i.e. it is a latent heat polynya.

HYCI is capable of opening the polynya in late spring/early summer and

keeps it open until the entire domain freezes over in fall. Darby et al. (1994)

suggested that the continuous opening of the polynya is due to upwelling in

the ocean. This is not seen in this setup. Marsden et al. (2004) suggests a

micro climate system keeping the polynya open. This is more in line with the

results from HYCI. A positive net surface heat flux into the ocean is observed

in the model that warms the sea surface. Compared to satellite images, the

modelled opening of the polynya is delayed and the temperature of the sea

surface is slightly too high.

The modelled oceanic volume flux is weaker than the measured observa-

tions. A higher oceanic surface current from north to south would possibly

spread the warm surface water to areas covered with sea ice. This would

speed up the opening of the polynya and cool the surface at the same time.

The short wave radiation in HIRLAM and HIRHAM has the same mag-

nitude, but HIRHAM has a high frequent variation on top of this. The differ-

ence in the short wave radiation can be seen in the net surface heat flux of the

climate simulation, as it has the same high frequent variation as HIRHAM.

The net surface heat flux is positive into the ocean from May to July in both

simulations, but on average it is lower in the climate simulation compared to

the hindcast.
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In both simulations, the continuous opening of the polynya in summer is

due to a positive heat flux into the ocean.

Based on a criterion that defines the polynya open if less than 20 % of

the water area is ice covered within the black square labelled NOW in figure

2.2, the climate simulation predicts a longer opening in the future scenario

compared to the present day scenario. In the beginning of the simulation

the polynya is open for a few months and by the end of the simulation, the

opening is extended to the whole year except for a few months in winter.

5.3 Ice flux

Ice drift has been calculated by Kwok (2005) in cross section A, figure 2.2.

He calculates an annual ice area flux into the Nares Strait from the Lincoln

Sea of 15×103km2/year to 45×103km2/year. The ice area flux calculated by

the model differs in the two simulations. The hindcast have an ice area flux

of 4×103km2/year in 2006 and 15×103km2/year in 2007. This is less than

expected. The wind is stronger in 2007 compared to 2006.

The climate simulation shows that the ice area flux into the Nares Strait

is between 10×103km2/year and 40×103km2/year. This is approximately

the same yearly magnitude that Kwok finds. After 2040, the magnitude of

the area flux into the Nares Strait increases to between 50×103km2/year and

90×103km2/year. Again the wind in the climate simulation is stronger in the

present day scenario than in the hindcast. The difference between the present

day scenario and the future scenario is that the ice concentration is reduced

in the future scenario resulting in low internal ice strength and therefore an

increased ice flux.

There is no trend in the modelled volume flux in the climate scenario.

However, a large variation is seen from year to year. The average annual

volume flux is around 60km3/year.

It has been shown that a strong wind event is required to force an ice flux

in winter, due to the high internal ice strength that prevents ice flow in long

periods of winter and early spring. In summer when the internal ice strength

is low due to the low sea ice concentration, the sea ice flows almost free.

The annual variation differs as the modelled ice flux peaks around May/June,
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where the satellite images show partial blocking of the ice drift. At the same

time the ice drift in the model simulations are limited in fall where the satel-

lite shows drift. In order to explain the low ice flux in fall, the two main

contributors, internal stress and wind, and the possible contribution from a

third parameter, the ocean, to the ice flux are discussed.

Samelson et al. (2006) showed that the wind stress and the ice flux in

the Nares Strait are correlated. The ice is less compact in fall compared to

winter as this is the time of year where the ice cover returns to the Nares

Strait, hence the internal ice strength is lower.

The ocean flux and currents are too low in this model setup. However,

they indicate a maximum directed towards south in fall, see figure 4.6 and

figure 4.3. A higher surface current in the ocean might be strong enough to

force a sea ice flux at this time of the year.

It is difficult to eliminate one parameter and conclude that this is the

cause of the low ice flux in fall. For instance the internal strength and the

wind are closely correlated, i.e. it is hard to say if the winds are too weak

or if the internal strength is too high. Especially in an area like the Nares

Strait, where the observed data is limited.

The results show that HYCI is capable of modelling a reasonable annual

flux, but the annual variation shows differences between the observations by

satellite and the modelled daily ice fluxes. The standard deviation of the

annual variation is large, hence large differences are seen in the model from

year to year.

5.4 Ocean temperature and salinity

The surface temperature is close related to the ice cover. When the North

Water Polynya opens in May/June, the model opens an additional polynya

either north of the Kanes Basin or in the northern part of Kanes Basin. As a

consequence of the opening, a bias in the modelled sea surface temperature

is seen in the same location.

The hindcast shows that the modelled sea surface temperature in the

North Water Polynya is slightly higher and the extension of the relatively

warm surface is smaller than the observations with satellite images. The
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warming is created by a net heat surface flux into the ocean from the atmo-

sphere.

The climate simulation shows that the sea surface temperature in the

Baffin Bay increases with 2 to 3◦C in period from 1961-1990 to 2051-2080.

The warming is seen in the area where ice is removed earlier in the future

climate.

The sea surface becomes fresher in the Lincoln Sea with around 3 psu in

the future scenario. The change in the Baffin Bay is limited. The boundary

conditions show the same freshen of the Lincoln Sea as observed in the model.

Crosssection B has been extracted from the climate simulation. An aver-

age of the period 1991-2020 for winter and summer shows a seasonal variation

of the top 150 meters. The temperature increases in summer due to the re-

moval of the sea ice. The surface becomes more saline in winter due to brine

rejection in winter and fresher in summer due to sea ice melt water. The

seasonal change at the bottom is very small due to a strong vertical stratifi-

cation.

Temperature and salinity profiles from the climate simulation has been

extracted for point B, figure 2.2, for all four subperiods. The results have

been compared to the database described by Kliem and Greenberg (2003).

The database mainly has results from summer and therefore averages of June,

July and August are used.

The salinity at depth is constant in the entire simulation. It is slightly

too fresh compared to the database. Near the surface the salinity gradient

is much larger in the database compared to the first two scenarios in the

climate simulation. The result is a surface that is fresher in the database

compared to the modelled present day scenario. The surface becomes fresher

in the future scenario creating a stronger stratification. A difference up to 3

psu is observed between the average of 1961-1990 and 2051-2080.

The temperature near the surface is almost constant throughout the entire

simulation and it is very similar to the measured temperatures. At depth the

variation is larger. The measured temperature is between -1 and 0 ◦C from

depths of 100 m and down. The measured temperature seems to lie between

the two first subperiods of the climate simulation.

A warming of around 3◦C is seen around depths of 200 meters in the
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future scenarios. This is also observed in the boundary conditions see figure

2.23(a) and figure 2.24(a).

The temperature profiles for the hindcast (point A,B and C figure 2.2)

show that the gradient of the temperature with respect to depth is the same

in the database and the hindcast for all three points, however the model is

between 0.5◦C and 1◦C colder. The temperature near the surface for the ice

covered point, A, agrees relatively well. The two other points show a much

warmer surface when the hindcast is compared to the database.

The length of the period where a point is ice covered is important for the

sea surface temperature. As the database covers data from 1950 to 2003, it

includes a natural variability and therefore an exact match of the simulations

and the database is not expected. The temperature is a diagnostic variable

in HYCOM as this setup only conserves the density and salinity.

5.5 Oceanic volume flux and boundary con-

ditions

The observations of the oceanic volume flux yields a southward oceanic flux

between 0.6 and 1.0 Sv, see chapter 2. The oceanic volume flux is southwards

in the present day climate for both simulations with a magnitude between

10 mSv and 15 mSv. The magnitude is much lower than expected from the

observations. The main reason for the low ocean flux is assumed to be the

implementation of the boundary conditions. The boundary conditions are

only applied on the baroclinic part of the velocity, due to the lateral boundary

conditions for the climate simulation only provided a total velocity. The

assumption that the entire velocity is described by the baroclinic component

could have worked if the e-folding time was set to one time step instead of

one day. The e-folding time defines the time that elapse before the boundary

conditions are fully incorporated.

Cross section B, figure 2.2, shows a large northward flux close to the Cana-

dian coast in the model. Measurements obtained by Münchow and Melling

(2008) showed that this is the area with the highest flux towards south. The

surface current shows the same pattern.
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If the vertical coordinate close to the Canadian coast is transformed into

terrain following coordinates, a pressure gradient error could be created,

(Kliem and Pietrzak, 1999).

Boundary conditions have been implemented in CICE. Due to the artifi-

cial row and column of land around the domain prescribed by CICE, it was

not possible to implement dynamic boundary conditions into CICE. The re-

sult is a lack of dynamics especially in the Lincoln Sea, where an increased

pressure from the Arctic ice pack might have forced additional sea ice into

the Nares Strait. Open boundaries are possible in the recent released CICE

version 4. Work with implementation of this has started at the Danish Me-

teorological Institute.

5.6 Model considerations

The main question for the ocean part was to see how the hybrid coordinates

dealt with an area, where the basic coordinate of the model, the isopycnic

coordinates, are far from the obvious choice. The model seems to distribute

the layers well. In the test point, figure 4.2, 10 layers were located in the top

50 meters. This is a sane choice as the gradients are highest near the surface.

CICE is mainly build for large scale simulations for the Arctic. It is based

on a continuum assumption describing sea ice as a continuum due to an

assumption that the direction of cracks and leads are randomly distributed

on scales of 100 km. It is hard to imagine that this is the case in a narrow

strait like the Nares Strait, where the narrowest part is approximately 30

km wide. The results show that some of the features of the Nares Strait are

well represented. The North Water Polynya is reproduced along with the

associated ice bridge. At the same time the climate simulation shows that it

is possible to produce short periods, where the Lincoln Polynya is visible at

the entrance to the Nares Strait. However, even though the ice flux into the

Nares Strait has the right magnitude, the annual variation differs as discussed

earlier. It is difficult to conclude whether this is due to shortcoming of the

rheology or the applied boundary conditions from the ocean and atmosphere.
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5.7 Future work

The coupled ocean and sea ice model is at a stage where it seems to work

well. However, there is definitely room for improvement. The most important

issue is to find the reason for the low oceanic volume flux. A first test could

be to change the boundary conditions and apply them on both the baroclinic

and the barotropic flow. If this solves the problem with the low oceanic flux

the next step is to upgrade to CICE version 4 as it opens the possibility for

dynamic ice boundaries.

An exchange of the atmospheric forcing or parts of this from HIRLAM

to HIRHAM in the hindcast would clarify how sensitive the model is to the

atmospheric forcing applied. In general sensitivity studies would give a higher

understanding of some of the processes in the model.

The computational resources have increased dramatically during the project.

Therefore, a larger area or higher resolution would be desirable. A setup of

the entire Canadian Archipelago is now possible and it would be interesting

in relation to the understanding of the freshwater outflow from the Arctic

west of Greenland to the Bafffin Bay.



Chapter 6

Conclusions

A regional high resolution coupled ocean (HYCOM) and sea ice (CICE)

model system has been setup for the region presented in figure 2.2 covering

the Lincoln Sea, the Nares Strait and the Baffin Bay. Two simulations have

been run, namely a hindcast and a climate simulation. The hindcast covers

the period from September 2005 to August 2008.

The climate simulation is based on the IPCC scenario A1B that predicts

a global 2◦C increase of the atmosphere temperature. The simulation covers

the period from 1961 to 2080, which have been split up into the following

four subperiods:

• 1961-1990

• 1991-2020

• 2021-2050

• 2051-2080

North Water Polynya

It has been shown that the North Water Polynya is reproduced well in both

simulations. In winter the North Water Polynya can be seen as an area with

thin ice compared to the surroundings in the northern part of the Baffin Bay

and the southern part of Kanes Basin.

101



CHAPTER 6. CONCLUSIONS 102

Compared to the satellite images, the hindcast showed that the model is

capable of opening the polynya in February 2006 at the right time and place

with a strong wind event. At this time of year the polynya quickly closes

again due to the cold conditions. Later in the year (May/June) the polynya

opens again due to a wind event and stays open. The polynya opens slightly

slower than observed with satellite images. This is reflected in the modelled

average ice cover of the domain where a small delay is seen in the melt season

when compared to satellite images.

The simulation shows that the atmospheric net heat surface flux is posi-

tive into the ocean from mid May to end July and this is the main source of

heat that keeps the polynya open.

The climate simulation confirms this even though the short wave radiation

on average is smaller compared to the hindcast. No signs of upwelling are seen

in the two simulations.

Based on a criterion stating that the polynya is open when less than 20 %

of the area marked NOW in figure 2.2 is ice covered, the polynya extend the

period where it is open from three months (July - end September) to seven

months (May - December) in the end of the scenario.

Ice cover

The ice cover in the hindcast follows the satellite images well. The average

ice cover in the domain varies from 100 % in winter to 20 % in summer.

The biggest differences in the hindcast are seen in winter and summer. The

difference in winter is due to the satellite images not having a 100 % ice

cover as opposed to the modelled ice cover. Lower ice concentration is found

in the model in summer compared to the observations by satellite images in

the Lincoln Sea and the Nares Strait.

The summer minimum for the four subperiods of the climate simulation

is approximately 27 %, 24 % 20 % and 17 %, i.e. a decrease in the average ice

concentration throughout the entire period. In the climate simulation, the

sea ice is formed slower than observed by satellites. A reason for this could

be the large temporal spacing (monthly) between the boundary conditions.

The similarity in summer of the present day climate is a qualified truth as
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it covers that the climate simulation, when compared to the satellite images,

has ice in the Lancaster Sound and a lower ice concentration in the Nares

Strait.

Ice flux

The area ice flux into the Nares Strait in the climate simulation fits with

the results obtained by Kwok (2005), who found and annual area ice flux of

15×103km2/year to 45×103km2/year based on satellite images.

The modelled area flux varies from 10×103km2/year to 40×103km2/year

until 2040. After 2040, the ice area flux increases to an interval between

50×103km2/year and 90×103km2/year. The average annual volume flux

varies around 60×km3/year. Both area and volume flux has large variations

from year to year. The hindcast has a low area ice flow, 4 ×103km2/year

(2006) and 15×103km2/year (2007). The main difference between the two

years seems to be the wind speed, which is higher in 2007 compared to 2006.

The wind in the climate simulation is also higher compared to the hindcast.

Ocean parameters

The oceanic volume transport is to low in the simulation compared to ob-

servations. The observations indicate that the volume flux should be in the

range of 0.5 - 1.0 Sv. The simulations show a volume flux of 10 to 15 mSv.

The main assumption is that the forcing from the boundary conditions is

not strong enough. The current setup only includes a baroclinic boundary

condition including a low weight of the outer simulation. An introduction

of the barotropic boundary condition and/or a higher weight of the outer

simulation may solve the low volume flux problem.

The surface temperature is close correlated to the sea ice cover. The

hindcast has a tendency of opening the Nares Strait just north of the Kanes

Basin. This results in a temperature bias in this location. When the future

scenario is compared to the present day scenario in the climate simulation

a temperature difference of up to 3◦C is observed in the Baffin Bay, where

the extension of the period with an ice free area is largest. The difference in

the sea surface salinity is largest in the Lincoln Sea where the salinity drops
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with 3 psu. The only part where the salinity increases in the future scenario

is the deep part of the Baffin Bay.

The climate simulation (Crossection B, 1991 - 2020) shows that it is

only the top 150 meters that varies with the season due to a large vertical

stratification. The temperature increases with up to 1◦C between winter and

summer and the salinity decreases in summer with up to 0.5 psu. The dif-

ference between the summer and the winter salinity is due to brine rejection

in winter (salinity up) and melting sea ice in summer (salinity down). The

temperature, in point B increases with up to 3◦ at depths around 200 meters

depth in the climate scenario.

To sum up the most important findings:

• The North Water Polynya is reproduced well in both simulations. A

small delay of the opening of the polynya is observed when the hindcast

is compared to the satellite images. The simulations show that the heat

flux from the atmosphere to the ocean keeps it open in summer. The

climate simulation shows that the opening of the polynya is increased

from 3 months to 7 months during the simulation.

• The modelled annual variation of the average ice cover agrees well with

the observations by satellite images. The sea ice cover retreats with

time, but the area is still fully ice covered during winter in the future

scenario.

• The magnitude of the modelled annual ice flux into the Nares Strait in

the climate simulation is similar to the flux calculated by Kwok (2005).

A strong correlation of the wind, ice concentration and the ice flux is

observed. The area flux increases abrupt around 2040. The ice flux of

the hindcast is too low probably due to a low wind forcing.

• The ocean flux is much lower than expected, Probably due to the im-

plementation of the boundary conditions. The cross section plots of the

velocity showed an unexpected northward current on the Canadian side

of the section. The exact reason for this is unclear.

• A temperature increase up to 3◦ is observed at depths of 200 meters in

the Nares Strait and at the surface of the Baffin bay
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Abstract

A three dimensional coupled ocean (HYCOM) and sea ice model (CICE) is applied to
a regional setup of the Lincoln Sea, the Nares Strait, and the Baffin Bay. As the sea ice
model is originally developed for global simulations, boundary conditions have been
implemented for the regional setup. The model results are compared with satellite im-
ages and with the large scale simulation that is specified for the boundary conditions.
The main focus in this paper is on the simulated variations in the sea ice flux through
the Nares Strait in the period September 2005 to August 2008. The opening and clos-
ing of the North Water Polynya, which is one of the largest polynyas in the world, are
investigated. A February storm event with opening and refreezing of the North Wa-
ter Polynya is well reproduced. The model results show that the net heat flux in the
Polynya area at the surface is positive into the ocean from May until the end of July,
and hence while the wind is responsible for opening the polynya, the main mechanism
for maintaining the polynya in late spring and early summer is the surface heat flux.

Key words: Sea Ice, Modelling, HYCOM, CICE, Nares Strait, North Water Polynya,

1. Introduction

The Nares Strait is one of the main gateways from the Arctic Ocean with respect
to fresh water and sea ice transport. At the same time ice bridges form during winter
and spring halting the ice flux temporarily causing the ice concentrations to vary with
time. The North Water Polynya (NOW), which forms in the southern part of the strait
and is bunded to the north by the ice bridge, is active most of the year, but is only kept
open during summer time. The extend of the polynya is outlined by Dunbar (1969).
The polynya is extensively described through the NOW study (Barber et al., 2001).

A polynya is an area of recurrent open water within a region dominated by thick
ice pack. This leads to an increased latent, sensible, and longwave heat flux from the
ocean into the atmosphere. In the case of NOW windstress is considered the main
factor (Ingram et al., 2002) for opening the polynya. Smith et al. (1990) have classified
polynyas into two categories. The first is a latent heat polynya. This type leads to an
enhanced ice formation due to the loss of heat at the sea surface. The second type is
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a sensible heat polynya. In this type of polynya the ocean provides enough heat from
upwelling and other processes to replace the heat lost to the atmosphere. The first
model study of the North Water Polynya with a realistic bathymetry is described in
Yao and Tang (2003). Dumont and Gratton (2008) showed that the formation and the
stability of the ice arch depend on the parameterization of the elastic-viscous-plastic
rheology.

In the present study a regional coupled ocean, HYCOM (Chassignet et al., 2007;
Bleck, 2002), and sea ice model, CICE (Hunke and Dukowicz, 1997) is applied. CICE
includes both thermodynamics and dynamics. The rheology used is in principle the
same as in Dumont and Gratton (2008). The coupled model system will be referred to
as HYCI in this text. The purpose of the study is to validate HYCI with respect to its
ability to simulate the sea ice dynamics in the Nares Strait in general, and with special
focus on the NOW polynya. In order to be able to describe some of the small scale
features, a high resolution setup has been used.

This article compares the annual variation of modelled and observed sea ice cover
in the Nares Strait. This is followed by a description of the North Water Polynya, the
associated ice arch and its effect on the sea surface temperature. Finally the ice flux
into the Nares Strait from the Lincoln Sea and the sensitivity to the wind forcing is
described.

2. Model domain

The model domain is shown in Figure 1. It covers the northern part of the Baffin
Bay, the Nares Strait and the Lincoln Sea. The Nares Strait connects the Baffin Bay
and the Lincoln Sea. It is a relatively shallow strait with depths from 50 m - 500 m.
The deepest part of the domain is located in the Baffin Bay with depths up to approx.
2400 m. In general, the flow is southwards from the Arctic with two main compo-
nents. The surface part origins from Pacific Waters. The Bottom part origins from
the North Atlantic Ocean. The exception is warmer water of Atlantic origin that runs
northwards along the coast of Greenland. The Lincoln Sea is in general ice covered all
year. The rest of the domain is ice covered in winter and gradually becomes ice free
during summer. In general, the ice flux is southwards in the Nares Strait.

Most of the available data in this region origin from satellite images and will be
used to validate the model. Kwok (2005) has calculated the ice flux based on satellite
images in Section A, Figure 1. One section of continuous hydrographic data has been
measured so far at section B on Figure 1 (Münchow et al., 2007). The domain has some
very characteristic features governing the ice flow through the strait. Ice bridges form
and reduce the flux in certain periods of the year. NOW is located in the southern part
of the Nares Strait and is one of the largest polynyas in the world.

3. Model description

The model (HYCI) is a slightly modified version of a coupled version of HYCOM
(HYbrid Coordinate Ocean Model) v2.2.06 (Chassignet et al., 2007; Bleck, 2002) and
CICE v3.14 (Community Ice COde) (Hunke and Dukowicz, 1997). HYCOM explores
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Figure 1: Bathymetry and the location of the Lincoln Sea, the Baffin Bay and the Nares Strait. The Nares
Strait connects the Baffin Bay and the Lincoln Sea. NOW is the approximate location of the North Water
Polynya. Section A is the cross section where Kwok (2005) calculated ice drift. W1 shows where the
atmospheric forcing has been extracted.

a hybrid coordinate that is isopycnal in the open, stratified ocean, but smoothly reverts
to a terrain-following coordinate in shallow coastal regions, and to z-level coordinates
in the mixed layer and/or unstratified seas. CICE applies an elastic-viscous-plastic ice
rheology and includes a multi-layer thickness distribution.

The model horizontal grid distance varies from 4 to 10 km with 110 grid points
in the east/west direction and 180 in the north/south direction. The bathymetry is ex-
tracted from IBCAO version 1.0. Totally, there are 22 vertical layers in the present set
up.

The oceanographic boundary conditions are provided by the operational ocean fore-
cast system Topaz (Bertino and Lisæter, 2008) running at the Nansen Center. This
system can be run both with data assimilation (Bertino and Lisæter, 2008) and with-
out. The data applied as boundary forcing for the HYCI setup is without assimilation.
The horizontal resolution of the oceanic boundary conditions is approximately 15 km
in both directions, and the number of vertical layers, i.e. 22, and the density for each
layer is the same as in the HYCI model. This way, interpolation between layers is
avoided. The boundary conditions are snapshots on a daily basis. There are three open
ocean boundaries located in the Lincoln Sea, the Baffin Bay, and the Lancaster Sound.

Furthermore, a boundary condition scheme has been implemented into CICE for
the regional setup used here. As in HYCOM this operates as a relaxation, which in this
case is towards the sea ice volume and the ice energy in Topaz system, assuming the
ice in the outer model is first year ice. It is noted that the sea ice in the Topaz system
has one layer of sea ice.

In order to resolve the atmospheric dynamics in the narrow strait, a high resolution
atmospheric forcing is required. The Danish Meteorological Institute is operating the
HIRLAM regional NWP system (Yang et al., 2005; Undén et al., 2002) with a hori-
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zontal resolution of approximately 5 km over the Greenland area. Here these data are
used as atmospheric boundary conditions for the period investigated, i.e. 2005 through
2008.

In this study a new version of the input radiation has been formulated. Normally,
HYCOM reads incoming radiation corrected for surface albedo, i.e. the influence of
sea ice and snow cover is prescribed. The new model version reads the total downward
radiation at the surface, and the albedo effect is calculated inside the HYCI model. The
net downward radiation Rs at the open ocean surface is calculated inside the HYCOM
model as:

Rs = (1− αw) · s− (1− εw) · σT 4
s + εw · l

= 0.94 · s− 0.015 · 5.67× 10−8 · T 4
s + 0.985 · l (1)

where s and l are the surface downward short and longwave radiative fluxes simulated
in HIRLAM, αw is the open water (surface) albedo at these latitudes, and εw is the
open water long wave emissivity. Furthermore, Ts is the sea surface temperature, and
σ the Stefan-Boltzmann constant. The sea ice model component, CICE, handles the
atmospheric radiative forcing in exactly the same way as HYCOM, i.e. also follow-
ing (1) but with αw and εw replaced by corresponding values αi and εi for sea ice,
respectively. Thus, the surface albedo depends on the actual simulated sea ice cover.

4. Ice cover

There is a large seasonal variation of the ice cover in the region. In order to com-
pare the ice coverage in HYCI with satellite observations, and with the Nansen Center
simulation, i.e. the oceanic boundary conditions, the satellite and the Nansen Center
ice fields have been interpolated to the grid of HYCI. The ice cover from the satellite
images is described in Kaleshke et al. (2001). The relative ice cover, ã, is defined as

ã =
Aice

Aocean
(2)

where Aice is the total area of all the water grid cells covered with ice and Aocean is
the total area of all the water grid cells. ã corrosponds to an average ice cover of the
total area. This means that the land area is excluded from the total area. Time series of
ã for the simulation period are shown in Figure 2. The modelled ice cover from both
models generally agrees well with the satellite measurements. The largest difference is
seen in the winter season where the ice cover is 100 % in the models, but only 95 %
in the satellite images, though this is due to the algorithm used to derive the ice cover
from satellite observations1. It is expected that the area is fully covered when the air
temperature drops to around -30 degrees Celsius. This cannot explain the delay of a
fully covered domain seen in late fall / early winter in the satellite images, especially
in late 2007. The main difference is that the Baffin Bay close to Greenland stays open
somewhat longer than simulated in the models.

1Personal communication with Leif Toudal Pedersen, The Danish Meteorological Institute
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Figure 2: Comparison of the relative annual ice covered area, ã, for the model, the Nansen Center simulation
and the satellite images.

There is a small time lag in the melt season. The reason for this is the delay of
the opening of the North Water Polynya in our model simulation, see Figure 7. The
melt season starts later for the models but they reach the minimum ice cover at about
the same time as the satellite images. The sea ice minimum is lower in the models
compared to the satellite images. Two main differences are observed in figure 3. 1) the
ice concentration in the Lincoln Sea is closer to 100 % in the satellite images compared
to the models; 2) low concentration sea ice is present in the satellite images in the Nares
Strait.

The observed sea ice that is present in the Nares Strait can be a result of land
contamination in the satellite images, but model sensitivity to the atmospheric forcing
applied and the fraction of the radiative forcing absorbed into the ocean and sea ice
may also result in a difference. In 2007, which is the year with the highest ice flux into
the Nares Strait, see section 7, there is a limited amount of sea ice left in the Nares
Strait, see figure 3(d).

An opening is observed north of the Kanes Basin in June in the models see figure
7 and figure 12. This opening is not present in the satellite images. An early opening
in the models north of Kanes Basin may result in an extended heating of the open area,
see figure 8, which will melt the sea ice drifting into the area.

Figure 3 shows that the area with 100 percent ice cover is similar, even though
slightly smaller in the models compared to the satellites. Especially the results from
our simulation and the results from the Nansen Center model agree well, although there
are differences. The Nansen Center simulation has very thick sea ice in an area around
the cross section A and which changes only slightly during summer time. Also our
simulation has more ridges than the Nansen Center simulation.
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(a) HYCI, 2006 (b) Nansen, 2006 (c) Satellite, 2006

(d) HYCI, 2007 (e) Nansen, 2007 (f) Satellite, 2007

(g) HYCI, 2008 (h) Nansen, 2008 (i) Satellite, 2008

Figure 3: Snapshots of of the ice cover on August 15 for HYCI, the boundary conditions and the satellite
images. (a), (d) and (g) are results from HYCI. (b), (e) and (h) are boundary conditions. (c), (f) and (i) are
satellite images. All are plotted on their native grids in order to avoid interpolation. 0 is ice free. 1 is fully
icecovered.

5. The North Water Polynya

The North Water Polynya is formed in the southern part of the Nares Strait. Time
series of the mean ice cover in the domain marked NOW in figure 1 are shown in figure
4. It is seen that the spring/summer opening takes place between mid May to mid July
in the three years, and that the nature and the length of this period varies from year to
year. The onset of the freezing period varies about two weeks between 2006 and 2007.
Figure 4 also shows several events of somewhat decreasing ice cover during winter.
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Figure 4: Modelled relative annual variation of the sea ice cover in the North Water Polynya area.

The wind pattern has been investigated for February 2006 in Figure 5(a) showing
values of wind friction for the location W1, see Figure 1. Figure 5(a) shows that the
highest wind speeds during February 2006 directed towards southwest are measured
around the time where the polynya opens. After a few days when the wind ceases the
polynya closes again due to freezing. Our model is able to show this opening to some
extend. The satellite images confirm this opening even over a much larger area.

(a) Wind friction, February 2006. (b) Model (c) Satellite

Figure 5: (a) Wind friction February, positive is north and west Nm−2. (b) and (c) are Snapshots of the ice
cover. (b) model; (c) satellite; the 13th of February. 0 is ice free. 1 is fully ice covered

The formation of an ice arch in the southern part of the Kanes Basin is an important
pre-conditioner for the formation of the polynya. Dumont and Gratton (2008) found
that the stability of the simulated ice arch among other mechanisms depends on the
parameterization of the sea ice rheology. Generally the North Water area is fully ice
covered during winter, due to the low temperatures and the event shown in Figure 5
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(a) (b)

Figure 6: Simulated sea ice thickness in meters, (a) 13th of February 2006 (day 44). 16th of March 2006

should be considered an extreme event.
The ice arch and the North Water Polynya are best illustrated by considering ice

thickness. Figure 6 shows that the polynya is covered with much thinner sea ice com-
pared to the surrounding area. This indicates a ”latent heat” polynya in winter, where
ice is transported away from the area and new ice is formed. This is concluded by
Yao and Tang (2003) as well. The ice arch in the southern part of the Kanes Basin is
most stable in late winter, where the ice thickness is at its maximum. Spatially large
varying and timely constant ice thickness indicating other ice bridges and polynyas are
seen north of the Kanes Basin and in the north eastern part of the Kanes Basin. The
low ice thickness along the southern boundary of the domain is related to the boundary
conditions.

(a) Wind friction, May - June 2006 (b) Mod. 9/6 (c) Mod. 19/6 (d) Sat. 9/6

Figure 7: (a) Wind friction March - June. (b)-(d) Snapshots of the ice cover. the 9th of June 2006. (b) Model
day 160 (20060609); (c) Model day 160 (20060619); (d) Satellite day 160. Ice cover from 0 to 1
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During late spring and early summer the polynya opens whereby sunlight can pen-
etrate into the ocean. At the time of the opening, the surroundings continue to be ice
covered. The snapshots from June displayed in Figure 7 clearly show that the polynya
opens much earlier than the surrounding areas. The opening takes place at the time of
a strong wind event. It can be seen that the timing in the model simulations agrees less
well with that in the satellite observations than it did in February: in our model simu-
lations the polynya opens later than the satellite images indicate. This is related to the
delay in the melt season described in Section 4. Similar results for 2003 are presented
by Agnew et al. (2008) based on satellite images. As opposed to the February opening
of the polynya it stays open during the summer.

An opening north of the Kanes Basin is seen in the model, figure 7 and not in the
satellite images. The opening is also present in 2007, figure 12, however the location
is different and the opening is seen in the Kanes Basin instead of north thereof. The
reason could be a difference in the wind stress boundary conditions in the two years.

There are two possible reasons for the early opening in the Kanes Basin and north
thereof: 1) The area is dominated by land fast ice, and the ability of the rheology to
model this is uncertain. Coon et al. (2007) discusses these limitations of the rheology
assumptions for the Arctic. The limtiations are also relevant for a narrow domain like
the one discussed in this article. 2) The model does not include ice bergs, which are
present in the Kanes Basin and they are likely to be bottom mounted, hence they act as
limiters of the ice driftr.

6. Sea surface heating

The sea surface temperatures from HYCI are compared to remote sensed sea sur-
face temperature (Høyer and She, 2007). Figure 7 and 8 shows that in June the temper-
ature increases, where the ice is removed. In areas with lower sea ice concentration in
the model compared to the satellite images, which leads to a warm bias in the model.
One example can be seen in Figure 7 north of Kanes basin. The temperature develop-
ment in the North Water Polynya fits reasonably well with the observed even though the
modelled temperature is slightly higher and occurs at a more northerly position, and
the modelled increase in temperature is delayed compared to the observations. This
is observed in the ice concentration as well (not shown here). The warm Greenland
current is seen in both satellite images and the model results.

According to our modelling results and satellite data the North Water Polynya stays
open in summer, as opposed to February. In order to be able to distinguish to what
extend the additional heating required to maintain the polynya origins from above, i.e.
the atmosphere/space, or from below, i.e. upwelling from the ocean, the surface heat
flux and the temperature in cross section C (see Figure 1) are shown in Figure 9. There
are no indications that the heat source for the polynya should be upwelling. On the
other hand, according to our simulation, the surface heat flux is strongly positive from
mid-May to the end of July which means that the ocean gains heat. Therefore it is
concluded that net surface heating is the main mechanism for maintaining the NOW
in summer. This is in contrast to previous studies (e.g. Darby et al., 1994; Yao and
Tang, 2003) proposing upwelling of relative warm waters near the Greenland coast as
a mechanism to keep the surface water warm. Another study by Marsden et al. (2004)
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(a) mod. day 9/6 (b) mod. day 19/6 (c) mod. day 29/6

(d) Sat. day 9/6 (e) Sat. day 19/6

Figure 8: Development of sea surface temperature in June 2006; top row model; bottom row satellite.

suggest that the polynya creates its own micro climate and becomes self sustaining
through this.

7. Ice flux

The ice flux has been calculated through section A in figure 1, which is approx-
imately the same cross section used by Kwok (2005). The ice flux varies a lot from
season to season, and from year to year. Kwok (2005) shows that there is a period
from spring to early summer where the northern part of the Nares Strait blocks. In the
model the sea ice blocks in the northern part of the Nares Strait mainly in winter. This
is mostly pronounced in 2006 and 2008, while 2007 experience ice flow also during
winter. The magnitude of the daily fluxes are the same order of magnitude as measured
by Kwok (2005) resulting in a total annual ice area flux southward into the strait of
approx. 4 · 103km2/year in 2006 and 15 · 103km2/year in 2007. The result in 2007
is similar to the lower values of the satellite observations. 2008 has to a large degree
the same relatively low ice flux characteristic as 2006, and an annual flux comparable
to 2006.
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(a) Surface heat flux ( W
m2 ), summer 2006

(b) Temperature at cross section C on the 29/6/06

Figure 9: Temporal variations in the net downward heat flux (sensible + latent + long and short wave radia-
tive) at the surface averaged along cross section C (a), and temperature along the same cross section (b) on
the 29/6/2006

Figure 10: Ice flux through section A figure 1. [103km2day−1]
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(a) 2006 (b) 2007

(c) 2008

Figure 11: Annual wind distribution

The wind speed and direction are likely causes for the low ice flux in 2006 and
2008. Figure 11 shows the distribution of the wind extracted from a point in the mid-
dle of section A (see figure 1). It is seen that the wind is pronounced along-channel
directed. Compared to 2006 and 2008 a larger part of the wind incidents are towards
south in 2007, and furthermore the wind speed was slightly higher in 2007. It is very
likely that the different wind patterns are the main driver for the difference in the ice
drift. Samelson et al. (2006) show that there is a strong correlation between the wind
and the ice motion in the Nares Strait. Therefore a correct atmospheric forcing is very
important in order to model the sea ice in the Nares Strait correctly.

The effect of the southward ice flow on the opening of the Nares Strait can be seen
in figure 12. This shows that with a more realistic southward sea ice flow from the
Lincoln Sea into the strait, the Nares Strait north of Kanes Basin becomes ice covered
later in summer. It can also be seen that the temperature anomaly is decreased north of
the Kanes Basin. Figure 6(b) show that two small areas with low ice thickness exist,
one north of Kanes Basin, and one in the north eastern part of Kanes Basin. The ice
cover in 2006 and 2008 opens at the location north of the Kanes Basin, whereas 2007
opens the one inside Kanes Basin.
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(a) Sea Surface Temperature (b) Ice cover

Figure 12: Opening of polynya 19th of June 2007.

8. Conclusion

The focus in this article has been on the North Water Polynya and the associated ice
arch in the southern part of Kanes Basin. It has been shown that the model captures an
extreme event of the North Water Polynya in February, where the ice concentration is
reduced significantly, due to a strong wind event. The area froze quickly after the event
due to the low temperatures. This is also observed in the satellite images. Plots of the
ice thickness shows that the area close to Greenland are dominated by relatively thin
ice cover compared to the surrounding areas in winter. The area with thin ice extends
northward to an ice arch that is built in the southern part of the Kanes Basin. This
situation is most stable when the ice in Kanes basin is thickest. This indicates that the
North Water Polynya in winter is a latent heat polynya, where ice is driven away from
the area and new ice is replacing it.

The North Water Polynya becomes ice free in spring/summer much earlier than
the surrounding areas. The model predicts, that the first opening occurs at about the
same time as the satellite images show, but the development of the opening is slower
in the model than what is observed. According to the simulations the difference from
the winter season is the heat balance at the sea surface. From the beginning of May
and until end July there is a positive net flux into the ocean. The slow opening of the
polynya in the model seems to be the main contributor to the delayed time of the ice
free season in the model relative to the satellite images.

The relative annual variation of the ice cover in the model fits the satellite observa-
tions quite well. The main difference is found in summer: although the extension of the
fully ice covered area is described resonably, the area with low ice concentration is not
present in the model. One may argue that this can be partly due to land contamination
in the satellite images, and partly due to the low ice flux into the Nares Strait in this
model setup.

The modelled ice flux into the strait is mainly present during summer, whereas the
satellite images have shown an ice flux most of the year except spring. The length
of the period without ice fluxes into the strait varies a lot both in the model and the
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satellite images. It is observed that 2007, which has the highest annual ice flux in this
simulation, also has the longest period with ice flux. The magnitude of the daily fluxes
is the same in all of the modelled years. In 2007 a higher frequency of winds towards
south, indicates that the model is very sensitive to the wind applied. The sea surface
temperature depends on where the ice cover disappears. It also means that a large
bias is observed when the modelled sea ice cover is compared differs from the satellite
images. One example is the temperature difference seen in 2006 north of Kanes Basin.
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A. Model parameters

Parameter Value Unit
Period Sep 2005 - Aug 2008

idm number of grid points 110
x direction (east to west)

jdm number of grid points 180
y direction (south to north)

Model grid size 4 - 10 km
kdm number of vertical layers 22

21.80, 22.20, 22.60, 23.05,
23.55, 24.05, 24.96, 25.68,

Target densities 26.25, 26.69, 27.03, 27.29, kg/m3 -1000
27.49, 27.66, 27.80, 27.90,
27.97, 28.02, 28.05, 28.08

28.10, 28.11
Number of ice layers 5

Number of thermodynamic layers 4
Number of snow layers 1

Baroclinic time step 360 s
Barotropic time step 18 s

Time step CICE 360 s
Emissivity ice, εi 0.95

Emissivity ocean, εw 0.985
Albedo ice, αi varying

Albedo ocean, αw 0.06

Table 1: Key parameters for the model setup
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Abstract

A three dimensional coupled ocean (HYCOM) and sea ice (CICE) model has been
used to simulate the ice cover and hydrography in the Lincoln Sea, the Nares Strait and
the Baffin Bay for the period from 1952 to 2080. The first 8 years have been used to
spin up the model. The last 120 years have been divided into 4x30 year sub periods,
which have been evaluated and compared in order to estimate the simulated changes.
The magnitude of the annual area ice flux into the Nares Strait has been modelled
successfully for the present day climate. The magnitude generally varies between 10
and 40×103km2y−1 over the years. Around year 2040 the area ice flux increases
abruptly to values of 50-90×103km2y−1. However, the total volume flux does not
increase as much and quickly returns to the original level around 60 ×km3y−1. The
simulated sea ice cover decreases throughout the entire period leading to a fresher sea
surface and a temperature increase up to 3 degrees at depths of around 200 meters. The
opening of the North Water Polynya in spring and the re-freezing in autumn appears to
be governed by the same mechanisms throughout the simulated period. However, the
winter period with full ice cover, generally become much shorter almost everywhere,
including the Polynya area.

Key words: Sea ice, Modelling, HYCOM, CICE, Nares Strait, Baffin Bay, Lincoln
Sea, Climate change

1. Introduction

The future evolution of the sea ice conditions in the Nares Strait is important for at
least two reasons: 1) the strait is one of the gateways for Arctic Ocean sea ice and fresh
water export, and 2) the so-called North Water Polynya in the southern part of the strait
is an important area for primary biological production, implying that any changes in
the physics of this polynya are important.

Arctic sea ice extend influences the net heat uptake in the global climate system
since open waters, mainly under clear sky conditions, reflect much less solar radiation
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than sea ice/snow covered oceans. The existence of large open water areas during
summer can result in an increased globally averaged downward radiative flux at the top
of the atmosphere, i.e. a global heating, even if the surface energy fluxes (radiative,
sensible and latent heat) after a reduction of sea ice act to cool the ocean. Assuming
no changes in cloud cover, a decreasing extend of summer sea ice extend in the Arctic
region in a warmer climate will therefore most likely act as a positive feedback. Thus,
processes impacting Arctic sea ice conditions are highly important. The Nares Strait
is one of the gateways for Arctic Ocean sea ice and fresh water export although its
contribution is much less than that of the Fram Strait. However, it is expected that the
area north of Greenland and the Canadian Archipelago near the entrance to the Nares
Strait, is the last area with summer sea ice (Hilmer and Lemke, 2000). This means that
the relative influence of the sea ice export through the Nares Strait may increase with
time.

The North Water Polynya is located in the southern part of the Nares Strait and the
northern part of the Baffin Bay (see Figure 1). It is the largest polynya in the Canadian
Arctic and one of the most biological productive marine areas in the Arctic (Barber
et al., 2001; Deming et al., 2002; Klein et al., 2002).

The Nares Strait is very narrow (see Figure 1) and therefore poorly, if at all, re-
solved in global climate models. This regards both the ocean bathymetry and the
overlaying atmospheric conditions, which are strongly influenced by small scale chan-
nelling effects related to local topography in the area. To simulate regional and lo-
cal features or processes that are not resolved in global climate models one has to use
higher resolution regional models (ACIA, 2005). Several features such as the evolution
of the North Water Polynya are shaped by processes that are far from being resolved in
global models.

For these reasons a high resolution regional coupled ocean, HYCOM (Chassignet
et al., 2007; Bleck, 2002), and sea ice model, CICE (Hunke and Dukowicz, 1997), has
been set up for a domain covering the Nares Strait. The stand alone version of HYCOM
(Chassignet et al., 2007; Bleck, 2002) has a built-in thermodynamic energy loan sea ice
model, which is not able to describe the sea ice dynamics in the Nares Strait. Therefore,
in a previous regional climate study (Stendel and Kliem, 2006), HYCOM was run with
sea ice cover prescribed from the atmospheric boundary condition, e.g. basically using
the sea ice cover as a forcing field. This obviously has limitations, and here we have
thus developed our modelling tools to include a time evolving ice cover. The new
coupled model setup has been tested in a hindcast simulation (Rasmussen et al., 2009).

After a general description of the model domain and the experimental setup in
Section 2, Sections 3 and 4 provide a general description of the ice cover and fluxes,
respectively. The North Water Polynya and its future development is discussed in sec-
tion 5, and finally we focus on ocean temperatures and salinity in Sections 6 and 7. The
simulated present day climate will be compared with observed data and with the future
climate throughout the article.

2. Model description and experimental design

The model is a slightly modified version of a coupled version of HYCOM (HYbrid
Coordinate Ocean Model) v2.2.06, (Chassignet et al., 2007; Bleck, 2002) and CICE
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v3.14 (a Community Ice COde), (Hunke and Dukowicz, 1997; Hunke and Lipscomb,
2006). HYCOM explores a hybrid coordinate that is isopycnal in the open, stratified
ocean, but smoothly reverts to a terrain-following coordinate in shallow coastal regions,
and to z-level coordinates in the mixed layer. CICE applies an elastic-viscous-plastic
ice rheology and includes a multi-layer thickness distribution.

The horizontal resolution used here varies from 4 to 10 km, and the number of grid
points is 110 in the east/west direction and 180 in the north/south direction. There are
20 vertical levels specified with highest resolution at the surface of the ocean.

The HYCOM-CICE is forced at the surface by prescribed atmospheric conditions,
and on its lateral boundaries by prescribed ocean and sea ice data from a global climate
model.

The atmospheric forcing is obtained from a regional climate model, HIRHAM,
see Stendel et al. (2007), which has a horizontal resolution of about 25 km and is
used to downscale a global climate simulation performed with a 1.5 degree global
coupled atmosphere - ocean - sea ice model, ECHAM5-MPI-OM1, see May (2008).
The temporal resolution for the atmospheric forcing is 1 hour.

There are three open ocean boundaries; the Lincoln Sea, the Baffin Bay and the
Lancaster Sound. The ocean and sea ice boundary values origins from the global cli-
mate simulation. These data are available on a monthly basis, and therefore ocean
boundary conditions are interpolated linearly from month to month.

There is formal consistency between the atmospheric forcing and the oceanic bound-
ary conditions since the atmospheric data from the ECHAM5–MPI-OM1 simulation
was used as lateral boundary conditions for the HIRHAM simulation. Both the re-
gional and the global climate simulations were following the IPCC SRES A1B scenario
(Solomon et al., 2007).

In this study a new version of the input radiation has been implemented. HYCOM
normally reads incoming radiation that is corrected for albedo, i.e. the incoming short
and long wave radiation at the surface has been reduced due to a prescribed sea ice and
snow cover. The new model version reads incoming radiation that is not reduced with
albedo effect, but the albedo effect is included inside the model, and thus depends on
the actual simulated sea ice cover. The net downward radiation at the surface Rs is
calculated inside the ocean model as:

Rs = (1− αw) · s− (1 − εw) · σT 4
s + εw · l

= 0.94 · s− 0.015 · 5.67× 10−8 · T 4
s + 0.985 · l (1)

where s and l are the surface downward short and longwave radiative fluxes simulated
in HIRHAM, αw is the open water (surface) albedo at these latitudes, and εw is the
open water long wave emissivity. Furthermore, Ts is the sea surface temperature, and
σ Stefan-Boltzmann constant. The sea ice model component, CICE, handles the atmo-
spheric radiative forcing in exactly the same way as HYCOM, i.e. also following (1),
but with αw and εw replaced by corresponding values αi and εi for sea ice, respectively.

The main modification in CICE, relative to the original version, is the implemen-
tation of boundary conditions as they were not included a priori. These boundary
conditions are made as a relaxation towards an outer model as it is done in HYCOM
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and described by Wallcraft et al. (2009),R. Bleck and Halliwell (2001). The relaxation
is applied on the ice volume of each grid cell on the boundary. The ice energy is altered
accordingly.

The integration domain is shown in Figure 1. It covers the Baffin Bay, the Nares
Strait and the Lincoln Sea. The Nares Strait connects the Baffin Bay and the Lincoln
Sea. It is a relatively shallow strait with depths from 50 m - 500 m. The deepest part of
the domain has depths around 2400 m, and it is located in the Baffin Bay. Climatologi-
cally, a cold arctic current is running from north to south. The flow southwards through
the Nares Strait consist of surface flow of Pacific origin and an Atlantic bottom flow. A
warm current runs northwards along the coast of Greenland.

Figure 1: Bathymetry in meters and the location of the Lincoln Sea, Baffin Bay and the Nares Strait. The
Nares Strait connects the Baffin Bay and the Lincoln Sea. NOW is the approximate location of the North
Water Polynya. Section A and B are cross sections where data is available. The black dot denotes where the
temperature and salinity profiles are extracted (see section 7).

The Lincoln Sea is in general ice covered all year round. The rest of the domain
is ice covered in the winter, and gradually opens up during summer. The ice flux is
headed towards south in the Nares Strait.

Most of the available data in this region origin from satellite images, and these will
be used to validate the model. Kwok (2005) has calculated the ice flux in section A,
see Figure 1, based on satellite images. One section of continuous hydrographic data
has been measured (Münchow and Melling, 2008). This array is located approximately
at section B, see Figure 1. Ships and buoys have measured salinity and temperature,
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which are described by Kliem and Greenberg (2003). The domain has some character-
istic features that govern the ice flow through the strait. Ice bridges form and reduce
the flux in certain periods of the year. Furthermore the North Water Polynya is located
in the southern part of the Nares Strait.

The model simulation is initiated in 1952 and runs for 128 years, i.e. up to 2080.
The first 8 years have been used for spin up while the last 120 years have been divided
into four 30 year sub-periods as listed in Table 1. These periods are analysed in the
following.

Period Years
A 1961 - 1990
B 1991 - 2020
C 2021 - 2050
D 2051 - 2080

Table 1: Sub periods of the climate simulation

3. Ice cover

The average ice cover in spring and fall for the four sub-periods are shown in Figure
2. The ice cover is generally retreating both in spring and fall. The ice retreat in spring
is seen in the Kanes Basin and around the North Water Polynya and leads to an earlier
opening, which will be discussed further in Section 5. The mechanism and the areas
where the sea ice opens up is the same in the entire period. The only change is the time
of year. The ice retreat in fall mainly occurs around the Baffin Bay due to the delayed
return of the sea ice. The trend in the ice thickness is basically the same: It gets thinner
everywhere.

The relative ice cover, ã, e.g. the spatially mean ice concentration, has been calcu-
lated for each month as:

ã =
Aice

Aocean
(2)

where Aice and Aocean are the sea ice covered area and the total model domain ocean
area, respectively. ã is the same as the mean ice concentration.

Average annual variations in ã have been calculated for each of the 4 periods, and
the results, compared to the average ice cover between 1991 and 2008 interpolated
from satellite images (Kaleshke et al., 2001), are shown in Figure 3. It is seen that the
entire model domain is fully ice covered during winter in all 4 periods. However the
period with full sea ice coverage decreases in the future scenarios. The minimum ice
cover decreases as well.

The simulated period 1991-2020 and the satellite observations agree quite well
most of the year. The main differences occur from October and until the model is
fully ice covered. As described below (Section 4) the modelled sea ice flux is lower
in this period compared to the results obtained by (Kwok, 2005). A too low simulated
southward ice flux is probably the main reason that the southern parts of the model
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(a) 1961 - 1990 (b) 1991 - 2020 (c) 2021 - 2050 (d) 2051 - 2080

(e) 1961 - 1990 (f) 1991 - 2020 (g) 2021 - 2050 (h) 2051 - 2080

Figure 2: Average sea ice cover for the 4 sub periods. 0 is ice free. 1 is fully ice covered. Top row is spring
(March, April and May). Bottom row is fall (September October and November).

Figure 3: Annual variation of relative ice cover in the Nares Strait. 1 means that all water points are ice
covered. 0 mean that all water cells are ice free. The dashed line is derived from satellite images.

domain become ice covered somewhat later than the satellite data indicate. The tem-
poral monthly spacing between the boundary values is another likely contribution to
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the time lack of the freeze up. An early opening of the Kanes Basin (Figure 2) and
the excess ice, which is present during summer in the Lancaster Sound eliminates each
other during summer and is thus not distinct in Figure 3. However, later in the year the
model is mainly missing ice in Kanes Basin, and therefore the return of the model ice
cover is delayed.

4. Ice flux

The simulated annual area, Fa, and volume, Fv , southward sea ice fluxes through
section A in the north of the domain have been estimate using the expressions

Fa = −
n∑

i=1

vi · ci · r · cosφ ·∆λ (3)

Fv = −
n∑

i=1

vi · ci · r · cosφ ·∆λ ·Hi (4)

where n is the number of grid cells that has been used in the cross section, vi the
northward ice velocity component, ci the ice concentration, Hi the ice thickness, i the
grid index, φ the latitude, r the radius of the Earth, and ∆λ the longitude extension of
each grid cell.

The ice area flux in the present day climate can be compared with Kwok (2005),
who calculated the area flux in the northern part of the Nares strait as well. He estimates
the area flux to an interval of 15 - 45 ×103 km2y−1 in the years 1996 - 2002.

(a) Area flux, 103 km2y−1 as function of model
year

(b) Volume flux, km3y−1 as function of model
year

Figure 4: Area and volume ice flux based on (3) and (4).

The simulated present day ice area flux has a magnitude in the right range when
compared with the Kwok (2005) data. As in his time series (not shown) we also see
a large variation from year to year. There is a slight increase in the area flux from
the beginning of the simulation and until about year 2035-2045 where the general
level is about 30 ×103 km2y−1. At this point the magnitude jumps to more than 60
×103 km2y−1 with even larger variations from year to year. It is noted that based on
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new satellite observations for the year 2006/2007 a strong ice drift of about 80 ×103

km2y−1 is found, and that year no ice bridges were present, e.g. the ice drift occurred
all year 1. Holland et al. (2006) showed that an abrupt change of ice conditions in the
Arctic is very likely occurs in a future climate.

One reason for the increase in the area flux is that the modelled ice strength depends
linearly on the ice thickness and exponentially on the ice concentration, hence a slight
decrease in the sea ice concentration means that the ice strength drops. The result is that
the ice moves with the wind and ocean current and is less constrained by the internal
ice stress. An additional effect is that the likelihood of blocking decreases.

The ice volume flux varies a lot from year to year, but the 10 year average is al-
most constant during the entire simulation. The magnitude varies around 60 km3y−1.
It shows a slight increase, at the time when the area flux increases dramatically, but
returns to the original values due to the decreasing ice thickness.

The 30-year average of the ice area flux and the standard deviation of this are cal-
culated for each day of the year and shown in Figures 5(a) and 5(b). It can be seen that

(a) Area ice flux. (b) Standard deviation of area ice flux.

Figure 5: 30-year averages of the ice area flux for each day of the year.

both the magnitude and the standard deviation increases in the future scenario. The
ice flux peaks in May-June, and it is also this season, which contributes mostly to the
increased ice area flux seen in Fig. 4(a).

It may be somewhat surprising that May and June has the largest area flux also for
present day conditions since satellite observations show that this period is blocked in
some years. However, the standard deviation of the area flux has at least the same order
of magnitude as the flow itself for all calendar months, meaning that although some
years are blocked in June other years show a very strong flux in June. As expected the
lowest fluxes are found during winter.

1personal communication with Ron Kwok through Leif Toudal Pedersen
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5. Polynya

One of the most characteristic phenomena’s in the area is the North Water Polynya.
The location of this is marked in the black box in Figure 1. We define the time of the
year, when the polynya opens as the date, where the relative ice cover in the black box
is reduced to less than 20 %. Similarly, the closing of the polynya is defined as the
time of the year, when the relative coverage increases to more than 20 %. The resulting
dates from our simulations are shown in Figure 6(a). The period, where the polynya is

(a) Time of the year of opening and closing the
polynya.

(b) Sea ice concen-
tration, 28th of April

(c) Seaice concentra-
tion, 28th of May

Figure 6: Simulated characteristics of opening and closing of the North Water polynya. (a) Time of year
where the polynya opens and closes. (b)&(c) Simulated sea ice concentration from model year 2005 showing
the opening of the polynya.

open, is largely extended. In the beginning of the simulation the polynya is only open
for a few months. There is even a year where it does not really open, or at least it does
not meet the 20 % criterion. By the end of the simulation, the polynya is only closed
in the coldest 2 or 3 months in the beginning of each year.

Figures 6(b) and 6(c) show a typical situation of the opening of the polynya. The
Kanes Basin is completely ice covered and blocks the flow from the north. In the
southern end of the Nares Strait sea ice is pushed away from the Greenland side of
the strait by the wind and thus opens the polynya. The opening is seen first on the
Greenland side of the Nares Strait, and from there it progresses southwestward.

In our simulation the same process is going on in the northern end of the Kanes
Basin. The ice is blocked north of Kanes Basin, and a polynya is opened by the wind
on the Greenland side of the Kanes Basin. This opening also progresses westward.

Figure 6(c) shows an opening, at the entrance to the Nares Strait from the Lincoln
Sea. This is the so-called Lincoln Polynya. It is located the same place as the satellite
images locates it (not shown). The stability of this polynya has large impact on the sea
ice flow from the Lincoln Sea and into the Nares Strait.
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6. Sea Surface Temperature

The opening of the polynya changes the heat balance in the surface layer of the
ocean dramatically, as the ice cover act as an insulating lid on top of the sea surface.
During winter time with no or only little downward shortwave radiation, an opening
will give rise to an increased upward longwave radiation and hence cooling of the sea
surface, and new ice will be formed. During summer time with midnight sun, a sea ice
cover will reflect a large part of the shortwave radiation, while an opening will increase
the shortwave heat flux into the ocean, and thus a warming of the surface water will
take place. We find this to be one of the main reasons why the polynya stays open in
summer and not in winter, even though wind driven openings occur all year.

(a) 1961 - 1990, ◦C (b) 1991 - 2020, ◦C (c) 2021 - 2050, ◦C (d) 2051 - 2080, ◦C

Figure 7: Sea surface temperature, ◦C, June-August 30 year average. (a) SST for 1961-1990. (b)-(d) SST
anomalies relative to 1961-1990.

Figure 7 shows the 30-year average of sea surface temperature (SST) for June-
August for the period 1961-1990, together with June-August SST anomalies relative
to 1961-1990 for sub-periods 1991-2020, 2021-2050, and 2051-2080. The excessive
heating of the upper ocean in the polynya is clearly seen from Figure 7(a) where the sea
surface temperature in the area corresponding to the polynya is 2-3◦C higher than the
surroundings, and even more close to the Greenland coast. The anomalies for 1991-
2020 are close to zero and also relatively small for 2021-2050, but a large warming is
seen in the period 2051-2080. This is especially found in the Baffin Bay and in the
coastal areas of the southern part of the Nares Strait, and is caused by the retreat of
sea ice in the future climate. The anomalies in the winter and early spring (not shown)
are much smaller, due to an ice cover that covers the entire model domain both in the
present and the future scenarios.

7. Cross section B

Figures 8 and 9 show simulated summer and winter mean temperature and salinity
at cross section B (see Figure 1) for the sub-period 1991-2020.

The figures show a distinct two layer structure of the water column, with a halocline
around 100m depth and the thermocline slightly deeper. This separates the Pacific
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(a) Winter (b) Summer

Figure 8: Average simulated temperature at cross section B for 1991-2020. (a) Summer mean (June, July
and August). (b) Winter mean (December, January and February).

(a) Winter (b) Summer

Figure 9: Average simulated salinity at cross section B for 1991-2020. (a) Summer mean (June, July and
August). (b) Winter mean (December, January and February).

water above the saline Atlantic water. The seasonal changes of both temperature and
salinity at the bottom are very small because of the strong stratification with small
vertical mixing. This indicates that it is the same water masses throughout the year
that flow through the Nares Strait near the bottom. The temperatures are slightly lower
towards the Canadian side, and the water is slightly more saline on the Greenland side
of the Strait.

While the deep part of the strait has quite constant temperature and salinity, the
seasonal changes are relatively much larger in the mixed layer. The temperature in the
mixed layer of the water column is at the freezing point in winter when the strait is
ice covered, but in the summer time when the strait is (partly) ice free the mixed layer
temperature is 1-2◦C warmer. The heating of the mixed layer is done in a relatively
short time period, as soon as the sea ice opens up and the sunlight is present. The top of
the water column is much fresher in summer than in winter, due to the brine rejection
in winter and sea ice melt in summer.

Due to the small difference across section B, it is reasonable to evaluate profiles
from one position. Figure 10 shows simulated temperature and salinity profiles from
a location in the middle of section B (see Figure 1) compared with profiles from an
observational database collected by Kliem and Greenberg (2003). The observations
cover the period between 1950 and 2003. Therefore it is expected, that the results from
the database represent a mixture of the first two simulated sub periods. Most of the data
obtained are sampled in the summer, and therefore only the model results for June, July
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and August have been averaged.

(a) Temperature profiles (b) Salinity profiles

Figure 10: Profiles of temperature and salinity from the centre of cross section B. The coloured lines show
simulated data (average in JJA), and the dashed lines show results from the observational database compiled
by Kliem and Greenberg (2003).

The salinity profiles matches to some degree. The model is, however, too saline
near the surface and slightly too fresh at depth. The observed salinity profile becomes
almost constant at depths below 150 meters, whereas the model salinity increases all
the way to the bottom. The salinity, at the sea bed in the model and in the observations
agrees well. The differences in salinity profiles imply that the simulated stratification
is somewhat too weak above depths of approximately 150 meters. In the future sub-
periods the surface layers are fresher than the observations, and the stratification, at
least in the last sub-period, is also stronger than in the observations.

The measured temperature at the surface is very similar to that in all four sub pe-
riods. The lowest observed temperature is found at depths around 50 meters. The
simulated data from 1961-1990 shows the same minimum temperature but it occurs
somewhat deeper than observed. From this depth and down the temperature in the ob-
served database lie somewhere between the temperature for the first two sub periods. In
the future sub-periods temperatures are higher, especially around depths of 200 meters
where the future scenarios sees a temperature increase of about 3◦C.

8. Conclusion

This paper describes a simulation of the present and future climate in the Nares
Strait, the Lincoln Sea and the Baffin Bay. The ice area and volume fluxes have been
estimated through a cross section at approximately the same location as Kwok (2005)
estimated ice drift from satellite observations. The magnitude of the ice area flux fits
well with the estimates from satellite images in the present day scenario. The area
flux is in the interval of 10 - 40 ×103 km2y−1 between 1960 and 2040 with only a
small positive trend during this period. After 2040 the area flux increases to around 80
×103 km2y−1 with an increased yearly variation. The volume flux has a magnitude of
around 60 km3y−1 with large variations in the entire period. The jump in magnitude
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of the area flux around 2040 is insignificant for the volume flux, due to the decrease in
ice thickness.

The extend of the ice cover decreases during the simulation period. A decrease
is mainly seen in the Kanes Basin and around the North Water Polynya in spring and
summer, and in the Baffin Bay in fall. The future scenarios show longer seasonal
periods of low ice concentration and ice free conditions. This means that the North
Water Polynya will exist and open up earlier than today. The lower ice concentration
leads to an increase in the surface temperature in the areas that used to be fully ice
covered.

The surface is in general getting less saline, due to an increase in ice melt and pre-
cipitation. The temperature in the water column increases mostly at depths of around
250 meters. The temperature difference here is about 3 degrees.

A. Model parameters

Parameter Value Unit
Period Jan 1952 - Dec 2080

idm number of grid points 110
x direction (east to west)

jdm number of grid points 180
y direction (south to north)

Model grid size 4 - 10 km
kdm number of vertical layers 20

20.00, 21.50, 23.00, 24.00,
24.80, 25.48, 26.07, 26.58,

Target densities 26.92, 27.22, 27.53, 27.72, kg/m3 -1000
27.98, 28.12, 28.23, 28.31,
28.39, 28.47, 29.00, 30.00

Number of ice layers 5
Number of thermodynamic layers 4

Number of snow layers 1
Baroclinic time step 360 s
Barotropic time step 18 s

Time step CICE 360 s
Emissivity ice, εi 0.95

Emissivity ocean, εw 0.985
Albedo ice, αi varying

Albedo ocean, αw 0.06

Table 2: Key parameters for the model setup
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Appendix C

Input HYCOM - blkdat files

C.1 Nansen Center simulation

1 HIRHAM forcing
2 header
3 header
4 header
5 22 ’iversn’ = hycom version number x10
6 045 ’iexpt ’ = experiment number x10
7 110 ’idm ’ = longitudinal array size
8 180 ’jdm ’ = latitudinal array size
9 56 ’itest ’ = grid point where detailed diagnostics are desired

10 8 ’jtest ’ = grid point where detailed diagnostics are desired
11 22 ’kdm ’ = number of layers
12 22 ’nhybrd’ = number of hybrid levels (0=all isopycnal)
13 10 ’nsigma’ = number of sigma levels (nhybrd-nsigma z-levels)
14 3.0 ’dp00 ’ = deep z-level spacing minimum thickness (m)
15 120.0 ’dp00x ’ = deep z-level spacing maximum thickness (m)
16 1.125 ’dp00f ’ = deep z-level spacing stretching factor (1.0=const.space)
17 3.0 ’ds00 ’ = shallow z-level spacing minimum thickness (m)
18 12.0 ’ds00x ’ = shallow z-level spacing maximum thickness (m)
19 1.125 ’ds00f ’ = shallow z-level spacing stretching factor (1.0=const.space)
20 1.0 ’dp00i ’ = deep iso-pycnal spacing minimum thickness (m)
21 9.0 ’isotop’ = shallowest depth for isopycnal layers (m), <0 from file
22 35.0 ’saln0 ’ = initial salinity value (psu), only used for iniflg<2
23 0 ’locsig’ = locally-referenced pot. density for stability (0=F,1=T)
24 0 ’kapref’ = thermobaric ref. state (-1=input,0=none,1,2,3=constant)
25 0 ’thflag’ = reference pressure flag (0=Sigma-0, 2=Sigma-2)
26 25.0 ’thbase’ = reference density (sigma units)
27 0 ’vsigma’ = spacially varying isopycnal target densities (0=F,1=T)
28 21.80 ’sigma ’ = layer 1 density (sigma units)
29 22.20 ’sigma ’ = layer 2 density (sigma units)
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30 22.60 ’sigma ’ = layer 3 density (sigma units)
31 23.05 ’sigma ’ = layer 4 density (sigma units)
32 23.55 ’sigma ’ = layer 5 density (sigma units)
33 24.05 ’sigma ’ = layer 6 density (sigma units)
34 24.96 ’sigma ’ = layer 7 density (sigma units)
35 25.68 ’sigma ’ = layer 8 density (sigma units)
36 26.25 ’sigma ’ = layer 9 density (sigma units)
37 26.69 ’sigma ’ = layer 10 density (sigma units)
38 27.03 ’sigma ’ = layer 11 density (sigma units)
39 27.29 ’sigma ’ = layer 12 density (sigma units)
40 27.49 ’sigma ’ = layer 13 density (sigma units)
41 27.66 ’sigma ’ = layer 14 density (sigma units)
42 27.80 ’sigma ’ = layer 15 density (sigma units)
43 27.90 ’sigma ’ = layer 16 density (sigma units)
44 27.97 ’sigma ’ = layer 17 density (sigma units)
45 28.02 ’sigma ’ = layer 18 density (sigma units)
46 28.05 ’sigma ’ = layer 19 density (sigma units)
47 28.08 ’sigma ’ = layer 20 density (sigma units)
48 28.10 ’sigma ’ = layer 21 density (sigma units)
49 28.11 ’sigma ’ = layer 22 density (sigma units)
50 2 ’iniflg’ = initial state flag (0=levl, 1=zonl, 2=clim)
51 2 ’jerlv0’ = initial jerlov water type (1 to 5; 0 to use KPAR)
52 3 ’yrflag’ = days in year flag (0=360, 1=366, 2=366J1, 3=actual)
53 1.0 ’dsurfq’ = number of days between model diagnostics at the surface
54 1.0 ’diagfq’ = number of days between model diagnostics
55 0.0 ’meanfq’ = number of days between model diagnostics (time averaged)
56 1.0 ’rstrfq’ = number of days between model restart output
57 0.0 ’bnstfq’ = number of days between baro nesting archive input
58 1 ’nestfq’ = number of days between 3-d nesting archive input
59 0.0041 ’cplifq’ = number of days (or time steps) between sea ice coupling
60 360.0 ’baclin’ = baroclinic time step (seconds), int. divisor of 86400
61 18.0 ’batrop’ = barotropic time step (seconds), int. div. of baclin/2
62 0 ’incflg’ = incremental update flag (0=no, 1=yes, 2=full-velocity)
63 16 ’incstp’ = no. timesteps for full update (1=direct insertion)
64 1 ’incupf’ = number of days of incremental updating input
65 0.125 ’wbaro ’ = barotropic time smoothing weight
66 1 ’btrlfr’ = leapfrog barotropic time step (0=F,1=T)
67 0 ’btrmas’ = barotropic is mass conserving (0=F,1=T)
68 1.0 ’hybrlx’ = HYBGEN: inverse relaxation coefficient (time steps)
69 1 ’hybflg’ = hybrid generator flag (0=T&S, 1=th&S, 2=th&T)
70 1 ’advflg’ = thermal advection flag (0=T&S, 1=th&S, 2=th&T)
71 2 ’advtyp’ = scalar advection type (0=PCM,1=MPDATA,2=FCT2,4=FCT4)
72 -1.0 ’slip ’ = +1 for free-slip, -1 for non-slip boundary conditions
73 0.2 ’visco2’ = deformation-dependent Laplacian viscosity factor
74 0.0 ’visco4’ = deformation-dependent biharmonic viscosity factor
75 0.03 ’veldf2’ = diffusion velocity (m/s) for Laplacian momentum dissip.
76 0.05 ’veldf4’ = diffusion velocity (m/s) for biharmonic momentum dissip.
77 0.0 ’thkdf2’ = diffusion velocity (m/s) for Laplacian thickness diffus.
78 0.005 ’thkdf4’ = diffusion velocity (m/s) for biharmonic thickness diffus.
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79 0.03 ’temdf2’ = diffusion velocity (m/s) for Laplacian temp/saln diffus.
80 1.0 ’temdfc’ = temp diffusion conservation (0.0,1.0 all dens,temp resp.)
81 0.0 ’vertmx’ = diffusion velocity (m/s) for momentum at MICOM M.L.base
82 0.05 ’cbar ’ = rms flow speed (m/s) for linear bottom friction
83 2.2e-3 ’cb ’ = coefficient of quadratic bottom friction
84 0.0 ’drglim’ = limiter for explicit friction (1.0 none, 0.0 implicit)
85 0.0 ’drgscl’ = scale factor for tidal drag (0.0 for no tidal drag)
86 10.0 ’thkbot’ = thickness of bottom boundary layer (m)
87 0.02 ’sigjmp’ = minimum density jump across interfaces (kg/m**3)
88 0.2 ’tmljmp’ = equivalent temperature jump across mixed-layer (degC)
89 30.0 ’thkmls’ = reference mixed-layer thickness for SSS relaxation (m)
90 0.0 ’thkmlt’ = reference mixed-layer thickness for SST relaxation (m)
91 6.0 ’thkriv’ = nominal thickness of river inflow (m)
92 20.0 ’thkfrz’ = maximum thickness of near-surface freezing zone (m)
93 2 ’iceflg’ = sea ice model flag (0=none,1=energy loan,2=coupled/esmf)
94 0.0 ’tfrz_0’ = ENLN: ice melting point (degC) at S=0psu
95 -0.054 ’tfrz_s’ = ENLN: gradient of ice melting point (degC/psu)
96 0.0 ’ticegr’ = ENLN: temp. grad. inside ice (deg/m); =0 use surtmp
97 0.5 ’hicemn’ = ENLN: minimum ice thickness (m)
98 10.0 ’hicemx’ = ENLN: maximum ice thickness (m)
99 0 ’ntracr’ = number of tracers (0=none,negative to initialize)

100 0 ’trcflg’ = tracer flags (one digit per tr, most sig. replicated)
101 144 ’tsofrq’ = number of time steps between anti-drift offset calcs
102 0.0 ’tofset’ = temperature anti-drift offset (degC/century)
103 0.0 ’sofset’ = salnity anti-drift offset (psu/century)
104 1 ’mlflag’ = mixed layer flag (0=none,1=KPP,2-3=KT,4=PWP,5=MY,6=GISS)
105 1 ’pensol’ = KT: activate penetrating solar rad. (0=F,1=T)
106 999.0 ’dtrate’ = KT: maximum permitted m.l. detrainment rate (m/day)
107 19.2 ’thkmin’ = KT/PWP: minimum mixed-layer thickness (m)
108 1 ’dypflg’ = KT/PWP: diapycnal mixing flag (0=none, 1=KPP, 2=explicit)
109 64 ’mixfrq’ = KT/PWP: number of time steps between diapycnal mix calcs
110 1.e-7 ’diapyc’ = KT/PWP: diapycnal diffusivity x buoyancy freq. (m**2/s**2)
111 0.25 ’rigr ’ = PWP: critical gradient richardson number
112 0.65 ’ribc ’ = PWP: critical bulk richardson number
113 0.7 ’rinfty’ = KPP: maximum gradient richardson number (shear inst.)
114 0.45 ’ricr ’ = KPP: critical bulk richardson number
115 0.0 ’bldmin’ = KPP: minimum surface boundary layer thickness (m)
116 1200.0 ’bldmax’ = KPP: maximum surface boundary layer thickness (m)
117 0.7 ’cekman’ = KPP/KT: scale factor for Ekman depth
118 1.0 ’cmonob’ = KPP: scale factor for Monin-Obukov depth
119 0 ’bblkpp’ = KPP: activate bottom boundary layer (0=F,1=T)
120 1 ’shinst’ = KPP: activate shear instability mixing (0=F,1=T)
121 1 ’dbdiff’ = KPP: activate double diffusion mixing (0=F,1=T)
122 1 ’nonloc’ = KPP: activate nonlocal b. layer mixing (0=F,1=T)
123 0 ’latdiw’ = K-PROF: activate lat.dep. int.wave mixing (0=F,1=T)
124 0 ’botdiw’ = GISS: activate bot.enhan.int.wav mixing (0=F,1=T)
125 1 ’difsmo’ = K-PROF: activate horiz smooth diff coeffs (0=F,1=T)
126 1 ’difout’ = K-PROF: output visc/diff coffs in archive (0=F,1=T)
127 50.e-4 ’difm0 ’ = KPP: max viscosity due to shear instability (m**2/s)
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128 50.e-4 ’difs0 ’ = KPP: max diffusivity due to shear instability (m**2/s)
129 1.e-4 ’difmiw’ = KPP: background/internal wave viscosity (m**2/s)
130 1.e-5 ’difsiw’ = KPP: background/internal wave diffusivity (m**2/s)
131 10.e-4 ’dsfmax’ = KPP: salt fingering diffusivity factor (m**2/s)
132 1.9 ’rrho0 ’ = KPP: salt fingering rp=(alpha*delT)/(beta*delS)
133 98.96 ’cs ’ = KPP: value for nonlocal flux term
134 10.0 ’cstar ’ = KPP: value for nonlocal flux term
135 0.0 ’cv ’ = KPP: buoyancy frequency ratio (0.0 to use a fn. of N)
136 5.0 ’c11 ’ = KPP: value for turb velocity scale
137 2 ’hblflg’ = KPP: b. layer interp. flag (0=const.,1=linear,2=quad.)
138 2 ’niter ’ = KPP: iterations for semi-implicit soln. (2 recomended)
139 0 ’fltflg’ = FLOATS: synthetic float flag (0=no; 1=yes)
140 4 ’nfladv’ = FLOATS: advect every nfladv bacl. time steps (even, >=4)
141 1 ’nflsam’ = FLOATS: output (0=every nfladv steps; >0=no. of days)
142 0 ’intpfl’ = FLOATS: horiz. interp. (0=2nd order+n.n.; 1=n.n. only)
143 0 ’iturbv’ = FLOATS: add horiz. turb. advection velocity (0=no; 1=yes)
144 1 ’ismpfl’ = FLOATS: sample water properties at float (0=no; 1=yes)
145 4.63e-6 ’tbvar ’ = FLOATS: horizontal turb. vel. variance scale (m**2/s**2)
146 0.4 ’tdecri’ = FLOATS: inverse decorrelation time scale (1/day)
147 0 ’lbflag’ = lateral barotropic bndy flag (0=none, 1=port, 2=input)
148 0 ’tidflg’ = TIDES: tidal forcing flag (0=none,1=open-bdy,2=bdy&body)
149 00000001 ’tidcon’ = TIDES: 1 digit per (Q1K2P1N2O1K1S2M2), 0=off,1=on
150 0.06 ’tidsal’ = TIDES: scalar self attraction and loading factor
151 1 ’tidgen’ = TIDES: generic time (0=F,1=T)
152 3.0 ’tidrmp’ = TIDES: ramp time (days)
153 0.0 ’tid_t0’ = TIDES: origin for ramp time (model day)
154 12 ’clmflg’ = climatology frequency flag (6=bimonthly, 12=monthly)
155 2 ’wndflg’ = wind stress input flag (0=none,1=u/v-grid,2,3=p-grid)
156 4 ’ustflg’ = ustar forcing flag (3=input,1,2=wndspd,4=stress)
157 4 ’flxflg’ = thermal forcing flag (0=none,3=net-flux,1,2,4=sst-based)
158 0 ’empflg’ = E-P forcing flag (0=none,3=net_E-P, 1,2,4=sst-bas_E)
159 0 ’sssflg’ = SSS relaxation flag (0=none,1=clim)
160 0 ’lwflag’ = longwave (SST) flag (0=none,1=clim,2=atmos)
161 0 ’sstflg’ = SST relaxation flag (0=none,1=clim,2=atmos,3=observed)
162 0 ’icmflg’ = ice mask flag (0=none,1=clim,2=atmos,3=obs/coupled)
163 0 ’flxoff’ = net flux offset flag (0=F,1=T)
164 0 ’flxsmo’ = smooth surface fluxes (0=F,1=T)
165 0 ’relax ’ = activate lateral boundary nudging (0=F,1=T)
166 0 ’trcrlx’ = activate lat. bound. tracer nudging (0=F,1=T) #tar
167 0 ’priver’ = rivers as a precipitation bogas (0=F,1=T)
168 0 ’epmass’ = treat evap-precip as a mass exchange (0=F,1=T)

C.2 Climate simulation

1 HIRHAM forcing\\
2 header\\
3 header\\



APPENDIX C. INPUT HYCOM - BLKDAT FILES 142

4 header\\
5 22 ’iversn’ = hycom version number x10\\
6 045 ’iexpt ’ = experiment number x10\\
7 110 ’idm ’ = longitudinal array size\\
8 180 ’jdm ’ = latitudinal array size\\
9 56 ’itest ’ = grid point where detailed diagnostics are desired\\

10 8 ’jtest ’ = grid point where detailed diagnostics are desired\\
11 20 ’kdm ’ = number of layers\\
12 20 ’nhybrd’ = number of hybrid levels (0=all isopycnal)\\
13 10 ’nsigma’ = number of sigma levels (nhybrd-nsigma z-levels)\\
14 3.0 ’dp00 ’ = deep z-level spacing minimum thickness (m)\\
15 120.0 ’dp00x ’ = deep z-level spacing maximum thickness (m)\\
16 1.125 ’dp00f ’ = deep z-level spacing stretching factor (1.0=const.space)\\
17 3.0 ’ds00 ’ = shallow z-level spacing minimum thickness (m)\\
18 12.0 ’ds00x ’ = shallow z-level spacing maximum thickness (m)\\
19 1.125 ’ds00f ’ = shallow z-level spacing stretching factor (1.0=const.space)\\
20 1.0 ’dp00i ’ = deep iso-pycnal spacing minimum thickness (m)\\
21 9.0 ’isotop’ = shallowest depth for isopycnal layers (m), <0 from file\\
22 35.0 ’saln0 ’ = initial salinity value (psu), only used for iniflg<2\\
23 0 ’locsig’ = locally-referenced pot. density for stability (0=F,1=T)\\
24 0 ’kapref’ = thermobaric ref. state (-1=input,0=none,1,2,3=constant)\\
25 0 ’thflag’ = reference pressure flag (0=Sigma-0, 2=Sigma-2)\\
26 25.0 ’thbase’ = reference density (sigma units)\\
27 0 ’vsigma’ = spacially varying isopycnal target densities (0=F,1=T)\\
28 20.00 ’sigma ’ = layer 1 isopycnal target density (sigma units)\\
29 21.50 ’sigma ’ = layer 2 isopycnal target density (sigma units)\\
30 23.00 ’sigma ’ = layer 3 isopycnal target density (sigma units)\\
31 24.00 ’sigma ’ = layer 4 isopycnal target density (sigma units)\\
32 24.80 ’sigma ’ = layer 5 isopycnal target density (sigma units)\\
33 25.48 ’sigma ’ = layer 6 isopycnal target density (sigma units)\\
34 26.07 ’sigma ’ = layer 7 isopycnal target density (sigma units)\\
35 26.58 ’sigma ’ = layer 8 isopycnal target density (sigma units)\\
36 26.92 ’sigma ’ = layer 9 isopycnal target density (sigma units)\\
37 27.22 ’sigma ’ = layer 10 isopycnal target density (sigma units)\\
38 27.53 ’sigma ’ = layer 11 isopycnal target density (sigma units)\\
39 27.72 ’sigma ’ = layer 12 isopycnal target density (sigma units)\\
40 27.98 ’sigma ’ = layer 13 isopycnal target density (sigma units)\\
41 28.12 ’sigma ’ = layer 14 isopycnal target density (sigma units)\\
42 28.23 ’sigma ’ = layer 15 isopycnal target density (sigma units)\\
43 28.31 ’sigma ’ = layer 16 isopycnal target density (sigma units)\\
44 28.39 ’sigma ’ = layer 17 isopycnal target density (sigma units)\\
45 28.47 ’sigma ’ = layer 18 isopycnal target density (sigma units)\\
46 29.00 ’sigma ’ = layer 18 isopycnal target density (sigma units)\\
47 30.00 ’sigma ’ = layer 18 isopycnal target density (sigma units)\\
48 2 ’iniflg’ = initial state flag (0=levl, 1=zonl, 2=clim)\\
49 2 ’jerlv0’ = initial jerlov water type (1 to 5; 0 to use KPAR)\\
50 3 ’yrflag’ = days in year flag (0=360, 1=366, 2=366J1, 3=actual)\\
51 1.0 ’dsurfq’ = number of days between model diagnostics at the surface\\
52 1.0 ’diagfq’ = number of days between model diagnostics\\
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53 0.0 ’meanfq’ = number of days between model diagnostics (time averaged)\\
54 1.0 ’rstrfq’ = number of days between model restart output\\
55 0.0 ’bnstfq’ = number of days between baro nesting archive input\\
56 30 ’nestfq’ = number of days between 3-d nesting archive input\\
57 0.0041 ’cplifq’ = number of days (or time steps) between sea ice coupling\\
58 360.0 ’baclin’ = baroclinic time step (seconds), int. divisor of 86400\\
59 18.0 ’batrop’ = barotropic time step (seconds), int. div. of baclin/2\\
60 0 ’incflg’ = incremental update flag (0=no, 1=yes, 2=full-velocity)\\
61 16 ’incstp’ = no. timesteps for full update (1=direct insertion)\\
62 1 ’incupf’ = number of days of incremental updating input\\
63 0.125 ’wbaro ’ = barotropic time smoothing weight\\
64 1 ’btrlfr’ = leapfrog barotropic time step (0=F,1=T)\\
65 0 ’btrmas’ = barotropic is mass conserving (0=F,1=T)\\
66 1.0 ’hybrlx’ = HYBGEN: inverse relaxation coefficient (time steps)\\
67 1 ’hybflg’ = hybrid generator flag (0=T&S, 1=th&S, 2=th&T)\\
68 1 ’advflg’ = thermal advection flag (0=T&S, 1=th&S, 2=th&T)\\
69 2 ’advtyp’ = scalar advection type (0=PCM,1=MPDATA,2=FCT2,4=FCT4)\\
70 -1.0 ’slip ’ = +1 for free-slip, -1 for non-slip boundary conditions\\
71 0.2 ’visco2’ = deformation-dependent Laplacian viscosity factor\\
72 0.0 ’visco4’ = deformation-dependent biharmonic viscosity factor\\
73 0.03 ’veldf2’ = diffusion velocity (m/s) for Laplacian momentum dissip.\\
74 0.05 ’veldf4’ = diffusion velocity (m/s) for biharmonic momentum dissip.\\
75 0.0 ’thkdf2’ = diffusion velocity (m/s) for Laplacian thickness diffus.\\
76 0.005 ’thkdf4’ = diffusion velocity (m/s) for biharmonic thickness diffus.\\
77 0.03 ’temdf2’ = diffusion velocity (m/s) for Laplacian temp/saln diffus.\\
78 1.0 ’temdfc’ = temp diffusion conservation (0.0,1.0 all dens,temp resp.)\\
79 0.0 ’vertmx’ = diffusion velocity (m/s) for momentum at MICOM M.L.base\\
80 0.05 ’cbar ’ = rms flow speed (m/s) for linear bottom friction\\
81 2.2e-3 ’cb ’ = coefficient of quadratic bottom friction\\
82 0.0 ’drglim’ = limiter for explicit friction (1.0 none, 0.0 implicit)\\
83 0.0 ’drgscl’ = scale factor for tidal drag (0.0 for no tidal drag)\\
84 10.0 ’thkbot’ = thickness of bottom boundary layer (m)\\
85 0.02 ’sigjmp’ = minimum density jump across interfaces (kg/m**3)\\
86 0.2 ’tmljmp’ = equivalent temperature jump across mixed-layer (degC)\\
87 30.0 ’thkmls’ = reference mixed-layer thickness for SSS relaxation (m)\\
88 0.0 ’thkmlt’ = reference mixed-layer thickness for SST relaxation (m)\\
89 6.0 ’thkriv’ = nominal thickness of river inflow (m)\\
90 20.0 ’thkfrz’ = maximum thickness of near-surface freezing zone (m)\\
91 2 ’iceflg’ = sea ice model flag (0=none,1=energy loan,2=coupled/esmf)\\
92 0.0 ’tfrz_0’ = ENLN: ice melting point (degC) at S=0psu\\
93 -0.054 ’tfrz_s’ = ENLN: gradient of ice melting point (degC/psu)\\
94 0.0 ’ticegr’ = ENLN: temp. grad. inside ice (deg/m); =0 use surtmp\\
95 0.5 ’hicemn’ = ENLN: minimum ice thickness (m)\\
96 10.0 ’hicemx’ = ENLN: maximum ice thickness (m)\\
97 0 ’ntracr’ = number of tracers (0=none,negative to initialize)\\
98 0 ’trcflg’ = tracer flags (one digit per tr, most sig. replicated)\\
99 144 ’tsofrq’ = number of time steps between anti-drift offset calcs\\

100 0.0 ’tofset’ = temperature anti-drift offset (degC/century)\\
101 0.0 ’sofset’ = salnity anti-drift offset (psu/century)\\
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102 1 ’mlflag’ = mixed layer flag (0=none,1=KPP,2-3=KT,4=PWP,5=MY,6=GISS)\\
103 1 ’pensol’ = KT: activate penetrating solar rad. (0=F,1=T)\\
104 999.0 ’dtrate’ = KT: maximum permitted m.l. detrainment rate (m/day)\\
105 19.2 ’thkmin’ = KT/PWP: minimum mixed-layer thickness (m)\\
106 1 ’dypflg’ = KT/PWP: diapycnal mixing flag (0=none, 1=KPP, 2=explicit)\\
107 64 ’mixfrq’ = KT/PWP: number of time steps between diapycnal mix calcs\\
108 1.e-7 ’diapyc’ = KT/PWP: diapycnal diffusivity x buoyancy freq. (m**2/s**2)\\
109 0.25 ’rigr ’ = PWP: critical gradient richardson number\\
110 0.65 ’ribc ’ = PWP: critical bulk richardson number\\
111 0.7 ’rinfty’ = KPP: maximum gradient richardson number (shear inst.)\\
112 0.45 ’ricr ’ = KPP: critical bulk richardson number\\
113 0.0 ’bldmin’ = KPP: minimum surface boundary layer thickness (m)\\
114 1200.0 ’bldmax’ = KPP: maximum surface boundary layer thickness (m)\\
115 0.7 ’cekman’ = KPP/KT: scale factor for Ekman depth\\
116 1.0 ’cmonob’ = KPP: scale factor for Monin-Obukov depth\\
117 0 ’bblkpp’ = KPP: activate bottom boundary layer (0=F,1=T)\\
118 1 ’shinst’ = KPP: activate shear instability mixing (0=F,1=T)\\
119 1 ’dbdiff’ = KPP: activate double diffusion mixing (0=F,1=T)\\
120 1 ’nonloc’ = KPP: activate nonlocal b. layer mixing (0=F,1=T)\\
121 0 ’latdiw’ = K-PROF: activate lat.dep. int.wave mixing (0=F,1=T)\\
122 0 ’botdiw’ = GISS: activate bot.enhan.int.wav mixing (0=F,1=T)\\
123 1 ’difsmo’ = K-PROF: activate horiz smooth diff coeffs (0=F,1=T)\\
124 1 ’difout’ = K-PROF: output visc/diff coffs in archive (0=F,1=T)\\
125 50.e-4 ’difm0 ’ = KPP: max viscosity due to shear instability (m**2/s)\\
126 50.e-4 ’difs0 ’ = KPP: max diffusivity due to shear instability (m**2/s)\\
127 1.e-4 ’difmiw’ = KPP: background/internal wave viscosity (m**2/s)\\
128 1.e-5 ’difsiw’ = KPP: background/internal wave diffusivity (m**2/s)\\
129 10.e-4 ’dsfmax’ = KPP: salt fingering diffusivity factor (m**2/s)\\
130 1.9 ’rrho0 ’ = KPP: salt fingering rp=(alpha*delT)/(beta*delS)\\
131 98.96 ’cs ’ = KPP: value for nonlocal flux term\\
132 10.0 ’cstar ’ = KPP: value for nonlocal flux term\\
133 0.0 ’cv ’ = KPP: buoyancy frequency ratio (0.0 to use a fn. of N)\\
134 5.0 ’c11 ’ = KPP: value for turb velocity scale\\
135 2 ’hblflg’ = KPP: b. layer interp. flag (0=const.,1=linear,2=quad.)\\
136 2 ’niter ’ = KPP: iterations for semi-implicit soln. (2 recomended)\\
137 0 ’fltflg’ = FLOATS: synthetic float flag (0=no; 1=yes)\\
138 4 ’nfladv’ = FLOATS: advect every nfladv bacl. time steps (even, >=4)\\
139 1 ’nflsam’ = FLOATS: output (0=every nfladv steps; >0=no. of days)\\
140 0 ’intpfl’ = FLOATS: horiz. interp. (0=2nd order+n.n.; 1=n.n. only)\\
141 0 ’iturbv’ = FLOATS: add horiz. turb. advection velocity (0=no; 1=yes)\\
142 1 ’ismpfl’ = FLOATS: sample water properties at float (0=no; 1=yes)\\
143 4.63e-6 ’tbvar ’ = FLOATS: horizontal turb. vel. variance scale (m**2/s**2)\\
144 0.4 ’tdecri’ = FLOATS: inverse decorrelation time scale (1/day)\\
145 0 ’lbflag’ = lateral barotropic bndy flag (0=none, 1=port, 2=input)\\
146 0 ’tidflg’ = TIDES: tidal forcing flag (0=none,1=open-bdy,2=bdy&body)\\
147 00000001 ’tidcon’ = TIDES: 1 digit per (Q1K2P1N2O1K1S2M2), 0=off,1=on\\
148 0.06 ’tidsal’ = TIDES: scalar self attraction and loading factor\\
149 1 ’tidgen’ = TIDES: generic time (0=F,1=T)\\
150 3.0 ’tidrmp’ = TIDES: ramp time (days)\\
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151 0.0 ’tid_t0’ = TIDES: origin for ramp time (model day)\\
152 12 ’clmflg’ = climatology frequency flag (6=bimonthly, 12=monthly)\\
153 2 ’wndflg’ = wind stress input flag (0=none,1=u/v-grid,2,3=p-grid)\\
154 4 ’ustflg’ = ustar forcing flag (3=input,1,2=wndspd,4=stress)\\
155 4 ’flxflg’ = thermal forcing flag (0=none,3=net-flux,1,2,4=sst-based)\\
156 0 ’empflg’ = E-P forcing flag (0=none,3=net_E-P, 1,2,4=sst-bas_E)\\
157 0 ’sssflg’ = SSS relaxation flag (0=none,1=clim)\\
158 0 ’lwflag’ = longwave (SST) flag (0=none,1=clim,2=atmos)\\
159 0 ’sstflg’ = SST relaxation flag (0=none,1=clim,2=atmos,3=observed)\\
160 0 ’icmflg’ = ice mask flag (0=none,1=clim,2=atmos,3=obs/coupled)\\
161 0 ’flxoff’ = net flux offset flag (0=F,1=T)\\
162 0 ’flxsmo’ = smooth surface fluxes (0=F,1=T)\\
163 0 ’relax ’ = activate lateral boundary nudging (0=F,1=T)\\
164 0 ’trcrlx’ = activate lat. bound. tracer nudging (0=F,1=T) #tar\\
165 0 ’priver’ = rivers as a precipitation bogas (0=F,1=T)\\
166 0 ’epmass’ = treat evap-precip as a mass exchange (0=F,1=T)\\



Appendix D

Input CICE - icein files

The input files for both simulation are the same.

1 &ice_nml
2 year_init = 1901
3 , istep0 = 15691200
4 , dt = 360.0
5 , ndte = 120
6 , npt = -1
7 , diagfreq = 240
8 , histfreq = ’d’
9 , dumpfreq = ’d’

10 , dumpfreq_n = 1
11 , hist_avg = .true.
12 , restart = .true.
13 , print_points = .true.
14 , latpnt(1) = 90.
15 , lonpnt(1) = 0.
16 , latpnt(2) = -65.
17 , lonpnt(2) = -45.
18 , print_global = .true.
19 , kitd = 1
20 , kcatbound = 0
21 , kdyn = 1
22 , kstrength = 1
23 , krdg_partic = 1
24 , krdg_redist = 1
25 , evp_damping = .false.
26 , advection = ’remap’
27 , grid_type = ’hycom’
28 , grid_file = ’regional.cice.r’
29 , kmt_file = ’kmt’
30 , restart_file = ’iced’
31 , restart_dir = ’./’
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32 , pointer_file = ’./ice.restart_file’
33 , history_file = ’./iceh’
34 , diag_file = ’ice_diag.d’
35 , oceanmixed_ice = .false.
36 , albicev = 0.78
37 , albicei = 0.36
38 , albsnowv = 0.98
39 , albsnowi = 0.70
40 , ycycle = 1
41 , fyear_init = 2080
42 , atm_data_type= ’hirham’
43 , atm_data_dir = ’./’
44 , ocn_data_dir = ’COUPLED’
45 , init_sss_sst = .false.
46 , restore_sss_sst = .false.
47 , atm_netrad = .false.
48 , zero_albedo = .false.
49 , no_ice_ic = .false.
50 , cf_calendar = ’gregorian’
51 /
52

53 &domain_nml
54 nprocs = 12
55 , distribution_type = ’cartesian’
56 , ew_boundary_type = ’closed’
57 , ns_boundary_type = ’closed’
58 /
59

60 &icefields_nml
61 f_hi = .true.
62 , f_hs = .true.
63 , f_Tsfc = .true.
64 , f_aice = .true.
65 , f_uvel = .true.
66 , f_vvel = .true.
67 , f_fswdn = .true.
68 , f_flwdn = .true.
69 , f_snow = .false.
70 , f_snow_ai = .true.
71 , f_rain = .false.
72 , f_rain_ai = .true.
73 , f_sst = .true.
74 , f_sss = .true.
75 , f_uocn = .true.
76 , f_vocn = .true.
77 , f_frzmlt = .true.
78 , f_fswabs = .false.
79 , f_fswabs_ai = .true.
80 , f_albsni = .true.
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81 , f_flat = .false.
82 , f_flat_ai = .true.
83 , f_fsens = .false.
84 , f_fsens_ai = .true.
85 , f_flwup = .false.
86 , f_flwup_ai = .true.
87 , f_evap = .false.
88 , f_evap_ai = .true.
89 , f_Tair = .true.
90 , f_Tref = .true.
91 , f_congel = .true.
92 , f_frazil = .true.
93 , f_snoice = .true.
94 , f_meltt = .true.
95 , f_meltb = .true.
96 , f_meltl = .true.
97 , f_fresh = .false.
98 , f_fresh_ai = .true.
99 , f_fsalt = .false.

100 , f_fsalt_ai = .true.
101 , f_fhnet = .false.
102 , f_fhnet_ai = .true.
103 , f_fswthru = .false.
104 , f_fswthru_ai= .true.
105 , f_strairx = .true.
106 , f_strairy = .true.
107 , f_strtltx = .true.
108 , f_strtlty = .true.
109 , f_strcorx = .true.
110 , f_strcory = .true.
111 , f_strocnx = .true.
112 , f_strocny = .true.
113 , f_strintx = .true.
114 , f_strinty = .true.
115 , f_strength = .true.
116 , f_divu = .true.
117 , f_shear = .true.
118 , f_sig1 = .true.
119 , f_sig2 = .true.
120 , f_dvidtt = .true.
121 , f_dvidtd = .true.
122 , f_daidtt = .true.
123 , f_daidtd = .true.
124 , f_mlt_onset = .true.
125 , f_frz_onset = .true.
126 , f_dardg1dt = .false.
127 , f_dardg2dt = .false.
128 , f_dvirdgdt = .false.
129 , f_opening = .false.
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130 , f_aice1 = .false.
131 , f_aice2 = .false.
132 , f_aice3 = .false.
133 , f_aice4 = .false.
134 , f_aice5 = .false.
135 , f_aice6 = .false.
136 , f_aice7 = .false.
137 , f_aice8 = .false.
138 , f_aice9 = .false.
139 , f_aice10 = .false.
140 , f_vice1 = .false.
141 , f_vice2 = .false.
142 , f_vice3 = .false.
143 , f_vice4 = .false.
144 , f_vice5 = .false.
145 , f_vice6 = .false.
146 , f_vice7 = .false.
147 , f_vice8 = .false.
148 , f_vice9 = .false.
149 , f_vice10 = .false.
150 , f_hisnap = .true.
151 , f_aisnap = .true.
152 /



Appendix E

HIRLAM

(a) Wind direction, A (b) Wind direction, B (c) Wind direction, C

(d) Wind speed, A (e) Wind speed, B (f) Wind speed, C

Figure E.1: Wind speed and direction. Time series.
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HIRHAM
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(a) Sec. A, 1961-1990 (b) Sec. B, 1961-1990 (c) Sec. C, 1961-1990

(e) Sec. A, 2021-2050 (f) Sec. B, 2021-2050 (g) Sec. C, 2021-2050

(i) Sec. A, 2051-2080 (j) Sec. B, 2051-2080 (k) Sec., C, 2051-2080

Figure F.1: Distribution of wind direction and speed, HIRLAM.
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(a) Point B (b) Point C

Figure F.2: Variation of long wave radiation in point B and C

(a) Point B (b) Point C

Figure F.3: Variation of the short wave radiation in point B and C, figure 2.2.



Appendix G

abbreviations

ACIA Arctic Climate Impact Assessment

AIDJEX The Arctic Ice Dynamics Joint Experiment

CICE Community Ice CodE

CLIMGR Climate Greenland

DMI The Danish Meteorological Institute

ECHAM5-MPI-OM European Centre Hamburg Model V5-Max Planck

Institute- Ocean Model

ESMF Earth System Modelling Framework

EVP Elastic Viscous Plastic

GCM General Circulation Model

HYCI The coupled HYcom and CIce model

HYCOM HYbrid Coordinate Ocean Model

HIRHAM HIgh Resolution Hamburg Atmospheric Model

HIRLAM HIgh Resolution Limited Area Model

IPCC Intergovernmental Panel on Climate Change
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WMO World Meteorological Organization

MM5 Mesoscale Model V5

SLIM Second generation Louvain La Neuve Ice-ocean model

σ coordinate Terrain following coordinates

VP Viscous-Plastic

z coordinate Constant depth coordinates
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L. Kaleshke, C. Lübkes, J. Haarpainter T. Vihma, A. Bochert, J.Hartmann,

and G. Heygster. Sea ice remote sensing for mesoscale ocean-atmosphere

interaction analysis. Journal of Remote Sensing, 27(5):526–537, 2001.



BIBLIOGRAPHY 159

A.B. Kara, Harley. E. Hurlburt, and Alan J. wallcraft. Note and corrospon-

dence on the stabillity-dependent exchange coefficients of air-sea fluxes.

journal of Atmospheric, 22:1080–1094, 2004.

T. Killeen, C. Deluca, T. Gombosi, G. Toth, Q. Stout, C. Goodrich, A. Suss-

man, and M. Hesse. Integrated frameworks for earth and space weather

simulation. ESA Publications Division, 469:3751–3754, 2006.

Bert Klein, Bernard LeBlanc, Zhi-Ping Mei, Rachel Beret, Josée Michaud,

C. J. Mundy, Cecilie H. von Quillfeldt, Marie Ève Garneau, Suzanne Roy,
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