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Statement of originality

The variability of the liquid freshwater (FW) export from the Arctic Ocean is not

known, as satellite observations can not be used to monitor the liquid FW export,

and ice conditions in Fram Strait and the Canadian Arctic Archipelago (CAA) make

in-situ oceanographic measurements di!cult. Nevertheless, an understanding of con-

ditions that could lead to increased FW export from the Arctic is important, as the

Arctic FW has the potential to a"ect the deep water formation in the North Atlantic.

Given that only a few years of observations are available, modeling is the only possible

way to investigate the long-term variability of the FW export. Some model studies

have shown that changes in the atmospheric circulation over the Arctic Ocean lead to

changes in the FW storage in the Beaufort Gyre due to Ekman transport. Whether

these changes in Ekman transport in the Beaufort Sea are also the main reason for

changes in the liquid FW export from the Arctic Ocean is a topic of active research.

Idealized studies show that the atmospheric forcing has a large influence on the FW

export. However, transient simulations do not show a coherent response of the liquid

FW export to the atmospheric forcing. In addition, some studies show no large con-

tribution from FW concentration changes to the variability of the FW export, but

others find that FW concentration changes are important for the variability of the

FW export through Fram Strait. In this thesis two models of di"erent complexity

are used to address the important question of what is driving the variability of the

liquid FW export from the Arctic. The results are presented in three journal articles.

The major new contributions of article 1 (chapter 2) are:

• Using a simulation from a high resolution version of the intermediate complex-

ity University of Victoria Earth System Climate Model (UVic ESCM), it is
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shown that the variability of the liquid FW exports is caused by changes in

the cyclonicity of the atmospheric forcing, which cause a FW redistribution in

the Arctic through changes in Ekman transport in the Beaufort Gyre. This is

the first time the link between the atmospheric circulation and the liquid FW

export is shown in a transient model simulation.

• The simulation also shows that during times of increased liquid FW export

from the Arctic, the oceanic heat transport into the Arctic Ocean is increased,

due to an increase in the Atlantic water inflow. This is important, as the liquid

FW export is predicted to increase during the 21st century, in response to

increased river discharge and more sea-ice melt.

• Increased liquid FW export from the Arctic Ocean is found to reduce the

simulated strength of the meridional overturning (MOC) in the North Atlantic,

through its e"ect on the surface salinity in the deep water formation regions.

The liquid FW export into the Greenland, Icelandic, and Norwegian (GIN)

seas thereby shows a larger impact on the MOC strength than the liquid FW

export through the CAA.

• These results were obtained from a simulation where the CAA was opened, in

contrast to the standard configuration of the UVic ESCM, which has a closed

CAA. The e"ects of opening the CAA, and the choice of di"erent locations of

the CAA channel, are investigated.

The major new contributions of article 2 (chapter 3) are:

• For the first time, FW tracers for FW from all Arctic FW sources were in-

cluded in the ocean module of the Community Climate System Model Version

3 (CCSM3). The CCSM3 is a state-of-the-art global general circulation model,



Statement of originality viii

with higher horizontal and vertical resolutions in the ocean than in the model

used in chapter 2

• The FW tracers were used to quantify the contribution of FW from each source

to the FW export from the Arctic Ocean, as well as the variability of this con-

tribution. This is the first time the FW export was separated into all the

individual FW sources in a model. Geochemical tracer data is also being used

to determine the origin of FW from di"erent sources. However, geochemical

observations only exist for one or two months during the summer or fall of

some years since 1998, and simultaneous velocity measurements are not avail-

able for most observations. Model simulations are therefore the only way that

interannual variability can currently be assessed.

• It is shown how di"erences in FW pathways explain the di"erence between the

FW export through Fram Strait and the CAA, and how the FW export from

di"erent sources is a"ected by the winds in the Arctic and by the large-scale

atmospheric circulation pattern. Specifically, it is shown that the variability of

the release of FW from the Eurasian shelves is an important driver of the ex-

port variability of Eurasian runo" through Fram Strait. While the mechanism

leading to the release of runo" from the Eurasian shelf was previously known,

it is the first time the link between this o"-shelf transport and the FW export

variability through Fram Strait is shown.

• The variability of the FW export through Fram Strait is found to be caused

by changes in the velocity and the FW concentration in Fram Strait, whereas

velocity changes dominate the CAA FW export variability. Based on a com-

parison with the results from chapter 2 and other studies, it is suggested that a

high vertical resolution of the ocean model at the surface is crucial to capture

the contribution of FW concentration changes to the FW export variability.
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The major new contributions of article 3. (chapter 4) are:

• The model simulation provides a framework to work with observations from

just one month of each year. Because it is the first time tracers for FW from

all sources are included in a model, this is the first time observations of water

masses in Fram Strait can be compared with model data.

• Using the same simulation as used in chapter 3, it is shown that the seasonal

cycle of the Fram Strait FW export is mainly due to FW concentration changes

that are caused by sea-ice melt. Velocity changes only a"ect the seasonal FW

export by delaying the maximum and minimum by one month.

• Given that the seasonal cycle of the FW export is mainly governed by sea-ice

melt in the East Greenland Current (EGC), it is suggested that the seasonal

cycle of the Fram Strait FW export might change as the summer sea-ice cover

disappears over the 21st century.
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Abstract

In this thesis an analysis of the variability of the liquid freshwater (FW) export

from the Arctic Ocean on annual and seasonal timescales is presented. Due to missing

long-term observations, the variability of the liquid FW export is not well known or

understood. Model simulations are therefore currently the only way to study the

variability of the FW export from the Arctic.

To investigate the role of the atmospheric forcing for the variability of the liquid

FW export, a model simulation for 1950–2007 from the University of Victoria Earth

System Climate Model (UVic ESCM) is analyzed. It is shown that large-scale atmo-

spheric circulation changes generally control the variability of the FW export through

changes in the FW storage in the Beaufort Gyre. These changes have a large influ-

ence on the variability of the FW export through the Canadian Arctic Archipelago

(CAA), whereas the Fram Strait FW export is also influenced by changes in the FW

storage in the Eurasian basin.

In order to better understand the di"erences between the mechanisms driving

the export variability through Fram Strait and the CAA, passive dye tracers are

added to the ocean module of a state-of-the-art global general circulation model,

the Community Climate System Model Version 3 (CCSM3). These tracers allow

the identification of FW from di"erent sources, and therefore the individual inves-

tigation of the export variability of FW from individual sources. It is shown that

the Fram Strait FW export is made up mainly of Eurasian runo" and Pacific FW,

whereas the FW exported through the CAA comes primarily from Pacific FW and

North American runo". The variability of the FW exports from individual sources

is largely in phase in the CAA, as the CAA FW export is mainly driven by velocity

anomalies, not FW concentration anomalies. In Fram Strait on the other hand, FW
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concentration anomalies contribute as much to the FW export variability as veloc-

ity anomalies. The variability of the Fram Strait FW concentrations from the two

main FW sources is not in phase, as Pacific FW and Eurasian runo" have di"erent

pathways to Fram Strait and their variability is governed by di"erent mechanisms.

Whereas the Eurasian runo" export depends strongly on the release of FW from the

Eurasian shelf during years with an anticyclonic circulation anomaly (negative Vor-

ticity index), the variability of the Pacific export is mainly controlled by changes in

the Pacific FW stored in the Beaufort Gyre, with increased export during years with

a cyclonic circulation anomaly (positive Vorticity index). A high vertical resolution

of the ocean model is found to be important to resolve the role of FW concentration

changes for the Fram Strait FW export variability.

The model simulation also shows that in contrast to the interannual variability,

the seasonal variability of the Fram Strait FW export is driven almost entirely by the

seasonal cycle of sea-ice melt, with a smaller influence of velocity changes or advected

FW concentration changes. The disappearance of the summer sea-ice cover in the

Arctic during the 21st century might therefore a"ect the seasonal cycle of the Fram

Strait FW export.
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Abrégé

Cette thèse de doctorat présente une étude de la variabilité du flux d’eau douce

de l’océan Arctique vers l’Atlantique Nord. Parce qu’il existe peu d’observations

sur ce flux d’eau douce, sa variabilité n’est pas bien connue. Par conséqeuent, des

simulations numériques sont nécessaires pour l’étude du flux d’eau douce.

Premièrement, nous avons utilisé le “Earth Sytem Climate Model” de l’université

de Victoria (UVic ESCM) pour analyser la variabilité du flux d’eau douce pour

la période 1950–2007. Nos résultats indiquent que la circulation atmosphérique

détermine la variabilité du flux d’eau douce de l’Arctique par son influence sur le

tourbillon de Beaufort. Les changements de la circulation dans le tourbillon de Beau-

fort ont une grande influence sur le flux d’eau douce par l’archipel canadien. Le flux

d’eau douce par le détroit de Fram est aussi influencé par les changements de la

circulation dans le tourbillon de Beaufort, mais également par les changements de la

circulation océanique dans le bassin européen.

Par la suite, nous avons implanté des traceurs, repreśentant les di"érents types

d’eau douce dans l’Arctique, dans un autre modèle climatique: le “Community Cli-

mate System Model Version 3” (CCSM3). Ces traceurs nous permettent d’analyser

la variabilité du flux d’eau douce en détails. Nous remarquons que la plupart de l’eau

douce exportée par le détroit de Fram provient des fleuves eurasiens et de l’océan

Pacifique (passant du Pacifique à l’Arctique par le détroit de Béring). Par contraste,

le flux d’eau douce par l’archipel canadien est principalement composé d’eau douce

provenant de l’océan Pacifique et des fleuves d’Amérique du Nord. Les variabliteś

associées au flux d’eau douce provenant de di"eŕentes sources par l’archipel cana-

dien sont en phase. Ceci est dû au fait que la variabilité du flux d’eau douce est

controllée par la vitesse de l’eau dans l’archipel canadien. Par contre, la variabilité
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du flux d’eau douce par le détroit de Fram est controllée par la vitesse de l’eau et

aussi par la concentration en eau douce. En outre, le flux d’eau douce provenant de

sources di"érentes ne sont pas en phase dans le détroit de Fram parce que le tra-

jet de l’eau douce provenant des fleuves eurasiens et celui de l’océan Pacifique sont

di"érents et leur variabilités sont controllées par des mécanismes di"érents. Nous

remarquons que le flux d’eau douce provenant des fleuves eurasiens par le détroit

de Fram dépend du transport d’eau douce du plateau eurasien. L’eau douce quitte

le plateau eurasien quand la circulation atmosphérique est anti-cyclonique (l’index

de vorticité est positif). Par contraste, le flux d’eau douce provenant de l’océan

Pacifique est plus fort quand le tourbillon de Beaufort est réduit, et cette situation

se produit lorsque la circulation atmosphérique est cyclonique (l’index de vorticité

est dans ce cas negatif). De plus, nous remarquons qu’une haute résolution spatiale

est nécessaire pour représenter la variabilité de la concentration d’eau douce dans le

détroit de Fram.

Par ailleurs, les simulations numériques avec le CCSM3 révèlent que la variabilité

saisonnière du flux d’eau douce est déterminée par la fonte de la glace de mer dans

le détroit de Fram. La variabilité saisonnière de la vitesse a peu d’influence sur

la variabilité saisonnière du flux d’eau douce, et ne fait que retarder d’un mois le

maximum et minimum du flux d’eau douce. Parce que la fonte de la glace de mer

dans le détroit de Fram détermine la variabilité saisonnière du flux d’eau douce

par le détroit de Fram, la disparition de la glace de mer dans l’Arctique en été au

cours du 21e siècle (selon les prédictions des modèles climatiques) pourrait changer

la variabilité saisonnière du flux d’eau douce.



Table of Contents xiv

Table of Contents

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Contributions of authors . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

Statement of originality . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
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CHAPTER 1

Introduction

1.1 Motivation

Observations during the last few decades show that the Arctic Ocean is undergo-

ing substantial changes. The most well known is the strong decrease in the summer

sea-ice extent (e.g., Stroeve et al., 2007), which has reached several minima during

the last decade, with the smallest extent observed in September 2007 (Stroeve et al.,

2008). Concurrently, the sea-ice thickness in the Arctic has also decreased (e.g.,

Rothrock et al., 1999; Tucker et al., 2001; Haas et al., 2008). Large changes have

also taken place in the ocean: The front between Pacific and Atlantic waters shifted

temporarily from the Lomonosov ridge to the Mendeleev ridge during the 1990s

(e.g., Carmack et al., 1995; McLaughlin et al., 1996; Morison et al., 1998), the liquid

freshwater1 (FW) storage in the Beaufort Gyre has changed over the last decades

(Proshutinsky et al., 2009; McPhee et al., 2009), several warm anomalies of the At-

lantic water layer in the Arctic Ocean occurred (e.g., Quadfasel et al., 1991; Polyakov

et al., 2005), and the cold halocline2 in the Eurasian Basin disappeared temporarily

1 Liquid freshwater is the amount of water with zero-salinity that is contained in
a volume of water with salinity S, measured relative to water with a given reference
salinity. In the Arctic, the commonly used reference salinity is S0=34.8 (Aagaard
and Carmack , 1989), the mean salinity of the Arctic Ocean.

2 The cold halocline is a layer of cold water below the mixed layer where the
temperature is stable but the salinity increases. The cold halocline separates the
warmer and saltier Atlantic water below the halocline from the surface mixed layer,
and reduces the vertical heat fluxes to the surface.
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(Steele and Boyd , 1998; Björk et al., 2002). In the atmosphere, an increase in surface

air temperatures (Martin et al., 1997; Rigor et al., 2000), a decrease of the sea level

pressure (SLP) (Walsh et al., 1996), and an increase in the cyclone frequency over

the Arctic (Serreze et al., 1997; Zhang et al., 2004) have been observed. On land,

the runo" from Eurasian rivers into the Arctic Ocean has increased (e.g., Peterson

et al., 2002), permafrost temperatures are increasing (e.g., Osterkamp, 2005), and

the Greenland ice sheet has been shrinking (e.g., Rignot et al., 2008).

Climate simulations for the 21st century predict further large changes in the

Arctic and subarctic regions, among them an intensification of the hydrological cycle

in the Arctic (Arnell , 2005), an increase in the liquid FW export from the Arctic

Ocean (Holland et al., 2007) and summer ice-free conditions (e.g., Zhang and Walsh,

2006; Holland et al., 2006a), possibly as early as 2030–2037 (Stroeve et al., 2008;

Wang and Overland , 2009). As a result of these changes in the density distribution

and the sea-ice, transport pathways of contaminants in the Arctic are predicted to

change (Gao et al., 2009), with implications for the local and global marine envi-

ronment (e.g., Macdonald et al., 2003). Model simulations with the CCSM3 model

have also shown that the density-driven oceanic heat transport from the Greenland,

Icelandic, and Norwegian (GIN) seas to the Arctic Ocean increases when the sea-ice

cover decreases (Bitz et al., 2006), due to a positive feedback between sea-ice melt,

increased sea-ice growth in areas of thin ice the following winter, and ocean heat

fluxes into the Arctic.

All these current and future changes in the Arctic are important for the rest

of the world because the ice-albedo feedback in the Arctic enhances global warming

(Curry et al., 1995) and because the Arctic Ocean is connected to the North Atlantic

through the inflow of warm and salty Atlantic water and the export of fresh and cold

surface water and sea-ice. As shown in Fig. 1–1, these fluxes, in fact, constitute the



Chapter 1: Introduction 3

northernmost limb of the meridional overturning circulation (MOC) (Isachsen et al.,

2003; Holloway and Proshutinsky , 2007). Changes in the Arctic Ocean therefore have

the potential to directly a"ect the global MOC (Holloway and Proshutinsky , 2007).

In addition, variations in the FW transport from the Arctic also have the potential to

a"ect the rate of deep water formation in the Greenland and/or Labrador seas (e.g.,

Aagaard et al., 1985; Aagaard and Carmack , 1989; Weaver et al., 1993; Häkkinen,

1995; Lohmann and Gerdes , 1998; Holland et al., 2001; Rennermalm et al., 2006,

2007; Arzel et al., 2008), provided the FW can reach the interior Labrador and

Greenland seas where deep water formation takes place (e.g., Myers, 2005; Gerdes

et al., 2005; Jones et al., 2008; Nilsson et al., 2008; Condron et al., 2009; Dodd et al.,

2009b). Positive anomalies in FW export are also important for the generation

of Great Salinity Anomalies, which have been observed in the late 1960’s, early

1980’s, and middle 1990’s (e.g., Dickson et al., 1988; Mysak et al., 1990; Belkin

et al., 1998; Mysak and Venegas , 1998; Haak et al., 2003; Köberle and Gerdes, 2003),

and which are believed to have caused a reduction in the depth of deep convection

(e.g., Schlosser et al., 1991).

As most of the aforementioned observed and predicted changes are related to

the FW budget of the Arctic, a better understanding of this budget is important. Up

until 2001, the sea-ice export through Fram Strait was considered the dominant sink

for FW in the Arctic Ocean, with liquid FW believed to contribute only 1/3 of the

total Fram Strait FW export (Aagaard and Carmack , 1989). As a result, most studies

have focused on the interannual variability of the Fram Strait sea-ice export and its

link to atmospheric variability (e.g., Häkkinen, 1995; Proshutinsky and Johnson,

1997; Harder et al., 1998; Mysak and Venegas , 1998; Vinje et al., 1998; Kwok and

Rothrock , 1999; Arfeuille et al., 2000; Dickson et al., 2000; Hilmer and Jung , 2000;

Tremblay , 2001; Vinje, 2001; Kauker et al., 2003; Kwok et al., 2004; Wu et al., 2004;



Chapter 1: Introduction 4

Figure 1–1: Schematic picture of the global thermohaline circulation (Fig. 5 from
Holloway and Proshutinsky , 2007, c!AGU), showing the important connection of
the Arctic circulation to the global ocean circulation.

Wu and Johnson, 2007; Tsukernik et al., 2009). Recent measurements have shown

that the Fram Strait export of FW in the upper ocean is at least as large as the FW

export accomplished by sea ice (Meredith et al., 2001). In addition, measurements

by Prinsenberg and Hamilton (2005) showed that the liquid FW export through the

CAA is about twice as large as estimated earlier (Aagaard and Carmack , 1989). This

means that the liquid FW export from the Arctic is actually larger than the solid FW

export associated with the sea-ice export. Due to the predicted decrease of the sea-

ice cover, and hence the sea-ice export, and the predicted increase in the FW input

from rivers during the 21st century, the liquid FW export from the Arctic Ocean is

expected to increase (e.g., Miller and Russell , 2000; Haak et al., 2005; Holland et al.,

2006b, 2007; Koenigk et al., 2007).

In spite of the increasing importance of the liquid FW export, the variability

of the liquid FW export from the Arctic is not yet well understood (see section
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1.2 for a summary of the current understanding). This is due to the fact that no

long-term observations of the liquid FW export exist. In contrast to the sea-ice

area export, satellite observations can not be used to monitor the liquid FW export.

In-situ observations of the liquid FW export are di!cult to obtain, especially in

winter and spring, due to the presence of sea ice in the key straits where monitoring

is necessary. As a result, measurements are mainly available for summer and fall,

and the observational records (e.g., Meredith et al., 2001; Prinsenberg and Hamilton,

2005; Holfort and Hansen, 2005; Holfort et al., 2008; Rabe et al., 2009; de Steur et al.,

2009) are too short to allow an investigation the interannual variability of the liquid

FW export based on observations.

The aim of this dissertation is to answer the question of what is driving the

variability of the liquid FW export from the Arctic. To do this, model simulations

are used. The results presented fill the current gap in our knowledge on the dy-

namics of the FW export from the Arctic Ocean and help with the interpretation of

observational data from di"erent seasons.

The structure of the thesis is the following: The remainder of the introduction

(section 1.2) gives some background on the current knowledge about the FW ex-

port from the Arctic, explains the importance of understanding the Arctic Ocean

circulation for the contaminant transport, and introduces the geochemical tracers

that are being used to understand the ocean circulation. In chapter 2, the e"ect

of the atmospheric forcing on the FW export from the Arctic Ocean through Fram

Strait and the CAA is investigated. In chapter 3 the variability of FW from di"erent

sources, and their link to the atmospheric forcing, is analyzed. Chapter 4 shows an

analysis of the seasonal cycle of the Fram Strait FW export, and a comparison with

observations. The conclusions from all chapters are summarized and discussed in

chapter 5.
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1.2 Background

1.2.1 Circulation of freshwater

Gudkovich (1961) was the first to investigated the link between the wind forcing

and the large-scale oceanic circulation in the Arctic. He found an annual cycle of

a relative cyclonic summer circulation and a relative anticyclonic winter circulation

in the Arctic Ocean. The cyclonic circulation caused higher sea-surface heights over

the shelves and lower sea-surface heights over the central Arctic Ocean, while the

anticyclonic circulation had the opposite e"ect. Treshnikov (1971) then found that

the relative anticyclonic and cyclonic circulation regimes in the Arctic Ocean change

not only on a seasonal timescale, but also on a timescale of 6–8 years. In the early

1990s, Hunkins and Whitehead (1992) showed in rotating tank experiments that the

gradient of the wind stress curl over the Arctic Ocean (with mainly cyclonic winds

over the Eurasian Basin and anticyclonic winds over the Canadian Basin) causes FW

from the shelves to move towards the center of the Arctic, explaining the high con-

centration of FW from Eurasian sources over the Canadian Basin. Proshutinsky and

Johnson (1997) identified the “Arctic Ocean Oscillation”, an oscillation of cyclonic

and anticyclonic circulation regimes in the Arctic Ocean with a period of 14 years,

very similar to the regimes described by Treshnikov (1971). The cyclonic circulation

regime is characterized by a smaller Beaufort Gyre that is confined to the western

Arctic Ocean and an expanded Transpolar Drift Stream (TDS) that has a cyclonic

curvature and is shifted towards Canada and Greenland (Fig. 1–2a). The anticy-

clonic circulation regime on the other hand has a large Beaufort Gyre and a TDS

that is shifted towards the Barents Sea shelf break (Fig. 1–2b). During the cyclonic

regime, the sea-ice export through Fram Strait is generally increased, while during

the anticyclonic regime, the sea-ice flux through Fram Strait is reduced (Rigor et al.,

2002). It has been shown that since 1978 the sea-ice export through Fram Strait and
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(a) Cyclonic regime (b) Anticyclonic regime

Figure 1–2: Two regimes of wind driven ice circulation in the Arctic Ocean (Part
of Fig. 10 from Rigor et al., 2002, c!AMS), showing the circulation of sea ice dur-
ing (a) a cyclonic circulation regime (in recent decades associated with the positive
phase of the NAO/AO) and (b) an anticyclonic circulation regime (in recent decades
associated with the negative phase of the NAO/AO).

the North Atlantic Oscillation (NAO) index are correlated (Hilmer and Jung , 2000),

so that the sea-ice export through Fram Strait is increased during the positive phase

of the NAO. However, before 1978 the NAO index and the cyclonic and anticyclonic

regimes were not correlated, with the result that the sea-ice export and the NAO

index also were not correlated (Hilmer and Jung , 2000). Hilmer and Jung (2000)

explained this regime shift with an eastward shift of the Icelandic Low after 1977,

which led to isobars aligned with Fram Strait, and hence a better correlation between

the sea-ice export variability and the NAO index after 1977. The reasons for this

regime shift, however, remains unknown. Recently, Tsukernik et al. (2009) suggested

that the east-west SLP dipole gradient between Greenland and the Barents Sea is

much more important for the wind driven variability of the sea-ice export through

Fram Strait than the NAO, especially on daily timescales, but that the NAO masks

the dipole pattern in monthly data.
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Hunkins and Whitehead (1992) and Proshutinsky et al. (2002) suggested that

not only the sea-ice export, but also the liquid freshwater export is increased during

a cyclonic circulation regime. The reason for this link is that freshwater is stored in

the Beaufort Gyre during anticyclonic circulation regimes and released from it during

cyclonic circulation regimes, due to changes in the Ekman pumping in the Beaufort

Gyre. This agrees with subsequent work of Karcher et al. (2005), who showed that

the salinity anomaly of the 1990s was due to a large release of freshwater from

the Arctic Ocean under the positive NAO phase at that time. Recent results of

Proshutinsky et al. (2009) from observations in the Beaufort Gyre also support the

hypothesis of Proshutinsky et al. (2002), as does modeling work from Zhang et al.

(2003) and Condron et al. (2009). They showed in model experiments that under

idealized and persistent positive Arctic Oscillation (AO) forcing, the FW storage in

the Beaufort Gyre is reduced and the liquid FW export from the Arctic (through

the CAA and Fram Strait combined) is increased by 9% to 11% after 10 years,

respectively, compared to a simulation with idealized negative AO forcing. Newton

et al. (2006) also investigated the response of the Arctic Ocean circulation to the

annular mode using a simple model of the Arctic Ocean. They showed that Ekman

transport is important for the redistribution of FW in the Arctic, and ultimately

for changes in the FW export from the Arctic, through a change in the pycnocline

depth.

In contrast, Häkkinen and Proshutinsky (2004) found relatively small changes in

the FW content of the Beaufort Gyre in response to changes between the anticyclonic

and cyclonic circulation regime. They showed that in their model, variations in the

inflow of Atlantic water could explain most of the simulated changes in the FW

content of the Arctic Ocean. This agrees with work from Köberle and Gerdes (2007),

who found that changes in the density of the inflow in the West Spitzbergen current



Chapter 1: Introduction 9

in the 1960s led to a very small volume and FW export from the Arctic (due to

a reduced east-west SSH gradient across Fram Strait), which in turn led to a very

large FW storage in the Arctic Ocean in the 1960s. However, they also showed that

after 1975 changes in the thickness of the polar water layer in the East Greenland

Current (EGC), and not the inflow of Atlantic water, controlled the Fram Strait FW

export variability, and hence the Arctic FW storage. While Ekman pumping was

not directly related to these changes in the polar water layer thickness, Köberle and

Gerdes (2007) found changes in the FW distribution that are typical of a cyclonic

circulation regime during times of increased FW export. Salinity anomalies of the

outflow in the EGC were found to play only a minor role for the FW export variability

in Köberle and Gerdes (2007), but had a large influence on the FW export variability

in the studies of Karcher et al. (2005) and Lique et al. (2009). Lique et al. (2009)

also investigated the variability of the FW export from the Arctic, using a global

ocean/sea-ice model. They found that both velocity and salinity changes are driving

the FW export through Fram Strait, but that the CAA FW export is determined

only by velocity changes. Changes in the SSH in the Beaufort Gyre showed no

significant relationship with the export of FW from the Arctic in Lique et al. (2009),

in agreement with results of Häkkinen and Proshutinsky (2004), but in contrast to

results of Proshutinsky et al. (2002).

This summary clearly shows the recent interest in the variability of the liquid

Arctic FW content and export, but also highlights the need for more studies on this

subject, as no consensus has been reached so far. A detailed overview of the di"erent

model results, as well as the problems involved in modeling the FW export, can be

found in Gerdes et al. (2008), which is a chapter in the recent book “Arctic-Subarctic

Ocean fluxes” from Springer. This book includes 28 articles that summarize our

current understanding of these processes, and it stresses the importance of a more
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complete understanding of the complex processes that govern the variability of the

ocean exchange between the Arctic Ocean and the Atlantic. The research included

in this dissertation is a contribution towards that goal.

1.2.2 Contaminant transport

The Arctic Ocean receives contaminants from many regions on the globe, due

to wet and dry deposition from the atmosphere, river runo", and transports in the

ocean. Compared to other world oceans, the Arctic Ocean receives a proportion-

ally large percentage of runo": It receives 10% of the global runo", but the Arctic

Ocean only makes up 3% of the volume of the world oceans. The rivers that flow

into the Arctic Ocean drain a landmass of 22 million km2 in northern Eurasia and

North America (see Fig. 1–3). They carry contaminants from local sources in their

drainage basin, for example from agriculture. However, the rivers also transport

contaminants from outside their drainage basins that have been transported there

by the atmospheric circulation, for example lead from gasoline or the fallout from

the Chernobyl accident (AMAP , 1998).

The oceanic inflow of Atlantic water through Barents Sea and Fram Strait carries

contaminants from southern latitudes into the Arctic, for example radionuclides from

the nuclear reprocessing plants in Sellafield in the UK (Strand et al., 2002). In

addition to this actual source of radionuclides, there are also many potential sources,

for example accidents in nuclear power or reprocessing plants in Siberia (Macdonald

et al., 2005) or leakage from dumped radioactive waste in the Barents Sea (Yablokov

et al., 1993). However, despite the large interest in the distribution of radionuclides

in the Arctic, the contamination through radionuclides currently poses no risk to the

marine biosphere of the Arctic Ocean (Macdonald and Bewers , 1996), in contrast to

contamination by mercury, lead, and other contaminants (Macdonald et al., 2005).

To understand the transport of these contaminants in the Arctic Ocean and how
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Figure 1–3: The catchment of rivers draining into the Arctic Ocean (light grey).
Boundaries of the four largest Arctic-draining watersheds (Ob, Yenisei, Lena, and
Mackenzie) are labeled. The region generally considered as Arctic Ocean is shown
in dark grey (Figure 2 of Serreze et al., 2006, c!AGU).

they leave the Arctic, we first need to better understand the circulation in the Arctic

Ocean. The study included in chapter 3 can be used for this purpose, as the river

runo" tracers can be used to follow the path of dissolved contaminants added by

rivers. This adds value to this study, beyond the main contribution to the better

understanding of the variability of the Arctic FW export.

1.2.3 Observing water masses

The movement of water from di"erent origins can be investigated by taking ad-

vantage of the di"erences in their chemical properties (e.g., salinity, temperature,

!18O, nutrients, total alkalinity). The analysis of geochemical tracer data from sci-

entific cruises has led to many important discoveries of changes in the Arctic Ocean

during the last two decades, for example the change in the concentration of river

water in the surface water of the Eurasian Basin between the early and late 1990s

(Schlosser et al., 2002), which was discovered using !18O.
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Due to the fractionation of stable isotopes of water during evaporation and pre-

cipitation at lower latitudes, river runo" in high latitudes is depleted in 18O relative

to ocean water (e.g., Östlund and Hut , 1984; Schlosser et al., 1994; Bauch et al.,

1995b; Ekwurzel et al., 2001; Khatiwala et al., 2002; Schlosser et al., 2002). Typical

Arctic river runo" has !18O ranges between $16 to $22! (Bauch et al., 1995a).

During freezing, fractionation also occurs, and this leads to slightly higher !18O of

sea-ice meltwater compared to the water it formed from (Melling and Moore, 1995).

Hence, in combination with salinity data, the !18O ratio can be used to separate

the salty water (the sum of Atlantic and Pacific water) from river runo" water and

net-sea-ice meltwater (NSIM) by using the following three equations (Östlund and

Hut , 1984; Schlosser et al., 1994):

fatl + friv + fnsim = 1 (1.1)

fatl % Satl + friv % Sriv + fnsim % Snsim = S (1.2)

fatl % !18Oatl + friv % !18Oriv + fnsim % !18Onsim = !18O (1.3)

These equations are used to solve for the three di"erent water mass fractions (fatl,

friv, fnsim), using end-member assumptions for the salinity of each water mass (Satl,

Sriv, Snsim) and for the !18O of each water mass (!18Oatl, !18Oriv, !18Onsim). For

commonly used end-members, see Schlosser et al. (1994).

To further separate the salty water into contributions from the Pacific and At-

lantic, another equation, and hence another tracer, would be required. A commonly

used one is silicate, which is enriched in Pacific water (e.g., Jones and Anderson,

1986). However, silicate concentrations are depleted by biological processes within

the Arctic, so that the nutrient signature of Pacific water is lost over time (Jones

et al., 2003). Another tracer for Pacific water is constructed from phosphate and
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dissolved oxygen concentrations and their Redfield ratios, and this tracers is ap-

proximately conserved during photosynthesis and respiration (Ekwurzel et al., 2001).

Because Pacific water is depleted in nitrate compared to Atlantic water, the nitrate-

phosphate relationship in Arctic water samples is also used to separate Pacific and

Atlantic water (Jones et al., 1998). This nitrate-phosphate relationship is more con-

servative than silicate with respect to the two main biological transformations in the

Arctic (photosynthesis and respiration) (Jones et al., 2003). It is, however, a"ected

by local denitrification and nitrogen fixation, which introduces errors of about 10%

(Jones et al., 2003). River runo" and sea-ice meltwater and precipitation are consid-

ered to have the same nitrate to phosphate ratio as Atlantic water, and are included

in the Atlantic water mass based on this method (Jones et al., 1998).

Due to a higher total alkalinity in river runo" than in sea-ice, runo" and sea-

ice melt can also be separated using the total alkalinity (Anderson et al., 2004).

Dissolved barium is often used to separate Eurasian and North American runo"

because North American runo" is enriched in barium compared to Eurasian runo"

(Falkner et al., 1994; Guay and Falkner , 1998; Taylor et al., 2003; Guay et al., 2001,

e.g.,). However, barium is depleted by biological activity in open water. A change

towards summer ice-free conditions might therefore make barium less useful as a

tracer for meteoric water (Abrahamsen et al., 2009).

Due to uncertainties in the end-member choice and measurement errors, water

mass fractions have inherent errors. In addition, di"erent methods give quite di"erent

results, as shown for the Pacific water mass fractions calculated based on the method

of Ekwurzel et al. (2001) and Jones et al. (1998), which vary by up to 40% in the

upper halocline of the Canadian Basin. Observations also only provide a snapshot

during one time of the year, commonly in summer or fall. As a result, the seasonal

cycle of water mass distributions in the Arctic is not yet well known.



Chapter 2: Variability of the Arctic Ocean freshwater export 14

CHAPTER 2

E!ect of the large-scale atmospheric circulation on the variability of the
Arctic Ocean freshwater export

This chapter describes the atmospheric forcing of the liquid FW export from the

Arctic Ocean between 1950–2007, using simulations from the University of Victoria

Earth System Climate Model (UVic ESCM). This chapter consists of a paper pub-

lished in Climate Dynamics: Jahn, A., B. Tremblay, L. A. Mysak, and R. Newton

(2010), E"ect of the large-scale atmospheric circulation on the variability of the Arc-

tic Ocean freshwater export, Climate Dynamics, 34, doi: 10.1007/s00382-009-0558-z.
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Abstract

Freshwater (FW) leaves the Arctic Ocean through sea-ice export and the outflow

of low-salinity upper ocean water. Whereas the variability of the sea-ice export is

known to be mainly caused by changes in the local wind and the thickness of the

exported sea ice, the mechanisms that regulate the variability of the liquid FW

export are still under investigation. To better understand these mechanisms, we

present an analysis of the variability of the liquid FW export from the Arctic Ocean

for the period 1950–2007, using a simulation from an energy and mass conserving

global ocean-sea ice model, coupled to an Energy Moisture Balance Model of the

atmosphere, and forced with daily winds from the NCEP reanalysis. Our results

show that the simulated liquid FW exports through the Canadian Arctic Archipelago

(CAA) and the Fram Strait lag changes in the large-scale atmospheric circulation

over the Arctic by 1 and 6 years, respectively. The variability of the liquid FW

exports is caused by changes in the cyclonicity of the atmospheric forcing, which

cause a FW redistribution in the Arctic through changes in Ekman transport in the

Beaufort Gyre. This in turn causes changes in the sea surface height (SSH) and

salinity upstream of the CAA and Fram Strait, which a"ect the velocity and salinity

of the outflow. The SSH changes induced by the large-scale atmospheric circulation

are found to explain a large part of the variance of the liquid FW export, while the

local wind plays a much smaller role. We also show that during periods of increased

liquid FW export from the Arctic, the strength of the simulated Atlantic meridional

overturning circulation (MOC) is reduced and the ocean heat transport into the

Arctic is increased. These results are particularly relevant in the context of global

warming, as climate simulations predict an increase in the liquid FW export from

the Arctic during the 21st century.
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2.1 Introduction

The upper Arctic Ocean contains a large amount of freshwater (FW) relative to

the mean Arctic salinity of 34.8 (e.g., Aagaard and Carmack , 1989; Serreze et al.,

2006). A part of this FW is drained from the Arctic Ocean through the export of

sea ice and low-salinity upper ocean water through Fram Strait and the Canadian

Arctic Archipelago (CAA). This FW transport is important because it influences the

stratification of the water column in the sensitive deep water formation regions of

the Greenland, Icelandic, Norwegian (GIN), and Labrador seas. Hence, changes in

the FW export from the Arctic can a"ect the strength of the Atlantic meridional

overturning circulation (MOC) (e.g., Aagaard et al., 1985; Aagaard and Carmack ,

1989; Weaver et al., 1993; Häkkinen, 1995; Lohmann and Gerdes , 1998; Holland

et al., 2001). Moreover, changes in the sea-ice cover of the Arctic Ocean can a"ect

the local thermohaline circulation due to a positive feedback between sea-ice melt,

increased sea-ice growth in areas of thin ice the following winter, and ocean heat

fluxes in the Arctic. In fact, model simulations have shown that the density-driven

oceanic heat transport from the GIN seas to the Arctic Ocean increases when the

sea-ice cover decreases (Bitz et al., 2006).

In the classical climatological Arctic FW budget of Aagaard and Carmack (1989),

the dominant source of FW for the GIN seas is sea-ice export, whereas liquid FW

export was estimated to contribute only one-third of the FW export due to sea ice

(see Table 2–1). Most subsequent numerical studies have therefore focused on the

interannual variability of the Fram Strait sea-ice export and its link to atmospheric

variability (e.g., Häkkinen, 1995; Proshutinsky and Johnson, 1997; Harder et al.,

1998; Mysak and Venegas , 1998; Vinje et al., 1998; Kwok and Rothrock , 1999; Ar-

feuille et al., 2000; Dickson et al., 2000; Hilmer and Jung , 2000; Tremblay , 2001;

Vinje, 2001; Kauker et al., 2003). However, measurements of the meteoric water
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flow (which only accounts for the diluting e"ect of the runo" and precipitation, and

not for the salinification of the water due to sea-ice formation) through Fram Strait

in August and September of 1997 and 1998 by Meredith et al. (2001) found this flow

to be about twice as large as the long-term mean FW export due to sea ice. Based on

these new measurements, and taking into account the seasonal cycle of the velocity

field in Fram Strait (Fahrbach et al., 2001), Serreze et al. (2006) estimated that the

liquid FW export through Fram Strait is about as large as the long-term mean of

the Fram Strait sea-ice export (see Table 2–1). In addition, recent measurements

by Prinsenberg and Hamilton (2005) showed that the liquid FW export through the

CAA is also at least twice as large as earlier measurements suggested, which makes

it the largest liquid FW sink for the Arctic Ocean.

Compared to studies on the variability of the sea-ice export, there have been rel-

atively few studies on the variability of the liquid FW export from the Arctic, and the

mechanisms that control this variability remain under debate. Using rotating tank

experiments, Hunkins and Whitehead (1992) showed that the general anticyclonic

wind stress curl over the Arctic Ocean causes FW from the shelfs to accumulate in

the Beaufort Gyre region, which explains the high concentration of FW from Eurasian

sources over the Canadian Basin. Furthermore, they demonstrated that changes in

the gradient of the wind stress curl between the Arctic Ocean and the northern North

Atlantic could modulate the oceanic exchange through Fram Strait. Based on model

experiments, Proshutinsky et al. (2002) suggested that the liquid FW content of the

Beaufort Gyre changes between anticyclonic and cyclonic circulation regimes on a

decadal timescale, due to Ekman convergence and divergence, respectively. Recent

results from observations in the Beaufort Gyre support this model-based hypothesis

(Proshutinsky et al., 2009). Results of Proshutinsky et al. (2002) also suggest that

the release of FW from the Beaufort Gyre during the cyclonic circulation regime is
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the most important factor for large changes in the liquid FW export. This agrees

with results of Zhang et al. (2003), who showed that under idealized positive Arctic

Oscillation (AO) forcing, the Beaufort Gyre is weakened and the liquid FW export

from the Arctic is increased by 12% compared to a simulation with idealized negative

AO forcing. Using a simple analytical model of the Arctic Ocean to investigate the

response of the Arctic Ocean circulation to the annular mode, Newton et al. (2006)

also found that Ekman transport is important for the redistribution of FW in the

Arctic. In their model, Ekman transport influenced the variability of the FW ex-

port from the Arctic through its e"ect on the pycnocline depth. Using numerical

simulations from a regional ocean-sea ice model, Karcher et al. (2005) showed that

the negative salinity anomaly in the GIN seas in the 1990s was caused mainly by

a large liquid FW export from the Arctic, in contrast to the sea-ice export domi-

nated Great Salinity Anomaly of the late 1960s and early 1970s (e.g., Dickson et al.,

1988; Mysak et al., 1990). They found that the large simulated liquid FW export in

the mid 1990s was due to the export of much fresher water than usual, which was

supplied by a large-scale redistribution of FW in the Arctic Ocean in response to

the high positive phase of the North Atlantic Oscillation (NAO) during the period

1989–1995. In contrast, Häkkinen and Proshutinsky (2004) found that in their sim-

ulation the redistribution of FW in the Arctic Ocean due to Ekman transport had

no significant impact on changes of the Arctic Ocean FW content. Instead changes

in the Arctic FW content occur as result of barotropic transport anomalies in the

exchange between the Arctic Ocean and the GIN seas in their model. Results by

Köberle and Gerdes (2007) agree with this hypothesis. In their simulation changes

in the Arctic FW distribution did not have an influence on the salinity of the outflow

through Fram Strait after 1975.
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There is no long-term observational record of the liquid FW export through

Fram Strait or the CAA that could be used to constrain model simulations. As a

result, no broad consensus on the mechanisms behind the variability of the liquid

FW export has been reached. Given that model simulations for the 21st century

show an increase in the liquid FW export from the Arctic Ocean and a decrease in

the sea-ice export (e.g., Haak et al., 2005; Holland et al., 2006b, 2007; Koenigk et al.,

2007), a better understanding of the mechanisms that govern the variability of the

liquid FW export and the associated ocean heat transport is clearly important. This

is the focus of the present article.

In the following, we investigate the interannual variability of the Arctic FW

budget, focussing on the mechanisms that control changes in the liquid FW export

from the Arctic Ocean, as well as on the e"ect that changes in the liquid FW export

have on the poleward oceanic heat flux and the Atlantic MOC. In contrast to previous

model studies, which used regional coupled ocean-sea ice models (e.g., Proshutinsky

et al., 2002; Häkkinen and Proshutinsky , 2004; Karcher et al., 2005; Newton et al.,

2006; Köberle and Gerdes, 2007), we use a global ocean-sea ice model coupled to an

Energy Moisture Balance Model (EMBM) of the atmosphere, namely the University

of Victoria Earth System Climate Model (UVic ESCM). We show that in this model it

is the variability of the large-scale atmospheric circulation that controls the variability

of the liquid FW export from the Arctic through its e"ect on the strength and location

of the Beaufort Gyre. The CAA liquid FW export is found to respond to changes

in the atmospheric forcing with a lag of 1 year, whereas the mean lag of the Fram

Strait liquid FW export is 6 years.

The article is structured as follows: In section 2.2 we describe the model and the

model simulations. A brief overview of the performance of the model in the Arctic

is given in section 2.3. In section 2.4 the simulated Arctic Ocean FW budget is
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presented, and in section 2.5 we discuss the mechanisms that control the variability

of the liquid FW export through the CAA and Fram Strait, and compare our results

to previous work. In section 2.6 we examine the e"ects of the liquid FW export on

the oceanic heat flux into the Arctic Ocean and on the Atlantic MOC. Finally, the

main conclusions from this study are summarized in section 2.7.

2.2 Model

2.2.1 Model description

The UVic ESCM is a global ocean-sea ice model coupled to an EMBM for

the atmosphere that was developed at the University of Victoria (Weaver et al.,

2001). It does not use salinity or temperature restoring, and conserves energy and

salt to machine precision. Since its release, the UVic ESCM has been successfully

used to study many di"erent processes in the Arctic Ocean and the North Atlantic

region (e.g., Holland et al., 2001; Saenko et al., 2003; Gregory et al., 2003; Saenko

et al., 2004; Mysak et al., 2005; Rennermalm et al., 2006, 2007; Sedláček et al., 2007;

Sedláček and Mysak , 2009). Here we use the most recent version of the UVic ESCM

(version 2.8).

The ocean component of the UVic ESCM is the Geophysical Fluid Dynamics

Laboratory Modular Ocean Model (MOM) (Pacanowski , 1995), version 2.2. It is

a rigid-lid model and uses a second-order centered di"erence advection scheme for

momentum advection. Constant horizontal and vertical mixing coe!cients are used

for the mixing of momentum. The flux-corrected transport (FCT) algorithm is used

for tracer advection. For the mixing of tracers, isopycnal mixing and the para-

metrization of mesoscale eddy-induced mixing by Gent and McWilliams (1990) are

used. The combination of the FCT advection scheme with the Gent-McWilliams

parametrization has been shown to improve the simulation of tracer distributions

over the use of Laplacian or biharmonic horizontal/vertical di"usion (Weaver and
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Eby , 1997). Surface FW fluxes are added to the ocean as a negative salt flux by

multiplying the volume flux with a fixed global surface reference salinity of 34.84.

The sea-ice model thermodynamics are based on the energy-conserving algorithm of

Bitz et al. (2001), and the model uses a zero-layer thermodynamic scheme with two

categories (sea ice and open water). The dynamics are based on the elastic-viscous-

plastic sea-ice model of Hunke and Dukowicz (1997).

The atmospheric component of the UVic ESCM is an EMBM that is loosely

based on the model of Fanning and Weaver (1996). It is forced by prescribed NCEP

wind forcing (Kalnay et al., 1996), and heat and moisture are transported by ad-

vection. The EMBM is coupled to the ocean model every 2.5 days using a leapfrog

scheme. Due to di"erent east-west and north-south di"usion coe!cients in this most

recent version of the EMBM, the current version of the UVic ESCM can not be used

with a rotated coordinate system, and therefore has an artificial island at the North

Pole. However, simulations with di"erent sizes of the island, as well as with an earlier

version of the model that could be used with a rotated grid, showed that the North

Pole island does not change the conclusions presented in this paper.

2.2.2 Model simulations

The standard resolution of the UVic ESCM is 3.6# zonally and 1.8# meridionally,

with 15 vertical levels. In this study we use a higher resolution version with a grid

spacing of 1.8# zonally and 0.9# meridionally, with 32 unequally spaced levels in the

ocean (ranging from a thickness of 50 m at the surface to 298 m at the bottom). As

an improvement over the lower resolution model, this higher resolution version allows

for the water exchange between the Pacific and the Arctic oceans through Bering

Strait and between the Arctic Ocean and the Labrador Sea through one channel

representing the CAA. The higher resolution also allows for a better resolution of

ocean currents between the Arctic Ocean and the GIN Seas.
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Figure 2–1: Definition of the Arctic Ocean domain used in the FW budget calcula-
tions (shaded in grey); it is the same as in Serreze et al. (2006). The ocean bound-
aries where inflows and outflows are calculated are shown in red (Bering Strait, Fram
Strait, Canadian Arctic Archipelago (CAA), and Barents Sea). The coastline of the
UVic ESCM is shown as a black line. The dashed blue lines show the regions used
to calculate sea surface height di"erences for the Fram Strait and CAA (see section
2.5).

Since any channel in the model must be at least two grid boxes deep and wide,

the Bering Strait opening in the model is 108 m deep and 225 km wide, compared

with an observed depth and width of 50 m and 85 km, respectively. To reduce the

mass exchange through the channel, the bottom drag in Bering Strait was increased,

following the approach of Andreas Schmittner (personal communication, 2006). This

modification reduced the volume flux through Bering Strait from 2.7 Sv to 1.2 Sv,

which is in much better agreement with the observed volume flow of about 1 Sv

(Woodgate and Aagaard , 2005). It also reduced the inflow of water in the second

layer of the ocean model (between 50 m and 108 m) from 1.2 Sv to 0.2 Sv, which

is important as it a"ects the total FW flux through Bering Strait, as well as the

depth at which the FW is delivered to the Arctic Ocean. The CAA is represented

in the model as one channel, which is 200 km wide and 330 m deep. The simulated
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annual mean volume flux through this channel is 1.5 Sv, which is within the range of

the observational estimates of 1.5–2 Sv for the total volume flux through the CAA

(Prinsenberg and Hamilton, 2005).

Precipitation in the high latitudes is underestimated in the UVic ESCM, which

leads to a simulated river runo" into the Arctic Ocean that is approximately half of

the observed runo". Following Rennermalm et al. (2006), we specify the monthly

climatological river discharge data for all rivers draining into the Arctic Ocean, using

data from R-Arctic Net version 2 (Lammers et al., 2001). The model still conserves

energy and mass by using a very small (< $8 mm/year) and nearly time invariant

(std < 0.3 mm/year) surface salinity flux to make up for the di"erence between mod-

eled and prescribed river runo". By using the discharge climatology, the interannual

variability in the runo" is eliminated. However, observations show that the river

runo" variability is small compared with the variability of the Bering Strait FW

inflow and the FW export by sea-ice (Serreze et al., 2006). To study the variability

of the FW budget, this approach is preferred over the use of salinity restoring, as it

does not introduce an unrealistic salinity feedback.

The UVic ESCM was initialized with temperature and salinity data from the

World Ocean Atlas 2001. It was then integrated for 200 years, forced with pre-

industrial (i.e., 1850) atmospheric CO2 conditions and solar insolation values at the

top of the atmosphere, prescribed climatological river discharge, and random years

of daily varying NCEP winds (Kalnay et al., 1996). In a second spin-up, the model

was run for the period 1850–1947, forced with temporally varying solar insolation

and atmospheric CO2 concentration, as well as with random years of daily varying

NCEP winds and prescribed climatological river discharge. Finally, the simulation

used in this study was forced with 1948–2007 daily varying NCEP winds, which

were read in every 2.5 days (the coupling time between the atmosphere and ocean
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model). Atmospheric CO2 concentrations and solar insolation values were set in

accordance with Keeling and Whorf (2005) and Berger (1978), respectively. For

the river runo", climatological discharge was prescribed throughout. The diagnostic

model output was written every 2.5 days. In the following, we analyze the model

output from 1950 to 2007, neglecting the first two years of the simulation during

which the e"ect of the random initial conditions is strongest (see section 2.4.4).

The Arctic Ocean domain used for the FW budget calculation is shown in

Fig. 2–1. Oceanic FW fluxes are calculated o#ine from the model output for Bering

Strait, the CAA, Fram Strait, and the passage between Svalbard and Norway along

23.4# E (referred to as Barents Sea fluxes hereafter). Influxes into the Arctic Ocean

were defined positive, outflows negative. The reference salinity used to calculate the

FW budget of the Arctic Ocean in this study is 34.8, which is the average salinity of

the Arctic Ocean (Aagaard and Carmack , 1989).

2.3 Simulated Arctic Ocean conditions

The mean simulated total (solid plus liquid) FW content in the upper 518 m

of the Arctic Ocean is 103,789 km3 relative to the reference salinity of 34.8, with

96,474 km3 stored as liquid FW (negative FW allowed) and 7,315 km3 stored as

solid FW in the Arctic sea-ice cover. Compared to the estimates of Serreze et al.

(2006) based on the PHC data of Steele et al. (2001), the simulated liquid FW storage

in the Arctic Ocean is larger (96,474 km3 in the model versus 74,000 ± 7400 km3),

while the solid FW storage in the Arctic sea-ice cover is smaller (7,315 km3 in the

model versus 10,000 km3). As shown in Fig. 2–2, the simulated mixed layer in the

central Arctic Ocean is characterized by saltier and colder than observed water, with

fresher than observed water beneath the mixed layer down to about 500 m. As a

consequence of this density structure, the core of the warm and salty Atlantic water

in the central Arctic Ocean is located lower than in the PHC data (700 m versus
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Figure 2–2: Salinity (a–b) and temperature (c–d) [#C] cross sections through the
Arctic Ocean from Bering Strait (left side of panel) to Fram Strait (right side of
panel) along longitude 10#E and 10#W. Results from the updated PHC data of Steele
et al. (2001) are shown in (a) and (c), model results in (b) and (d).

400 m), and the simulated 34.8 salinity surface is found at around 500 m instead

of between 200-300 m. Atlantic water also does not penetrate the Arctic Ocean as

much as observed and is colder (see Fig. 2–2).

The simulated spatial distribution of the FW storage in the Arctic Ocean shows

similar features to the observed distribution (see Fig. 2–3), but also some di"erences.

The simulated FW storage in the Beaufort Gyre is smaller than observed, and shows

a slightly di"erent shape than the PHC data. Larger than observed FW storage is

seen in the Barents and Kara seas, due to the too small transport of Atlantic water

into the Barents Sea. The di"erent shape of the FW storage in the Beaufort Sea

could be due to a bias in the NCEP wind forcing, as a model simulation of Köberle



Chapter 2: Variability of the Arctic Ocean freshwater export 27

 120
o W

  6
0

oW

   0 o

  6
0
o E

 1
2

0
o
E

 180 o
W

  70 o
N

  70 o
N

(a)

  6
0

oW

   0 o

  6
0
o E

 1
2

0
o
E

 180 o
W

  70 o
N

  70 o
N

 120
o W

(b)

6 4 2 0 2 4 6 8 10 12 14 16 18 20

Figure 2–3: Liquid FW content, expressed as the thickness of the FW column in the
upper 500 m of the water column [m], from (a) the updated PHC data of Steele et al.
(2001) and (b) the model simulation, averaged over 1950–2007. Negative FW in the
figures shows regions where the water column is fresher than the reference salinity
of 34.8.
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Figure 2–4: Mean (1950–2007) simulated sea ice thickness [m] in (a) April and (b)
September.
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Figure 2–5: Simulated (a) salinity, (b) temperature [#C], and (c) velocity [cm/s] in
an west-east cross section through Fram Strait (along 79.2 #N), which shows the
currents of Atlantic and Arctic water in Fram Strait. The velocity field shown is
perpendicular to the cross section area, and negative velocities mean a southward
transport.

and Gerdes (2007), forced by the same winds, shows a very similar pattern as seen

here.

The simulated Arctic sea-ice cover is too thin (see Fig. 2–4), which leads to the

smaller than observed simulated solid FW storage (7,315 km3). Due to sparse sea-ice

thickness data, the observational estimates of the solid FW storage range between

10,000 km3 (Serreze et al., 2006) and about 16,000 km3 (Aagaard and Carmack ,

1989), depending mainly on whether an average annual sea-ice thickness of 2 m

or 3 m is used in the estimates. Even though the sea-ice thickness is generally

too small, the relative spatial distribution of the ice thickness and relative changes

between winter and summer ice thickness and cover compare well with the AOMIP

and IPCC models shown in Gerdes and Köberle (2007). As shown in Fig. 2–4b, the

Barents, Kara, Laptev, and Siberian seas are ice-free in September, and the thickest

sea ice is found north of Greenland (Fig. 2–4). However, the relative thickness of the

sea ice in the Beaufort Sea is too small compared to many of the AOMIP models,

and the winter sea-ice edge is located too far south compared to other models and

observations.
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Figure 2–6: Average simulated (a) winter (DJF) and (b) summer (JJA) ocean ve-
locity field in the top 108 m.

The too extensive sea-ice cover in the Barents Sea leads to a simulated sea-ice

export out of the Barents Sea that is not observed. This is a common problem of

relatively coarse resolution global ocean models, and is related to the underestimated

ocean heat transport from the North Atlantic Drift into the Arctic Ocean (Weaver

et al., 2001). Reducing the model resolution from the standard 3.6#& 1.8# resolution

of the UVic ESCM to 1.8#& 0.9# improved the simulated sea-ice edge and decreased

the sea-ice export through Barents Sea by 30%, but the sea ice still extends too far

south compared to observations. This leads to a stratified upper ocean in the GIN

seas in the model, with the North Atlantic Drift entering the Arctic Ocean at depth

(below 330 m) instead of at the surface (see Fig. 2–5), a feature also seen in many

other models (e.g. Prange and Gerdes, 2006; Komuro and Hasumi , 2005; Zhang et al.,

1998; Häkkinen and Mellor , 1992). The export of Arctic surface water occurs in the

upper 330 m of Fram Strait in the model (Fig. 2–5), with higher velocities in the

East Greenland Current during winter than during summer (Fig. 2–6). The model

also captures the observed interannual changes in the strength of the Beaufort Gyre,

with a more anticyclonic circulation during winter than during summer (Fig. 2–6),
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as well as more anticyclonic circulation during certain years (not shown; see Fig. 8

and 10 in Mysak et al., 2005).

The simulated sea-ice area export is in good agreement with data; we find cor-

relation coe!cients of r=0.73 (p<0.01) between the simulation and the observed

monthly Fram Strait sea-ice area flux of Vinje et al. (1998) and Kwok and Rothrock

(1999). The model also captures the reported change in the correlation between the

winter sea-ice area export and the winter NAO index in the late 1970s (see Hilmer

and Jung , 2000), with a significant positive correlation after 1977/78 (r=0.57 for

winter 1977/78–1996/97, p<0.01), and no significant correlation before 1977. How-

ever, the simulated sea-ice volume export is smaller than observed by a factor of

three, due to the smaller than observed sea-ice thickness in the model.

The simulated volume fluxes through Bering Strait (1.2 Sv) and the CAA

(1.5 Sv) are close to observations, but the volume inflow from the GIN seas into

the Arctic Ocean is smaller than observed. We find a simulated volume inflow of

1.6 Sv through Fram Strait and 0.8 Sv through the Barents Sea, compared to obser-

vational estimates of 9–10 Sv (Schauer et al., 2004; Fahrbach et al., 2001) and 2.2 Sv

(Blindheim, 1989; Ingvaldsen et al., 2004; Dickson et al., 2007), respectively. This

also leads to smaller than observed outflow from the Arctic Ocean, so that overall the

Arctic Ocean is more isolated from the North Atlantic in the model than in reality.

Many of the model biases that we find in our simulation are not unique to the

UVic ESCM, but occur in many current generation regional and global models. The

range of the simulated FW content, for example, di"ers widely between the regional

models participating in AOMIP (Steiner et al., 2004), as well as between ten global

climate models included in the IPCC report (Holland et al., 2007). A too deep and

too thick Atlantic Layer, as well as a missing cold halocline, are also a common

feature among AOMIP models (Holloway et al., 2007) and global climate models
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(Holland et al., 2007). In addition, di"erent model types also have specific problems.

For example, Proshutinsky et al. (2007) found that the Beaufort Gyre weakened over

the course of the simulation in 3D regional coupled sea ice-ocean models that were not

restored to salinity, while models that use a strong restoring show limited variability

(Gerdes et al., 2008). Due to their generally lower resolution, global models tend

to underestimate the northward heat transport into the Arctic Ocean, which often

leads to an unrealistic sea-ice edge and larger than observed FW exports through

the Barents Sea (Holland et al., 2007). Similar to regional ocean-ice models, global

ocean-ice models also need to use salinity restoring to close their hydrological balance

(Gri!es et al., 2009). Fully coupled global climate models on the other hand do not

need to use restoring, but they can not be used for hindcast experiments because

their variability is model generated. Intermediate complexity models like the UVic

ESCM can be used for hindcasts because they are forced with reanalysis winds, and

have the advantage that they do not use salinity or temperature restoring. This

makes the UVic ESCM a worthwhile tool to investigate the variability of the Arctic

Ocean FW budget during the last decades, despite the biases in the simulation of

the Arctic climate.

2.4 Simulated Arctic Ocean FW budget

2.4.1 Climatological mean FW budget

The simulated climatological Arctic Ocean FW budget, averaged over the 58

years of the experiment (1950–2007), is shown in Table 2–1, together with the FW

budgets derived from observation (Aagaard and Carmack , 1989; Serreze et al., 2006).

In agreement with Aagaard and Carmack (1989) and Serreze et al. (2006), the largest

FW source in the model is the (prescribed) river discharge into the Arctic Ocean,

followed by the Bering Strait inflow, and the net precipitation over the Arctic Ocean.

The largest FW sink in the model is the liquid FW export through the CAA, followed
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Table 2–1: Climatological present-day Arctic Ocean freshwater (FW) budget based
on the UVic ESCM simulation (averaged over 1950–2007) and on observations (Aa-
gaard and Carmack , 1989; Serreze et al., 2006). All FW fluxes are calculated relative
to a reference salinity of 34.8, and are given in km3/year. They are net annual mean
fluxes through a channel, combining negative and positive fluxes through a strait,
where applicable. All oceanic fluxes are calculated over the full depth of the ocean
boundaries. Positive values indicate FW sources, and negative values indicate FW
sinks for the Arctic Ocean. Note that the river runo" was prescribed in the simula-
tion.

UVic Aagaard & Serreze
FW fluxes ESCM Carmack et al.
River runo" 2762 3300 3200
P-E 981 900 2000
Bering Strait liquid FW 1545 1670 2500
CAA liquid FW $2040 $920 $3200
Fram Strait liquid FW $880 $980 $2660
Barents Sea liquid FW $874 $290 $90
Bering Strait solid FW $1 – –
CAA solid FW $107 – $160
Fram Strait solid FW $921 $2790 $2300
Barents Sea solid FW $457 – –
Net 8 890 $710

by solid and liquid FW exports through Fram Strait, liquid and solid FW exports

through the Barents Sea, and solid FW export through the CAA.

The simulated FW exports through Fram Strait and the CAA are biased low

compared to Serreze et al. (2006), due to smaller than observed FW source terms,

too thin sea-ice, and much larger than observed Barents Sea FW exports in the

simulation. The smaller FW input is due to too low simulated precipitation in high

latitudes, which leads to a too high salinity of the Pacific water inflow through Bering

Strait (mean salinity of 33.4 instead of 32.5) and a low bias in the net precipitation

over the Arctic Ocean. The solid and liquid FW exports through the Barents Sea

are larger than observed due to the sea-ice edge position (which is too far south) and

its e"ect on local ocean currents. However, the total liquid FW export into the GIN

seas, through both Fram Strait and the Barents Sea, is in better agreement with
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Table 2–2: Mean and standard deviation (std) of all simulated FW fluxes [km3/year].
For the ocean fluxes, the liquid FW fluxes are given first, followed by the solid FW
fluxes.

CAA Fram Barents Bering P-E River
Strait Sea Strait Runo"

mean $2040/$107 $880/$921 $874/$457 1545/1 981 2762
std 461/47 259/229 229/182 143/2 61 0

observations (see Table 2–1). Compared to other model FW budgets (Steele et al.,

1996; Zhang and Zhang , 2001; Miller and Russell , 2000; Haak et al., 2005; Holland

et al., 2006b, 2007; Köberle and Gerdes, 2007; Arzel et al., 2008), the FW fluxes in

our simulation tend to be lower. A direct comparison of simulated FW flux terms

with other model studies is, however, di!cult, as some have a closed CAA and/or

Bering Strait, some use salinity restoring, and some use much higher prescribed river

runo".

2.4.2 Variability of FW fluxes

The simulated climatological (58-year mean) Arctic Ocean FW budget nearly

closes, with the total FW import and export essentially balancing each other (see

the bottom line in Table 2–1). This is not the case on shorter timescales, due to

the interannual variability of the individual FW fluxes. In some years, the total

FW import is larger than the export, which leads to an accumulation of FW in the

Arctic, while in other years the opposite is true (see Fig. 2–7). We find that the

variability of the simulated FW export is much larger than the variability of the FW

import (see Fig. 2–7b), in general agreement with observations (Serreze et al., 2006)

and modeling results (e.g., Holland et al., 2006b; Köberle and Gerdes, 2007). The

largest simulated variability of the FW export terms is seen in the liquid FW export

through the CAA, followed by the liquid Fram Strait FW export, the solid Fram

Strait export, and the liquid and solid Barents Sea FW exports (see Fig. 2–8a and
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Figure 2–7: (a) Simulated total (liquid plus solid FW, shown as solid line) and liquid
(shown as dashed line) Arctic Ocean FW storage in the top 518 m. (b) Simulated
annual mean Arctic Ocean FW import (blue line) and export (red line). The reference
salinity used to calculate FW storage and fluxes is 34.8.

Table 2–2). The simulated liquid FW export shows the largest variability on multi-

year to decadal timescales, whereas the solid FW export exhibits more variability

on annual timescales (see Fig. 2–8a). This is in agreement with model results from

Köberle and Gerdes (2003, 2007).

The liquid FW exports through the CAA, Fram Strait, and Barents Sea are

not correlated with each other, although all of them show large FW exports in the

1990s, leading to the largest simulated export of liquid (and total) FW from the

Arctic Ocean during the study period (see Fig. 2–8a). The simulated liquid FW

export through the CAA shows a shift from generally lower values before 1982, to

generally higher values after 1982, with a local maximum in 1985 and the overall
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Figure 2–8: (a) Simulated annual mean net FW export through the CAA (orange),
the Fram Strait (red), and the Barents Sea (brown). All exports are shown as positive
values. Liquid FW exports are shown as solid lines, and solid FW exports as dashed
lines. (b) Simulated annual mean net FW imports through the Bering Strait (light
blue), river runo" (purple), and net precipitation (turquoise).

largest export in 1990 (see Fig. 2–8a). The liquid FW export through Fram Strait

shows three periods of increased export, between 1952–1959, 1967–1977, and 1993–

2002. Periods with increased Barents Sea liquid FW export are 1951–1952, 1961–

1963, 1965–1970, 1992–1996, and 2002–2003.

Due to the lack of long-term observations of either the volume or the FW flux

through the CAA or Fram Strait (see Dickson et al., 2007, for a summary of currently

available data), we can not directly validate the variability of the simulated liquid

FW fluxes through the CAA and Fram Strait. A comparison with other available

model results shows that certain features occur in di"erent models, but the details of
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the export variability are model dependent. Among the robust features is the period

of increased liquid FW export through the CAA between 1982 and 1999, which is

also seen in the simulation of Köberle and Gerdes (2007). The liquid Fram Strait FW

export maxima in the 1990s, with a peak in 1995, is also seen in model simulations

of Karcher et al. (2005) and Köberle and Gerdes (2007). It is also supported by

observational data, which show lower than average salinities in the East Greenland

Current in the early to mid 1990s (Blindheim et al., 2000). Finally, the increased

liquid FW export through Fram Strait in the late 1960s and early to mid 1970s is also

simulated by all three models, but its duration and magnitude vary. In agreement

with the results presented here, Karcher et al. (2005) show a smaller liquid FW

export maximum in the 1970s than in the 1990s, whereas Köberle and Gerdes (2007)

find the largest liquid FW export in the 1970s, corresponding to the very large FW

storage decrease in their simulation during this time (see discussion in section 2.4.3).

Regarding the variability of the FW source terms, we find that the simulated

Bering Strait inflow shows much larger variability than the net precipitation over the

Arctic Ocean (see Fig. 2–8b and Table 2–2), in agreement with observations (Serreze

et al., 2006). The largest signal in the simulated Bering Strait FW inflow is associated

with a shift towards higher FW input between 1977 and 1989 (see Fig. 2–8b), mainly

due to increased transports through the strait. The timing of this increase in the

flow corresponds to the observed regime shift in the atmospheric circulation over

the Pacific Ocean between 1976–1988 (e.g., Trenberth, 1990; Trenberth and Hurrell ,

1994). The regime shift is accompanied in the model by a rise in the rigid-lid pressure

in the northern North Pacific south of Bering Strait. This in turn leads to an increase

in the rigid-lid pressure gradient (equivalent to a sea surface height (SSH) gradient in

the real ocean) between the North Pacific and the Arctic Ocean, driving the increase
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in the transport through Bering Strait. Because SSH gradients are equivalent to rigid-

lid pressure gradients in their dynamical e"ect on the ocean (see Pacanowski , 1995,

for details), we will from now on refer only to SSH gradients in our analysis. Between

1977 and 1989, the mean northward Bering Strait FW transport is 255 km3/year

higher than before 1977, which adds up to an additional import of 3315 km3 of

FW. This increase in the Bering Strait FW influx contributes about as much to the

FW accumulation in the Arctic Ocean during the 1980s as the reduced FW export

through Fram Strait or Barents Sea. Hence, a fixed Bering Strait inflow, as used in

many regional models, would lead to a smaller simulated FW accumulation during

the 1980s than found here.

2.4.3 Variability of the Arctic Ocean FW content

The simulated FW content in the upper 518 m of the Arctic Ocean shows two

maxima, a small one in the late 1960s, and a large one in the 1980s (see Fig. 2–7a).

Overall, the Arctic Ocean is more saline at the end of the simulation than at the

beginning, after a fresher episode in the 1980s (see Fig. 2–7a). This salinification of

the Arctic Ocean over the period 1950–2007 agrees with the trend towards saltier

water in the central Arctic Ocean found by Polyakov et al. (2008) for the 20st century

in observational data. The periods of increased FW content in the 1960s, early 1980s,

and early 1990s found in their study are also in general agreement with the maxima

found here, but the relative magnitude and the exact timing di"ers. Note that the

number of observations are limited before 1970, and the data have large error bars.

Compared to other model simulations by Häkkinen and Proshutinsky (2004)

and Köberle and Gerdes (2007), the times of liquid FW storage maxima and minima

occur within 1 or 2 years of the times found here (see Fig. 2–7a and their Fig. 2a and

Fig. 4b, respectively). This points to a robust feature in the ice-ocean system, despite

di"erences in the model domain and the simulated sea-ice conditions. However, the
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amplitude of these changes varies from model to model. The largest liquid FW

content maximum occurs in the late 1980s in this study and in the one of Häkkinen

and Proshutinsky (2004), but in 1968–1970 in the study of Köberle and Gerdes (2007).

In the latter simulation, the maximum of 1989 is only the third largest maximum

(after that of 1968–1970 and 1982). In addition to these di"erences, the liquid

FW storage in the simulation of Köberle and Gerdes (2007) also shows a much

larger amplitude than found here or in Häkkinen and Proshutinsky (2004), especially

during the 1960s and 1970s. This shows that the relative magnitude of the 1960s

versus the 1980s FW maximum is model dependent, whereas the times of the major

FW storage maxima and minima are a robust feature across di"erent models. Recent

observational results of Proshutinsky et al. (2009) suggest that the conditions in the

Beaufort Gyre during the 1990s di"ered significantly from previous decades, with

larger FW storage in the Beaufort Gyre and a contracted and south-eastward shifted

center of the FW content maximum. Given that the majority of the Arctic FW is

stored in the Beaufort Gyre, this suggests that the FW content maximum in the

1990s was larger than the one in the late 1960s, but more data is needed to confirm

this.

2.4.4 Sensitivity to initial conditions and CAA channel configuration

To test the sensitivity of the simulation to its initial conditions, five additional

simulations for the 1948–2005 period were performed. The initial conditions were

derived from spin-up simulations which were forced by the same orbital and CO2

forcing, but with di"erent wind forcing. These experiments show noticeable di"er-

ences until the early 1960s, with the largest di"erences in the first 2 years (1948–1949;

see Fig. 2–10a). Results up until the early 1960s should therefore be treated with
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Figure 2–9: Land-ocean masks for the three di"erent CAA channel locations used
in the CAA sensitivity experiments shown in Fig. 2–10b–c. Configuration (a) is the
mask used for results presented in other sections.

caution, and results for the first 2 years are excluded from the analysis. We con-

clude that the smaller FW accumulation during the 1960s compared to the 1980s is

a robust feature of our simulation, and not the result of initial conditions.

To investigate the sensitivity of our results to the choice of the CAA channel

configuration, we performed additional simulations for two di"erent channel locations

(see Fig. 2–9b–c), as well as for di"erent channel cross-sections (and hence di"erent

magnitudes of the FW export), and for a closed CAA. The winds used to derive the

initial conditions for these additional experiments were the same as for the control

run. We find that in the simulation with the CAA closed, the amplitude of the FW
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Figure 2–10: (a) FW storage anomalies for simulations with di"erent initial condi-
tions. The simulation analyzed in this paper is shown as a thick red line. (b) FW
storage anomalies for simulations with a closed CAA (black) and with the CAA
opened in three di"erent configurations (red, blue, and green, which correspond to
the CAA locations shown in Fig 2–9a, b, and c, respectively). The three simula-
tions with the CAA opened all have the same mean CAA liquid FW export of about
1600 km3. (c) FW storage anomalies for simulations with a closed CAA (black) and
with an open CAA (green). The simulations with an open CAA have the same ge-
ographic location of the CAA, but di"erent mean liquid CAA FW exports due to
di"erences in the cross-sectional area (larger mean export (-1595 km3/year) shown
as solid line, smaller mean export (-685 km3/year) as dashed line). Similar results
are found for the other two CAA locations (not shown).

storage maximum in 1967 is smaller and the amplitude of the maximum in 1989

is larger than in simulations with an opened CAA (see Fig. 2–10b, c). Consistent

with this behavior, the amplitude of the simulated FW storage maximum in 1967

increases when the mean CAA liquid FW export increases, while the amplitude of

the FW storage maximum in 1989 decreases with increasing mean CAA FW exports

(see Fig. 2–10c). This means that di"erences in the simulated CAA FW export

have some influence on the amplitude of the FW storage maxima in 1967 and 1989.

However, for all liquid CAA FW fluxes in the sensitivity experiments we performed

(which reach from 684 km3/year to 2564 km3/year), the FW maximum in 1989 is

always the dominant one.

As shown in Fig. 2–10b–c, the e"ect of di"erent CAA locations (with the same

mean liquid CAA FW export) on the variability of the Arctic FW storage is smaller
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than the e"ect of changes in the liquid CAA FW export through changes in the

cross-section area. In general, changes in the liquid FW export through the CAA

due to changes in the location or the cross-sectional area mainly a"ect the magnitude

of the liquid FW export through Fram Strait, but do not lead to large changes in

the temporal variability of the liquid FW export through Barents Sea or Fram Strait

(not shown).

2.5 Mechanisms for the liquid FW export variability

2.5.1 Influence of salinity and volume flux anomalies on the liquid FW
export

To test whether the simulated variability of the liquid FW export is driven

mainly by upper ocean salinity or volume flux anomalies, we split the liquid FW

export into a time-mean component and three time-varying terms. We only consider

the upper 330 m of the water column, which is the maximum depth of the CAA and

the layer where 92% of the Fram Strait liquid FW export takes place in the model.

The liquid FW flux through a strait (FFW ) is calculated as

FFW =

!
A

v"
Sref $ s

Sref

dA =

!
A

v" S dA, (2.1)

where v" is the velocity component perpendicular to the strait, Sref is the reference

salinity, s is the salinity at the strait, S = (Sref $ s)/Sref is the normalized salinity

anomaly, and A is the area of the cross-section of the strait perpendicular to the flow.

Splitting up S and v" into time-mean ("S# and "v"#) and time-varying parts ( S ! and

v!
"
), and using an overbar to denote the spatial integral over the cross-sectional area

of the strait, we can write the liquid FW transport through a strait from equation

(2.1) as

FFW = "S#"v"# + v!
"
"S# + S ! "v"# + S ! v!

"
. (2.2)
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In this equation, "S#"v"# is the mean FW flux through a strait, v!
"
"S# is the FW flux

due to the advection of the mean salinity by the volume flux anomaly, S ! "v"# is the

FW transport associated with the advection of salinity anomalies by the mean flow,

and S ! v!
"

is the FW flux due to the advection of salinity anomalies by the anomalous

volume flow.

As shown in Fig. 2–11, the variability of the liquid FW export is mainly con-

trolled by changes in the volume flux (v!

"
"S#), but changes in the salinity of the

outflow (S ! "v"#) are also important at certain times. The volume flux driven liquid

FW export anomalies show a correlation of r=0.97 and r=0.95 with the total liquid

FW export in the CAA and Fram Strait, respectively. The correlation of the salinity

driven liquid FW export anomaly with the total liquid FW export is lower but still

significant, with r=0.71 for the CAA and r=0.53 for Fram Strait (p<0.01). The

correlation of v!
"
"S# with S ! "v"# is larger in the CAA than in Fram Strait (r=0.52

and r=0.34 with p<0.01, respectively). This shows that in the CAA, the volume and

salinity driven liquid FW export anomalies are more strongly coupled than in Fram

Strait.

The volume flux driven liquid FW export anomaly in the CAA increases in

the early 1980s, with a maximum in 1990 (Fig. 2–11a). The salinity driven CAA

liquid FW export anomaly (S ! "v"#) peaks in the mid 1990s, and generally increases

between the mid 1960s and the mid 1990s, followed by a decrease after the mid

1990s (Fig. 2–11a). In Fram Strait, the volume flux driven liquid FW export shows

three periods of increased export, with the largest anomalies during the last decade

(Fig. 2–11b). The salinity anomalies in Fram Strait are generally in phase with

the low-frequency variability of the volume export, and contribute most to the liquid

Fram Strait FW export during the large export event of the 1990s (Fig. 2–11b). This

export of fresher water through Fram Strait in the early to mid 1990s is supported by
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Figure 2–11: Annual liquid FW export anomalies (black dashed line) for the (a) CAA
and (b) Fram Strait (top 330 m only). In blue, the advection of the mean salinity by
the volume flux anomaly (v!

"
"S#); in red, the advection of salinity anomalies by the

mean flow (S ! "v"#); in green, the advection of the salinity anomaly by the volume
flux anomaly (S ! v!

"
). Positive values show an increased FW export compared to the

mean.

data of Blindheim et al. (2000), as well as by model results of Karcher et al. (2005).

However, model results of Köberle and Gerdes (2007) show no significant changes in

the salinity of the Fram Strait outflow during this time.

2.5.2 Local Forcing of the liquid FW export

In order to assess what is driving the liquid FW export variability, we con-

structed indices for the SSH di"erence and the local wind field for the CAA and

Fram Strait. For the CAA, the SSH di"erence was calculated as di"erence between

the mean values in the Beaufort Sea and Ba!n Bay (see blue boxes in Fig. 2–1). The

local wind used in this analysis is the east-west component in a 300 km wide region
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Figure 2–12: The liquid (a) CAA and (b) Fram Strait FW export (black dashed
lines), together with the local wind forcing multiplied by $1 (green lines) for the (a)
CAA and (b) Fram Strait, and the SSH di"erence (blue lines) between (a) Beaufort
Sea and Ba!n Bay and (b) between a region up to 700 km north and south of Fram
Strait (see Fig. 2–1 for the regions used). The red lines in (a) and (b) show the SSH
di"erence diagnosed from changes in the salinity in the regions used to calculate the
SSH di"erence (halosteric SSH change). All time series show annual mean values,
normalized by the standard deviation.

along the CAA channel. For Fram Strait, the SSH di"erence was calculated as the

di"erence between the mean values in regions north and south of Fram Strait (see the

blue boxes in Fig. 2–1). The local wind field used for Fram Strait is the north-south

component in a 300 km fetch centered around the latitude of Fram Strait (which is

shown as red line in Fig. 2–1).
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The liquid FW export through the CAA, as well as the volume flux driven liquid

FW export anomaly (v!
"
"S#), are well correlated with the SSH di"erence between the

Beaufort Sea and Ba!n Bay (r=0.68 for both, p<0.01) (see Fig. 2–12a). The control

of the volume flux variability in the CAA by the SSH di"erence between the Beaufort

Sea and Ba!n Bay is in agreement with model results of Kliem and Greenberg (2003)

and Newton et al. (2008), as well as with the data study of Prinsenberg and Bennett

(1987). We find that the simulated SSH di"erence is mainly controlled by SSH

changes in the Beaufort Sea, rather than by SSH changes in Ba!n Bay (r2=0.50 and

r2=0.14, respectively, not shown). As shown in Fig. 2–12a, a large part (52%) of the

SSH changes in the Beaufort Sea, and hence also of the SSH di"erence, is caused

by salinity changes (the so-called halosteric SSH change, see Steele and Ermold ,

2007). The salinity driven liquid CAA FW export anomaly (S ! "v"#) is therefore also

correlated with the SSH in the Beaufort Sea (r=0.85 at a lag of 1 year, p<0.01) and

the SSH di"erence across the CAA (r=0.62 at a lag of 2 years, p<0.01). Due to this

high correlation with the SSH in the Beaufort Sea, volume and salinity driven CAA

liquid FW export anomalies also show a high cross-correlation (r=0.52, p<0.01). In

contrast, the local along-strait wind forcing is found to have no significant correlation

with the simulated CAA FW export or the volume and salinity driven liquid FW

export anomalies (see Fig. 2–12a). This might be due to the largely landfast ice in

the CAA channel, which insulates the ocean from the wind forcing.

The annual north-south SSH di"erence across Fram Strait is highly correlated

with the liquid FW export through Fram Strait (r=0.86, p<0.01, see Fig. 2–12b), as

well as with the volume flux driven liquid FW export anomaly (r=0.77, p<0.01) and

the salinity driven liquid FW export anomaly (r=0.54, p<0.01). A calculation of

the halosteric SSH change shows that the halosteric SSH change on average explains

the majority (r2=0.72) of the changes in the SSH di"erence (see the red line in
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Fig. 2–12b). Only in the late 1960s does the halosteric SSH di"erence change not

explain most of the SSH di"erence variability, which is due to a freshening in the

region south of Fram Strait between 1962 and 1972 (not shown). Except for the

late 1960s, changes in the region north of Fram Strait dominate the SSH di"erence

variability (not shown). The local wind field is also significantly correlated with the

liquid FW export (r=0.50, p<0.01) (see Fig. 2–12b). The local wind only a"ects

the volume flux driven liquid FW export anomaly (r=0.51, p<0.01), not the salinity

driven liquid FW export anomaly (no significant correlation).

2.5.3 Large-scale forcing of the liquid FW export

As can be seen in Fig. 2–13a–b, the FW storage in the Beaufort Sea is shifted to-

wards the North American coast during times of increased liquid FW export through

the CAA compared to times of lower liquid CAA FW export. This is due to a cy-

clonic circulation anomaly in the Beaufort Gyre during times of increased liquid

CAA FW export (not shown), which in turn is caused by a change in the large-scale

atmospheric forcing over the Arctic Ocean. Figure 2–14 shows that the AO index

and the CAA liquid FW export have a similar variability, and over the period 1950

to 2007, the peak in the cross-correlation between the AO index and the liquid CAA

FW export occurs at a lag of 1 year (r=0.54, p<0.01). The maximum correlation

coe!cient increases to r=0.71 and r=0.75 (p<0.01) at a 1-year lag for the 3- and

5-year running means, respectively, which suggests that the variability of the liquid

FW export is influenced mainly by the lower-frequency variability of the atmospheric

forcing. Composites of winter SLP 1 year before large and small liquid CAA FW

exports show that the Icelandic Low is much deeper and the Arctic High is weaker

before large liquid FW exports (see Fig. 2–13a, b). These SLP patterns are consistent

with the typical SLP patterns seen during positive and negative AO/NAO phases.

In the Beaufort Sea, the weaker Arctic High leads to a cyclonic circulation anomaly



Chapter 2: Variability of the Arctic Ocean freshwater export 47

 120
o W

  6
0

oW

0 o

 1
2

0
o
E

 180 o
W

  70 o
N

  70 o
N

  6
0

o E

1005
1010

1015

1015

(a)

1000995

1020

 120
o W

  6
0

oW
   0 o

 1
2

0
o
E

 180 o
W

  70 o
N

  70 o
N

  6
0

o E

1005

1010

1015

1015

1020

(b)

1015

1010

1025

 120
o W

  6
0

oW
   0 o

  6
0

o E

 1
2

0
o
E

 180 o
W

  70 o
N

  70 o
N

885

895

895

900

900

905

(c)

890

 120
o W

  6
0

oW

   0 o

  6
0

o E

 1
2

0
o
E

 180 o
W

  70 o
N

  70 o
N

(d)

1010

1015

1015

1020

1020

1025

1000

1010

1005

1.5

2.5

3.5

4.5

5.5

6.5

7.5

8.5

9.5

10.5

11.5

12.5

13.5

14.5

15.5

16.5

17.5

18.5

19.5

20.5

21.5

Figure 2–13: Composites of the FW storage in the Arctic Ocean, expressed as column
of FW [m], during times of increased (a, c) and decreased (b, d) liquid FW export
though the CAA (a-b) and Fram Strait (c-d). The composites are formed from years
that show a FW export larger/smaller than one standard deviation. Composites
of the winter NCEP sea level pressure (SLP) field [hPa, 5 hPa spacing] 1 (a-b) and
6 (c-d) years prior to the years of large/small FW export are also shown (black lines),
to illustrate the typical pressure pattern over the Arctic that leads to these export
events.
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Figure 2–14: The Arctic Oscillation (AO) index from NOAA/NCEP (blue) compared
to the simulated liquid FW export through the CAA (orange) and Fram Strait (red).
The time series are 3-year running means of the annual mean values, normalized by
the standard deviation.

(see also Proshutinsky et al., 2002), which releases FW from the central Beaufort

Gyre and leads to the shift of the FW storage in the Beaufort Sea towards the North

American coast seen in Fig. 2–13a–b.

Mainly through changes in the density, these changes in the FW distribution are

responsible for the SSH changes in the Beaufort Sea, which were found to drive the

variability of the volume export through the CAA (see section 2.5.2). In addition,

these changes provide more low salinity water for the export through the CAA. The

SSH in the Beaufort Sea shows a significant cross-correlation with the AO index at

a lag of 1 year (r=0.58 for the annual mean and r=0.78 for the 3-year running mean;

p<0.01). Both volume flux anomalies and salinity anomalies contribute to the high

correlation of the CAA liquid FW export with the AO index, with r=0.69 at a 1-year

lag and r=0.68 (p<0.01) at a 4-year lag for the 3-year running means, respectively.

During years of large liquid Fram Strait FW export, the FW storage along the

northern Greenland and North American coast is increased (Fig. 2–13c–d) compared

to years of low liquid FW export. While this pattern of FW storage changes is

similar as for the CAA liquid FW export, the peak in the cross-correlation between
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the annual mean and the 3-year running mean AO index and the liquid FW export

through Fram Strait occurs at a lag of 6 years (r=0.35 and r=0.45, p<0.01). An ex-

amination of the composite of the winter SLP over the Arctic 6 years before increased

liquid Fram Strait FW exports shows the typical pattern for NAO positive winters,

with a very strong Icelandic Low and decreased pressure over the central Arctic.

As explained earlier, this leads to a release of FW from the Beaufort Gyre due to

a cyclonic circulation anomaly, which increases the FW storage along the northern

coast of Greenland, increasing the SSH north of Fram Strait and supplying fresher

water for the export. The mean lag between the AO index and the liquid FW export

is larger than for the CAA, due to the longer travel time from the Beaufort Gyre re-

gion to the Fram Strait than to the CAA. Both the volume driven liquid Fram Strait

FW export anomaly and the salinity driven Fram Strait liquid FW export anomaly

also show high correlations with the 3-year running mean AO index (r=0.45 at a lag

of 6 years and r=0.62 at a lag of 5 years, respectively; p<0.01), which shows the

importance of the large-scale atmospheric circulation for both anomalies. However,

other e"ects like the local wind forcing also play a role for the volume driven liquid

Fram Strait FW export anomaly, decreasing the correlation with the indices for the

large-scale atmospheric circulation compared to the CAA (i.e., r=0.45 versus r=0.69;

p<0.01).

2.5.4 Di!erences between large liquid FW export events

The lag between the Fram Strait liquid FW export and the AO index is smaller

during the liquid FW export maximum in the late 1960s to mid 1970s, and larger for

the maximum during the 1990s, whereas the lag between the CAA liquid FW export

and the AO is constant in time (see Fig. 2–14). We find that this change in the lag

of the Fram Strait liquid FW export is due to di"erent FW source regions for these

export events. During the late 1960s to mid 1970s, most of the liquid FW exported



Chapter 2: Variability of the Arctic Ocean freshwater export 50

 120
o W

  6
0

oW

   0 o

  60
o E

 1
2

0
o
E

 180 o
W

  70 o
N

(b)

 120
o W

  6
0

oW

   0 o

  60
o E

 1
2

0
o
E

 180 o
W

  70 o
N

(c)

 !4 !3 !2 !1 0 1 2

1950 1960 1970 1980 1990 2000

!4000

!2000

0

2000

4000

FW
 s

to
ra

g
e

 a
n

o
m

al
ie

s
(a)

Figure 2–15: (a) Liquid FW storage anomalies [km3] in the upper 518 m, for the
full Arctic Ocean (black), the Canadian basin (blue), and the Eurasian basin (red).
The border that separates the Canadian and the Eurasian basin is the Lomonosov
ridge. (b–c) Changes in the liquid FW storage, expressed as column of FW [m] in
the top 518 m relative to a salinity of 34.8, between (b) 1968 and 1975 and (c) 1990
and 1997. This shows the regions of FW release during the two maximum periods
of increased liquid FW export through Fram Strait.
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through Fram Strait came from the Eurasian basin, whereas during the 1990s a large

part came from the Canadian Basin (see Fig. 2–15). The di"erences in the location

of the FW source regions for the Fram Strait liquid FW export are associated with

changes in the strength and position of the Beaufort Gyre and the associated FW

distribution in the Arctic Ocean (see Fig. 2–16), as well as the existence of a local

Eurasian ocean circulation cell between 1960 and 1967 that disappears afterwards

(not shown).

The simulated circulation changes in the Arctic Ocean that lead to the increased

export of liquid FW from the Canadian Basin through Fram Strait during the early

to mid 1990s are in agreement with results of Tucker et al. (2001) and Pfirman et al.

(2004), which are based on data from the International Arctic Buoy Program. They

found that the main source regions of the Fram Strait sea-ice export changed from

the Kara and Laptev seas to the East-Siberian and Chukchi seas in the late 1980s

in response to changes in the atmospheric forcing, which led to the export of large

amounts of thick multiyear ice that was previously recirculating in the Beaufort Gyre.

While the response of sea-ice export and liquid FW to changes in the atmospheric

forcing is di"erent, they are both strongly influenced by large-scale atmospheric

circulation changes. Unfortunately, the simulated changes in the source regions of

liquid FW during the late 1960s and early 1970 can not be compared to data from

the International Arctic Buoy Program, as it only began in 1979.

2.5.5 Summary: Proposed mechanism of liquid FW export variability

We conclude that the variability of the large-scale atmospheric circulation con-

trols the variability of the liquid FW export from the Arctic through its e"ect on the

strength of the Beaufort Gyre, which controls the FW distribution and the SSH field

in the Arctic Ocean. This agrees with the hypothesis of Proshutinsky et al. (2002),

as well as with recent observational evidence presented by Proshutinsky et al. (2009).
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Figure 2–16: Average liquid FW storage, expressed as column of FW [m], for (a)
1968–1975 and (b) 1990–1997, the two periods of large liquid Fram Strait FW ex-
ports.

We find that changes in the Arctic SSH field in turn a"ect the CAA and Fram Strait

volume exports through changes in the SSH di"erence across these straits. Changes

in the FW distribution also a"ect the salinity of the CAA and Fram Strait outflows,

but this e"ect is found to be less important than the volume flux changes. The CAA

liquid FW export responds to changes in the AO index with a lag of 1 year, whereas

the Fram Strait liquid FW export responds with a mean lag of 6 years. The lag

between the CAA liquid FW export and the AO index is constant, whereas the lag

between the Fram Strait liquid FW export and the AO index is not. The lag of

the Fram Strait liquid FW export depends on the location of the FW source for the

increased FW export, which in turn depends on di"erences in the SLP field over the

Arctic Ocean. Due to this di"erence in the lag, as well as the di"erent travel times

of salinity anomalies from the Beaufort Sea to the CAA and Fram Strait, the Fram

Strait and CAA liquid FW exports are not in phase. The influence of the local wind

forcing in the Fram Strait area further modulates the variability of the Fram Strait
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liquid FW export, in contrast to the CAA, where the local wind has no e"ect on the

variability of the liquid FW export.

2.6 Influence of the liquid FW export on the oceanic heat flux and the
Atlantic MOC

2.6.1 Oceanic heat flux

We find that the mean simulated net ocean heat flux from the GIN seas to the

Arctic Ocean between 1950–2007 is 13.9 TW, calculated relative to the simulated

mean sea surface temperature in Fram Strait (TRef=$1.7# C). Most of this heat

is entering the Arctic Ocean through Fram Strait (10.9 TW), with only a smaller

amount entering through the Barents Sea (3.0 TW). Observational studies, using

the observed mean surface water temperature in Fram Strait ($0.01# C) as reference

temperature (Aagaard and Greisman, 1975), also show a larger heat flux through

Fram Strait than through Barents Sea (e.g., Aagaard and Greisman, 1975; Rudels ,

1987; Simonsen and Haugan, 1996). However, the simulated ocean heat transport

into the Arctic Ocean is smaller when compared to recent observational estimates

of 16–40 TW for the net Fram Strait ocean heat flux (Schauer et al., 2004). Given

that the temperature di"erence between the reference temperatures ($1.7 # C in the

model and $0.01# C in observations) and the temperature of the incoming Atlantic

water (0.5# C in the model and 2–3# C in observations by Schauer et al., 2004) is

similar in the model and in observations, we conclude that the discrepancy in the

simulated Fram Strait heat flux is mainly due to the low bias in the simulated volume

flow from the North Atlantic into the Arctic Ocean.

In the simulation, 78% of the ocean heat flux into the Arctic Ocean passes

through Fram Strait (see Fig. 2–17). The Fram Strait heat flux is also the source of

71% of the variance of the total net ocean heat transport into the Arctic. We find

that 85% of the simulated variance of the Fram Strait ocean heat flux into the Arctic
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Figure 2–17: Annual mean Normalized index (normalized by the standard deviation)
of the total simulated net ocean heat flux from the North Atlantic to the Arctic Ocean
(solid red line), the net ocean heat flux through Fram Strait alone (red dashed line),
the total liquid FW export from the Arctic (black), and the Atlantic water inflow
through Fram Strait (green; taken as the northward volume flow through Fram Strait
below 330 m).

Ocean is due to changes in the volume inflow of Atlantic water (see Fig. 2–17), with

temperature changes of the inflowing water being much less important (not shown).

The total liquid FW export from the Arctic Ocean (through the CAA, Fram Strait,

and the Barents Sea combined) is highly correlated with the Fram Strait Atlantic

water inflow, the Fram Strait heat transport, and the total heat transport into the

Arctic Ocean (r=0.85, r=0.86, and r=0.89, respectively, p<0.05) (see Fig. 2–17).

Note however that the total Atlantic heat flux into the Arctic Ocean only shows a

correlation of r=0.45 (p<0.05) with the total volume export (rather than the total

FW export) from the Arctic. This shows that the link between Arctic liquid FW

export and oceanic heat import is not only due to the mass conservation in the

model. The mechanisms that leads to this link between the FW export and the heat

import are the topic of future work.

Given that climate simulations for the 21st century show an increase in the

liquid FW export from the Arctic (e.g., Haak et al., 2005; Holland et al., 2006b,

2007; Koenigk et al., 2007), our results suggest that this could be associated with
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an increased oceanic heat flux into the Arctic Ocean in the future. Whether this

increased oceanic heat import can a"ect the Arctic sea-ice cover is unclear, as it

depends on how much of this Atlantic heat can reach the mixed layer, which is a

topic still under debate. Yang et al. (2001, 2004) argue that mixing associated with

strong storms can reach below the halocline, leading to the entrainment of Atlantic

heat into the mixed layer. Regions where an increase in the vertical heat flux to

the surface due to storm induced mixing has been observed are the Fram Strait area

(Yang et al., 2004), the Beaufort Sea (Yang et al., 2001), and the region north of

Svalbard (Steele and Morison, 1993). Timmermans et al. (2008) on the other hand

argue that away from boundary regions, the vertical heat flux from the Atlantic

water to the mixed layer is small, and occurs mainly through double-di"usion. More

research on the vertical heat flux from the Atlantic water to the Arctic mixed later

is necessary to determine the possible e"ect of an increased Atlantic heat transport

into the Arctic on the sea-ice cover.

2.6.2 Atlantic MOC

The mean simulated maximum overturning streamfunction in the North Atlantic

is 15.9 Sv, with a standard deviation of 1.0 Sv. This compares well with the observed

estimate of 15±2 Sv given by Ganachaud and Wunsch (2000). In the model, deep

water is formed mainly in the Irminger Sea, with a secondary maximum in the

Norwegian Sea (see the black boxes in Fig. 2–18a). In contrast to observations, no

deep water is formed in the Labrador Sea. In the following, we use the mean depth

of the convective adjustment, referred to as convection depth from now on, as well

as the mean surface salinity in the Irminger and Norwegian seas to investigate the

e"ect of the FW export from the Arctic on the surface salinity, the convection depth,

and the MOC strength.
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Figure 2–18: (a) Mean simulated depth of convective adjustment (shaded, in meters)
and the standard deviation of the depth of convective adjustment (red contours; line
spacing is 50 m). (b) Change in the convection depth between 1967 and 1972(shaded;
in meters) and the associated salinity change in the top 50 meters (lines; blue shows a
freshening; red a salinification; line spacing is 0.1). The black boxes show the regions
over which the average deep convection and salinity for the Irminger and Norwegian
seas is calculated. The exact choice of the size of the boxes does not influence the
results, as long as the main centers of deep convection are included. We show the
changes between 1967 and 1972, which is the period when the largest changes in the
simulated convection depth occur (see Fig. 2–19b). Very similar patterns are found
for changes between 1951 and 1953 and between 1993 and 1996, but with smaller
amplitudes.
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In the 1950–2007 period, the largest drop in the simulated MOC strength oc-

curs a few years after the large FW export event in the late 1960s to mid 1970s (see

Fig. 2–19a). Smaller reductions in the MOC strength occur in the mid 1950s and

mid 1990s, again following increased FW export from the Arctic. In all cases, these

reductions in the MOC strength are proceeded by a decrease in the surface salinity

and the convection depth in the deep water formation regions of the North Atlantic

about 5 to 6 years earlier, with much larger changes observed in the Irminger Sea

than in the Norwegian Sea (see Fig. 2–18b and Fig. 2–19b). The correlation between

the 3-year running means of the surface salinity (top 50 m) and the convection depth

in the Irminger and Norwegian seas are r=0.79 and r=0.94 (p<0.05), respectively,

while the correlation between the MOC strength and the 3-year running mean con-

vection depth is significant for lags between 4 and 8 years, and reaches a maximum

for a 5-year lag (r=0.49 for both regions, p<0.05). The changes in the surface salin-

ity in the deep convection regions are in turn caused by changes in the FW export

through Fram Strait and Barents Sea (called FW export into the GIN seas in the

following). In the Irminger Sea, the correlation is highest between the 3-year run-

ning mean surface salinity and the total (solid and liquid) FW export into the GIN

seas (r=$0.51 at a lag of 2 years, p<0.05). In the Norwegian Sea the correlation of

the 3-year running mean surface salinity is highest with the liquid FW export into

the GIN seas (r=$0.40 at zero-year lag, p<0.05). This di"erence between the two

deep water formation regions is due to the fact that sea-ice export from the Arctic

predominantly melts in the Irminger Sea, rather than in the deep convection region

of the Norwegian Sea. The liquid FW export through the CAA shows no correlation

with the salinity anomalies or the convection depth in both deep water formation

regions of the model.



Chapter 2: Variability of the Arctic Ocean freshwater export 58

The correlation of the 3-year running mean FW export with the MOC strength

has a maximum correlation of r=$0.45 at a 1-year lag for the liquid FW export into

the GIN seas, and r=$0.37 for the total FW export into the GIN seas (p<0.05). This

means that 20% of the variance of the MOC strength is explained by the variability

of the FW export from the Arctic into the GIN seas, whereas the FW export into

the Labrador Sea has no e"ect on the simulated MOC strength. However, in models

where deep water formation is also present in the Labrador Sea, the CAA FW export

might have a larger e"ect. The MOC strength also shows a significant correlation

with the total heat flux into the Arctic Ocean at a lag of 12 years (the time scale

for the surface ocean circulation in the North Atlantic - results not shown). This

explains approximately 15% of the variance of the ocean heat flux into the Arctic

Ocean.

When the CAA is closed, the simulated MOC strength is reduced (from 15.9 Sv

to 14.5 Sv), but shows a very similar variability than when the CAA is opened (see

Fig. 2–19a). This agrees with results of Komuro and Hasumi (2005), who found a

reduction in the MOC strength when the CAA was closed because of a freshening of

the Fram Strait outflow. This change in the salinity of the Fram Strait outflow had a

larger e"ect on the MOC strength than the missing FW export into the Labrador Sea

when the CAA was closed. In our simulation, the mean salinity of the FW outflow

through Fram Strait is also lower when the CAA is closed compared to when it is

opened (33.49 versus 33.80).

The impact of the liquid FW export on the MOC is especially important for the

future because climate models predict an increase in the liquid FW export during

the 21st century (e.g., Holland et al., 2006b, 2007; Koenigk et al., 2007). However,

whether the Fram Strait or CAA liquid FW export will increase more strongly during

the 21st century appears to be model dependent. While the CCSM3 shows a much
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Figure 2–19: (a) The maximum strength of the annual mean Atlantic MOC [in Sv]
for simulations with the CAA opened (solid) and the CAA closed (dashed). (b) 3-year
running mean normalized index of the depth of convective adjustment (solid line)
and surface salinity (dashed line) in the deep water formation region in the Irminger
Sea (blue) and in the Norwegian Sea (red) (shown as boxes in Fig. 2–18), compared
to the 3-year running mean normalized index of the MOC strength (black).
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stronger increase of the liquid FW export through Fram Strait than through the

CAA during the 21st century (Holland et al., 2006b), the increase is about equally

large for both straits in the ECHAM5/MPI-OM (Koenigk et al., 2007). The potential

e"ects of these future changes in the Arctic liquid FW export on the MOC strength

remain to be assessed.

2.7 Conclusions

In this study we investigated the mechanisms driving the variability of the liquid

FW export from the Arctic Ocean. We used a 1.8# by 0.9#resolution version of the

global energy and mass conserving UVic ESCM, forced with daily NCEP winds, to

perform a simulation for the period 1950–2007. Besides the river runo", for which

a climatological cycle was prescribed, all Arctic FW fluxes were simulated by the

model.

We showed that the simulated variability of the liquid FW export is mainly con-

trolled by the variability of the large-scale atmospheric circulation over the Arctic.

Changes in the cyclonicity of the large-scale atmospheric forcing cause changes be-

tween cyclonic and anticyclonic circulation regimes in the Arctic Ocean, which lead

to changes in the Arctic Ocean FW distribution due to Ekman transport. These

changes in the FW distribution lead to changes in the SSH di"erence across the

CAA and Fram Strait, which drive the variability of the volume export, as well as

to changes in the salinity of the surface outflow through CAA and Fram Strait. The

liquid FW export variability is found to be dominated by variations in the volume ex-

port. Salinity anomalies are generally less important, but have a larger contribution

in the CAA than in Fram Strait. Both volume export changes and salinity anomalies

in the outflow are associated with changes in the large-scale atmospheric circulation

through its e"ect on the strength of the circulation in the Beaufort Gyre, which in

turn controls the large-scale FW and SSH distribution. The resulting changes in the
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SSH di"erence across the CAA and Fram Strait are found to explain a large part of

the variance of the liquid FW export (46% in the CAA, and 74% in Fram Strait).

In Fram Strait, the local wind forcing also explains a significant part of the variance

(25%) of the liquid FW export through its e"ect on the volume flux. In the CAA, the

local wind forcing plays no significant role, possibly due to the presence of landfast

ice.

The liquid FW export through the CAA is found to respond to changes in the

AO index with a mean lag of 1 year, whereas the Fram Strait liquid FW export

shows a mean lag of 6 years. In contrast to the liquid FW export through the CAA,

the magnitude of the lag of the Fram Strait liquid FW export behind the AO index

depends on di"erences in the source region for the Fram Strait FW export. These

source regions in turn strongly depend on the position and strength of the Beaufort

Gyre, as well as on the existence of a local ocean circulation cell in the Eurasian

basin. Hence, while the AO index captures changes in the CAA liquid FW export

very well, the relationship with the Fram Strait liquid FW export is less robust and

more complicated, due to the influence of the local wind forcing and the e"ect of

local circulation changes in the Eurasian basin.

All these results are robust to changes in the initial conditions, as well as to

changes in the location and size of the CAA channel in the model. Certain features

of the simulation (e.g., timing of FW storage maxima, increased liquid FW export

through the CAA during the 1980s to the mid 1990s, increased liquid FW export

through Fram Strait in the late 1960s to mid 1970s and in the mid 1990s) agree

with results from regional sea ice-ocean models (Häkkinen and Proshutinsky , 2004;

Karcher et al., 2005; Köberle and Gerdes, 2007). Other features, most importantly

the amplitude of the FW storage anomalies as well as the relative importance of

the two main FW storage maxima (late 1960s versus the late 1980s), di"er between



Chapter 2: Variability of the Arctic Ocean freshwater export 62

models. Our results indicate that di"erences in the magnitude of the simulated CAA

FW export, as well as the use of a constant prescribed versus a variable simulated

Bering Strait FW import, can explain some of these di"erences. A more detailed

investigation of the physical reasons for these di"erences in the model simulations it

is an important next step in order to better understand the dynamics of the liquid

FW export from the Arctic, but is beyond the scope of the present paper.

Results from this study also show that during times of increased liquid FW

export from the Arctic, the oceanic heat transport into the Arctic Ocean is increased,

due to an increase in the Atlantic water inflow. Increased liquid FW export from

the Arctic Ocean is also found to reduce the simulated MOC strength in the North

Atlantic, through its e"ect on the surface salinity in the deep water formation regions,

which in turn a"ects the convection depth in these regions. In agreement with the

study of Komuro and Hasumi (2005), we find that the liquid FW export into the

GIN seas shows a larger impact on the MOC strength than the liquid FW export

through the CAA.

Based on our results, a trend towards a more positive phase of the NAO/AO

in the future, as suggested for example by Osborn (2004), Kuzmina et al. (2005),

and Serreze and Francis (2006), might lead to increased FW export from the Arctic

Ocean to the northern North Atlantic. Model simulations for the 21st century show

that the liquid FW export is indeed increasing, while the Arctic sea-ice export is

decreasing (Holland et al., 2006b). Our results suggest that this could be associated

with an increase in the ocean heat flux into the Arctic Ocean. Whether such an

increase in the heat flux could have an e"ect on the sea-ice cover of the Arctic Ocean

is not clear, as the magnitude of the vertical heat flux from the Atlantic water to

the Arctic mixed layer, as well as the processes that lead to it, are still under debate

(e.g. Steele and Morison, 1993; Yang et al., 2001, 2004; Timmermans et al., 2008).
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CHAPTER 3

A tracer study of the Arctic Ocean’s liquid freshwater export variability

In this chapter, we take a second, closer look at the variability of the FW export

from the Arctic, using tracers to identify FW from di"erent sources in order to

understand why the FW export through Fram Strait and the CAA di"ers, as well as

to understand why the correlation of the FW export with the atmospheric forcing

is less stable and has a variable lag in Fram Strait compared to the CAA (as found

in chapter 2). The need to separate the FW export into its di"erent components

in order to understand the FW export variability has also recently been highlighted

by Jones and Anderson (2008), based on observational data that shows the large

di"erences in distribution of FW from di"erent sources in the Arctic FW export.

This second study was carried out with the Community System Climate Model,

Version 3 (CCSM3), which is a fully coupled global general circulation model. The

CCSM3 has a higher resolution than the UVic ESCM used in chapter 2, and therefore

resolves the currents in the Arctic better. In the future, we also plan to use the FW

tracers for a global warming simulation, to analyze changes in the FW pathways and

the composition of the FW export in a much warmer and seasonal ice-free Arctic

Ocean. This is possible with the CCSM3, as it is a fully coupled climate model, and

does not need prescribed wind forcing like the UVic ESCM.

This chapter is based on a manuscript submitted to the Journal of Geophysical

Research - Oceans in October 2009 and in revised form in January 2010: Jahn, A.,

L. B. Tremblay, R. Newton, M. M. Holland, L. A. Mysak, I. A. Dmitrenko (2010),

A tracer study of the Arctic Ocean’s liquid freshwater export variability.
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Abstract

We present an analysis of the variability of the liquid Arctic freshwater (FW) export,

using a simulation from the Community Climate System Model Version 3 (CCSM3)

that includes passive tracers for FW from di"erent sources. It is shown that the FW

exported through the western Canadian Arctic Archipelago (CAA) comes mainly

from the Pacific and from North American runo". The variability of the FW export

from both of these sources is generally in phase, due to the strong influence of

variations of the velocity anomaly on the CAA FW export variability. The velocity

anomaly in the CAA is in turn mainly governed by variations in the large-scale

atmospheric circulation (i.e., the Arctic Oscillation). In Fram Strait, the FW export

is mainly composed of Eurasian runo" and FW of Pacific origin. The variability of

the Fram Strait FW export is governed both by changes in the velocity and in the

FW concentration, and the variability of the FW concentration from the two largest

sources is not in phase. The Eurasian runo" export through Fram Strait depends

strongly on the release of FW from the Eurasian shelf, which occurs during years

with an anticyclonic circulation anomaly (negative Vorticity index) and takes 3 years

to reach Fram Strait after leaving the shelf. In contrast, the variability of the Pacific

FW export through Fram Strait is mainly controlled by changes in the Pacific FW

storage in the Beaufort Gyre, with an increased export during years with a cyclonic

circulation anomaly (positive Vorticity index).

3.1 Introduction

The upper Arctic Ocean contains a large volume of freshwater (FW) relative

to the mean salinity of the Arctic Ocean, due to the large amount of river runo" it

receives and the inflow of low salinity Pacific surface water through Bering Strait.

This FW storage of 84,000 km3 is about 10 times larger than the annual FW input or

export from the Arctic (Serreze et al., 2006). A release of part of this FW to the North
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Atlantic through Fram Strait and the Canadian Arctic Archipelago (CAA) has the

potential to influence the strength of the Atlantic meridional overturning circulation

(MOC) (e.g., Aagaard et al., 1985; Aagaard and Carmack , 1989; Weaver et al., 1993;

Häkkinen, 1995; Lohmann and Gerdes , 1998; Holland et al., 2001; Rennermalm et al.,

2006, 2007; Arzel et al., 2008), provided it can reach the interior Labrador and/or

Greenland seas where deep water formation takes place (e.g., Myers, 2005; Gerdes

et al., 2005; Jones et al., 2008; Nilsson et al., 2008; Condron et al., 2009; Dodd et al.,

2009b). Within the Arctic Ocean, changes in the distribution of FW can lead to

changes in the stratification of the water column (Schlosser et al., 2002) and to a

regional disappearance of the cold halocline (Steele and Boyd , 1998; Martinson and

Steele, 2001; Björk et al., 2002; Schlosser et al., 2002; Newton et al., 2008). This

has implications for the ice/ocean heat exchange and the state of the Arctic sea ice

(Martinson and Steele, 2001). Furthermore, the river water entering the Arctic Ocean

also carries nutrients and contaminants (e.g., lead, pesticides, and radionuclides (e.g.,

AMAP , 1998; Harms et al., 2000; Macdonald et al., 2005)), due to agricultural and

industrial activities in their drainage basins. Changes in the distribution of FW from

di"erent sources therefore also a"ect the nutrient and contaminant transport within

and from the Arctic Ocean, with important implications for the marine environment

(e.g., Macdonald et al., 2003).

Due to a lack of long term observations, the variability of the liquid FW export

from the Arctic Ocean is not well understood. Previous work has shown that changes

in the large-scale atmospheric circulation a"ect the position and size of the Beaufort

Gyre, which leads to changes in the distribution of FW in the Arctic Ocean due to

changes in the Ekman transport (Hunkins and Whitehead , 1992; Proshutinsky et al.,

2002; Zhang et al., 2003; Häkkinen and Proshutinsky , 2004; Karcher et al., 2005;

Newton et al., 2006; Köberle and Gerdes, 2007; Condron et al., 2009; Proshutinsky
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et al., 2009; Jahn et al., 2010a). Whether these changes in Ekman transport in the

Beaufort Sea are also the main reason for changes in the liquid FW export from the

Arctic Ocean is still a topic of active research (Zhang et al., 2003; Karcher et al.,

2005; Köberle and Gerdes, 2007; Arzel et al., 2008; Condron et al., 2009; Lique et al.,

2009; Jahn et al., 2010a). The results from these recent studies, however, do not yet

agree on the mechanisms underlying the variability of the FW export, with some

suggesting a large influence of atmospheric forcing on the FW export (Zhang et al.,

2003; Karcher et al., 2005; Koenigk et al., 2007; Condron et al., 2009; Jahn et al.,

2010a), while others find no clear response to the atmospheric forcing (Köberle and

Gerdes, 2007; Arzel et al., 2008; Lique et al., 2009).

Given that the FW exported from the Arctic comes from many di"erent sources,

with di"erent pathways and di"erent travel times to Fram Strait and the CAA, the

variability of the liquid FW export is a complex combination of the variability of

FW from all these sources. In fact, observations show that the concentrations of

FW from di"erent sources in Fram Strait show large variations from year to year

(e.g., Falck et al., 2005; Rabe et al., 2009; Dodd and Hansen, 2009). Furthermore,

observations also indicate that a decrease in the FW concentration from one source

is often compensated by FW from a di"erent source (Rabe et al., 2009; Dodd and

Hansen, 2009), so that the total FW export is not in phase with the FW export from

individual sources. In order to understand the dynamics that lead to changes in the

liquid FW export from the Arctic, the variability of FW from di"erent sources needs

to be investigated separately.

Salinity alone is not su!cient to separate the FW export into contributions from

di"erent sources; thus, other tracers are needed. Most ocean models, however, do

not include the geochemical tracers that are used to separate water samples into dif-

ferent water masses (e.g., !18O, total alkalinity, nitrate, phosphate, silicate, dissolved
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barium). As a substitute, passive dye tracers have been used to track runo" and/or

Pacific water in some model studies (e.g., Weatherly and Walsh, 1996; Nazarenko

et al., 1998; Maslowski et al., 2000; Karcher and Oberhuber , 2002; Harms et al.,

2000; Newton et al., 2008; Gao et al., 2009). These tracers, however, have never

been used to specifically study the FW export variability. Furthermore, FW contri-

butions from sea-ice melt and sea-ice formation have not previously been accounted

for in models, so that it has not been possible to separate the FW export into FW

from all significant sources in model simulations.

The main purpose of this article is to fill this gap in the literature by studying

the mechanisms that lead to the interannual variability of FW export from individual

sources. To this end, we include passive tracers for FW from all Arctic sources in

the ocean model of the CCSM3. The results presented in this article show how and

why the export of FW from di"erent sources varies from year to year, and how the

variability of FW from the di"erent sources leads to the total variability of the liquid

FW export from the Arctic. In a complementary study, seasonal changes in the Fram

Strait export are described in Jahn et al. (2010b).

The outline of this article is as follows: The model simulation is described in

section 3.2, and the simulated FW budget, the contribution of FW from di"erent

sources and the residence times of FW from di"erent sources are presented in section

3.3. In section 3.4 we analyze the interannual variability of the FW export from

individual sources. The atmospheric forcing of the FW export variability is described

in section 3.5. Conclusions and a summary are presented in section 3.6.

3.2 Methods

3.2.1 Model

The CCSM3 is a fully coupled general circulation model, which conserves en-

ergy and mass and does not use flux adjustments. The atmospheric component of
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the CCSM3 is the Community Atmosphere Model version 3 (CAM3; Collins et al.,

2004, 2006b). This model has a spectral truncation of T85 (about 1.4#& 1.4#). The

ocean component of the CCSM3 is based on the Parallel Ocean Program version 1.4.3

(POP; Smith and Gent , 2004). It has a free surface, includes the Gent-McWilliams

(Gent and McWilliams, 1990) and K-profile (Large et al., 1994) parametrizations of

mixing, and uses a 3rd-order upwind advection scheme with a leapfrog time step. It

has a 1# rotated orthogonal grid, in which the North Pole is displaced to Greenland,

and 40 vertical levels, ranging from a thickness of 10 m at the surface to 250 m at

depth. Surface processes that lead to a FW flux (runo", precipitation, evaporation,

sea-ice melt, and sea-ice formation) are added to the ocean through virtual salt fluxes,

using a reference salinity of 34.7, which is the global average salinity. The sea-ice com-

ponent of the CCSM3 is the Community Sea Ice Model version 5 (CSIM5; Briegleb

et al., 2004), which is a dynamic-thermodynamic model that includes a subgrid-scale

ice thickness distribution (Thorndike et al., 1975), energy conserving thermodynam-

ics (Bitz and Lipscomb, 1999), and elastic-viscous-plastic (EVP) dynamics (Hunke

and Dukowicz , 1997). The land component of the CCSM3 is the Community Land

Model version 3 (CLM3; Oleson et al., 2004; Dickinson et al., 2006). Except for the

river routing scheme, which has a 0.5# resolution, CLM3 uses the same resolution

as the atmospheric model. A more detailed description of the CCSM3 is given in

Collins et al. (2006a).

3.2.2 Tracers

To follow the path of liquid Arctic FW from di"erent sources, we included 12

passive tracers in the POP ocean model, accounting for all of the FW sources in the

Arctic Ocean. These include tracers for FW fluxes from river runo" into the di"erent

Arctic shelf seas, sea-ice melt, sea-ice formation, precipitation and evaporation over

open water areas, and for the FW inflow from the Pacific and Atlantic oceans. All
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tracers are conservative, and their time evolution is described by the same advec-

tion/di"usion equations as used for salinity and temperature. For consistency with

the virtual salt fluxes in the model, the tracers are added relative to the same ref-

erence salinity (34.7), and all FW fluxes in this study are also calculated relative to

34.7. The di"erence in the FW fluxes associated with this choice of reference salinity

compared to the commonly used reference salinity of 34.8 (Aagaard and Carmack ,

1989) is small, and is quantified in section 3.3.

Tracers were added as surface fluxes for (i) river runo" into the di"erent shelf

seas (Barents, Kara, Laptev, East Siberian, Beaufort, and Lincoln seas), (ii) the

precipitation/evaporation into/from the open-water fraction of the Arctic Ocean,

and (iii) the FW flux due to sea-ice melt and sea-ice formation within the Arctic

Ocean. Note that the river discharge field in the CCSM3 is distributed over the shelf

seas instead of entering in the ocean grid box nearest to the coast (see Fig. 3–1 for the

input patches for the runo" and the borders of shelf seas used for the runo" tracers).

This spreading of the runo" is necessary because the simulated ocean circulation

over the shelves is sluggish compared with observations (Newton et al., 2008), and

runo" would otherwise accumulate at the river mouths. The sea-ice formation tracer

keeps track of the amount of FW removed from the surface ocean when sea ice forms

(which has a salinity of 4 in the CCSM3). The melt tracer accounts for the FW flux

due to melting sea ice. It also includes small contributions from the (i) runo" of rain

that falls on the sea-ice, (ii) runo" of snow melt on the surface of the sea ice, and

(iii) surface snow that falls into the water during sea-ice ridging. For the oceanic FW

inflow into the Arctic Ocean through Bering Strait (Pacific FW tracer) and through

Fram Strait and the Barents Sea Opening between Norway and Svalbard (Atlantic

FW tracer), the tracers were added as interior source terms (see Fig. 3–1 for the

definition of the ocean boundaries). The tracer input at these boundaries is equal
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Figure 3–1: Map showing the land/ocean configuration of the CCSM3 (black outline)
and the ocean boundaries used to calculate oceanic FW fluxes (red lines). Note that
the CAA consists only of Barrow Strait in this model, as Nares Strait is closed. As
explained in the text, the surface flux due to river runo", and hence also the runo"
tracer, is spread out into the ocean (see shaded colors), with highest concentrations
(warm shaded colors) added at the coasts. The boundaries (grey lines) and names of
the shelf basins used to add the tracer for runo" into the Beaufort Sea (BFT), East
Siberian Sea (ESS), Laptev Sea (LAP), Kara Sea (KAR), Barents Sea (BAR), and
Lincoln Sea (LIN) are also shown. The area used to calculate the Vorticity index
used in section 3.5 is outlined in green.
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to the FW flux that enters the Arctic Ocean through these straits, relative to the

reference salinity of 34.7.

The runo", precipitation, sea-ice melt, and Pacific FW tracers are positive be-

cause they add FW to the Arctic Ocean. The sea-ice formation and evaporation

tracers, on the other hand, are negative because these processes remove FW from

the water column. The Atlantic FW tracer can be either positive or negative, de-

pending on the salinity of the FW inflow. However, except for the Norwegian Coastal

current that carries FW into the Barents Sea, the salinity of the Atlantic inflow is

generally larger than or equal to the reference salinity, so that, on average, the At-

lantic FW tracer is negative. Due to the presence of these negative FW tracers, the

contribution of FW from individual sources can be more than 100% of the total FW.

To account for the recirculation of tracers, any FW tracer that enters the Arctic

Ocean from the Greenland, Icelandic, and Norwegian (GIN) seas is subtracted from

the Atlantic FW tracer that is added. The FW tracers therefore account for all the

FW present in the Arctic Ocean surface water once steady-state has been reached.

Note that the Atlantic FW tracer is mainly located below the halocline in the Arctic

Ocean, which leads to a much longer spin-up time compared to the other tracers.

As a result, the negative Atlantic FW tracer has not yet reached equilibrium in this

simulation, and the sum of the FW tracers can therefore reach more than 100% of

the FW calculated from the salinity (see section 3.2.3).

Due to stronger gradients in the individual FW tracer fields compared to the

gradients in the salinity field, the di"usive tracer fluxes are larger than the di"usive

salinity fluxes. This results in some di"erences between the FW distribution calcu-

lated from salinities and the FW distribution calculated from the sum of the FW

tracers. One example is a too large Atlantic FW tracer concentration in the upper

layers of the East Greenland Current (EGC), due to upward di"usive fluxes from the
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much higher concentration of Atlantic FW tracer at depth compared to the surface.

At the same time, the other tracers penetrate deeper, due to downward di"usive

fluxes. This has some e"ect on the calculated FW fluxes based on the FW tracers

at Fram Strait, as discussed in section 3.3.1.

In observational data, geochemical tracers (e.g., salinity, !18O, silicate, total

alkalinity, barium, phosphate, and nitrate) are used to separate the water mass into

Pacific, Atlantic, meteoric (runo" plus precipitation), and net sea-ice melt (NSIM)

contributions. The NSIM is the sum of FW fluxes due to sea-ice melt and sea-ice

formation, and it therefore gives the amount of net sea-ice melt in the history of a

water mass. It is often negative, as on average sea-ice formation is larger than sea-

ice melt within the Arctic Ocean, due to the sea-ice export. To compare our results

with observational data, we also calculate the NSIM FW fraction from the simulation.

However, as seen in section 3.4.2, the dynamics of the NSIM FW export sometimes

cannot be understood without separating it into contributions from sea-ice melt and

sea-ice formation. For this reason, we also discuss the sea-ice formation and sea-ice

melt tracers when necessary. For simplicity, we also combine the precipitation and

evaporation tracer into a net precipitation tracer in the following sections, except

where the dynamics of the individual tracers are very di"erent from the net.

3.2.3 Simulation

We perform a 140 year long simulation with constant atmospheric CO2 concen-

trations. This run is initialized from the end of year 399 of the 1990 CCSM3 equilib-

rium simulation (simulation b30.009). This CCSM3 control integration is part of the

Coupled Model Intercomparison Project, 3 (CMIP3) archive and was discussed in

the IPCC-AR4 (IPCC , 2007). The mean climate of the 1990 equilibrium simulation

for the years 400–500, when equilibrium has been reached except for small changes

in the deep ocean, is described in detail in Collins et al. (2006a). It should be noted
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that the climate in this 1990 equilibrium simulation is warmer than the mean ob-

served climate of the 20th century because it is in quasi-steady-state with the climate

forcing. This results in a mean climate that is roughly comparable to the simulated

mean climate of the early 21st century, with an intensified hydrological cycle over

the Arctic as well as thinner Arctic sea ice than in a 20th century simulation with

the same model. We perform an equilibrium simulation, instead of a transient sim-

ulation for the 20th or 21st century, to isolate the e"ect of the atmospheric forcing

on the liquid FW export variability, without any disturbances from changes in the

liquid FW input into the Arctic associated with enhanced greenhouse gas forcing

(see Holland et al., 2006b).

The concentrations of the tracers in the Arctic Ocean increase rapidly during

the first two decades of the simulation, with a more gradual increase in the third and

fourth decade. Around simulation year 440, the tracers reach their spun-up state for

all tracers except the Atlantic tracer (not shown), which takes well over 100 years

to reach steady state because most of it is found below the halocline, where the

renewal time is much longer than for the surface ocean. All results presented in the

following are for simulation years 440 to 539 (100 years). Due to the still increasing

Atlantic tracer concentration over the course of the simulation, the total Arctic FW

export calculated from the sum of the FW tracers is on average 10% larger than the

FW export calculated from salinity, as some salty water of Atlantic origin below the

halocline is not yet “tagged” (see section 3.3.1).

3.3 Arctic FW budget

The simulated Arctic FW budget of the CCSM3 during the 20th century is dis-

cussed in detail by Holland et al. (2006b). It was found to be in general agreement

with the observational budget of Serreze et al. (2006), which is shown as third col-

umn in Table 3–1. The main di"erence between the CCSM3 FW budget and the
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Table 3–1: Climatological Arctic Ocean freshwater (FW) budget based on the
CCSM3 1990 equilibrium simulation (averaged over simulation years 440–539) and
on observations. In the first column, the FW fluxes calculated relative to 34.7 are
shown. 34.7 is the reference salinity used to calculate the virtual salt fluxes in the
CCSM3, and the reference salinity used in the rest of the article. For comparison
with observations and other studies, column two shows the CCSM3 fluxes relative
to 34.8. Column three shows the observational FW budget, relative to a reference
salinity of 34.8. All observational values are taken from Serreze et al. (2006), except
for the Bering Strait sea-ice flux, which is based on Woodgate and Aagaard (2005).
All FW fluxes are given in km3/year. They are net annual mean fluxes through
a channel, combining negative and positive fluxes through a strait, where applica-
ble. All oceanic fluxes are calculated over the full depth of the water column at the
boundaries. Positive values indicate FW sources, and negative values indicate FW
sinks for the Arctic Ocean. Note that because Nares Strait is closed in the model,
the Fram Strait FW fluxes include FW fluxes that should go through Nares Strait.

FW fluxes CCSM3 CCSM3 Observations
SRef=34.7 SRef=34.8 SRef=34.8

River runo" 4281 4281 3200
Net precipitation 2002 2002 2000
Bering Strait solid FW 124 124 100
CAA solid FW $52 $52 $160
Fram Strait solid FW $2238 $2239 $2300
Barents Sea Opening solid FW $9 $9 –
Bering Strait liquid FW 3033 3111 2500
CAA liquid FW $1569 $1598 $3200
Fram Strait liquid FW $4929 $5405 $2660
Barents Sea Opening liquid FW $1218 $786 $90
Net $575 $571 $610
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observational FW budget is a larger simulated liquid FW export through Fram Strait

and a smaller simulated liquid FW export through the CAA. The simulated river

runo" is generally larger than in observations, which in turn leads to fresher than

observed Pacific water inflow through Bering Strait (a mean of 31.2 in the model

versus 32.5 in observations). This means that the FW input into the Arctic is larger

than observed, which leads to a larger than observed simulated FW export. Most of

this FW export occurs through Fram Strait, as only one CAA channel in the loca-

tion of Barrow Strait is open in the model; Nares Strait and the many other smaller

channels in the CAA are closed, due to the model resolution (see Fig. 3–1). The

simulated FW flux through the CAA is therefore only representative for the western

CAA, and the simulated Fram Strait flux includes the FW flux through both Fram

Strait (about 2400 km3/yr, according to Serreze et al., 2006) and Nares Strait (about

788 km3/yr, according to Münchow et al., 2006).

The FW budget calculated here (Table 3–1) is very similar to the one of Holland

et al. (2006b), except for a larger liquid FW export through Fram Strait and a

smaller sea-ice export. These changes are consistent with the warmer climate in

the 1990-equilibrium simulation compared to the mean of the transient 20th century

simulation of Holland et al. (2006b). In addition, FW fluxes are calculated relative

to a reference salinity of 34.7 here (as opposed to 34.8 in Serreze et al. (2006) and

Holland et al. (2006b)), for reasons explained in section 3.2.2. This leads to a smaller

liquid FW flux through Fram Strait and a larger liquid FW flux through the Barents

Sea Opening (see Table 3–1 for details).

The oceanic transport through Fram Strait consists of the export of fresh and

cold polar water in the EGC and the inflow of warm and salty water in the West
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Spitzbergen current. The variability of the simulated Fram Strait liquid FW trans-

port is dominated by the outflowing branch (r=0.98; p<0.05 for all correlation co-

e!cients given in this article), and most of the FW in Fram Strait is located above

247 m. Below 247 m the outflow through Fram Strait is a source of FW for the

Arctic, as the salinity of the deep outflow is larger than the reference salinity. The

southward FW flux through Fram Strait is therefore larger in the top 247 m com-

pared to that for the full depth (by 1804 km3/yr). In the remainder of this article,

we will investigate only the FW transport in the top 247 m that is directed out of the

Arctic Ocean, as our main goal is to better understand the variability of the fresh

polar water export from the Arctic. The exact choice of the integration depth, how-

ever, does not a"ect the general conclusions of this study. In the CAA, the simulated

transport is always directed out of the Arctic and the section through the CAA is

only 247 m deep at the deepest point. Consequently, this approach has no e"ect in

the CAA.

3.3.1 Contributions from di!erent sources to the FW export

By using the FW tracers, we can quantify the contribution of FW from each

source to the total FW export (calculated from the salinity). These percentages are

shown in Table 3–2. Averaged over the years 440-539 of the simulation, the FW

tracers account for 94% of the Fram Strait FW export calculated from the simulated

salinity in the upper 247 m, and 105% of the FW export through the CAA. In both

cases the di"erence between the sum of the FW tracer exports and the FW export

calculated from the salinity is mainly due to the contribution of the Atlantic FW

tracer. In the CAA, the export of negative FW of Atlantic origin is still increasing at

the end of the simulation because it has not yet reached its equilibrium. The negative

Atlantic FW export is therefore not large enough to balance the positive FW from

other sources, so that the sum of all tracers is larger than 100% (see section 3.2.2).
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Table 3–2: Contribution of FW from di"erent sources (calculated from the tracers) to
the total liquid FW export (calculated from the salinity) from the Arctic Ocean. The
first number gives the amount in km3/yr, followed by the percentage of how much
FW from an individual source contributes to the total liquid FW export (calculated
from salinities) through each strait. In di"erence to Table 3–1, which showed the net
fluxes over the full depth, this table shows southward fluxes in the top 247 m only.
Negative numbers stand for an export of negative FW. “Rest” stands for the part
of the liquid FW export that is not accounted for by the FW tracers, for reasons
explained in section 3.3.1.

Source of FW Fram Strait CAA
Barents Sea runo" 603 10.4% 11 0.7%
Kara Sea runo" 1595 27.6% 19 1.2%
Laptev Sea runo" 1070 18.3% 43 2.8%
East Siberian Sea runo" 452 7.7% 35 2.2%
Beaufort Sea runo" 266 4.6% 480 30.4%
Lincoln Sea runo" 249 4.3% 20 1.3%
Precipitation 1230 21.3% 109 7.0%
Evaporation $925 $16.0% $68 $4.3%
Sea-ice melt 8881 153.0% 1910 122.0%
Sea-ice formation $9676 $166.9% $1795 $114.9%
Pacific FW 2788 47.9% 930 59.1%
Atlantic FW $1028 $17.8% $43 $2.8%
Rest 325 5.6% $74 $4.7%
Total FW 5830 100% 1577 100%

In Fram Strait, on the other hand, the FW concentration based on the salinity is

larger in the top 150 m than the FW concentration derived from the sum of the

FW tracers. This is due to a too large concentration of the Atlantic FW tracer in

the top 150 m, due to upward di"usive fluxes of this tracer (see section 3.2.2). This

error leads to an overall smaller FW export calculated from the FW tracers than

from salinity if the FW fluxes are calculated over the upper 247 m only. Over the

full depth, where the vertical distribution of the Atlantic tracer is not important, the

FW flux calculated from the tracers makes up 111% of the Fram Strait FW export

calculated from salinities, due to the still increasing concentration of the Atlantic

tracer in the export at depth.
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The simulated FW export through Fram Strait is mainly composed of sea-ice

melt water (153%), river water (73%), and Pacific FW (48%), with a smaller con-

tribution from precipitation (21%). Most (88%) of the river water exported through

Fram Strait comes from Eurasia (see Table 3–2), and only 12% comes from North

America (Beaufort and Lincoln seas (see Fig. 3–1), which will henceforth be referred

to as runo" from North America). The export of negative FW from sea-ice formation

($167%), evaporation ($16%), and of salty Atlantic water ($18%) reduce the total

FW flux. If we only consider NSIM (as done in observations), the largest contribu-

tion to the Fram Strait FW export comes from Eurasian runo" (64%) and Pacific

FW (48%), and NSIM contributes only $14% of the Fram Strait FW export.

In the CAA, most of the FW exported comes from sea-ice melt (122%), followed

by Pacific FW (59%), and river runo" (39%). The runo" is mainly (82%) of North

America origin and contains only 18% of Eurasian runo" (see Table 3–2). Negative

FW from sea-ice formation ($115%), evaporation ($4%), and Atlantic water ($3%)

reduce the liquid FW export through the CAA. If we combine sea-ice melt and sea-

ice formation, the contribution of NSIM is 7% of the FW export, and the dominant

sources of FW are Pacific FW (59%) and North American runo" (32%).

In this simulation, about 2/3 of the Pacific FW that enters the Arctic through

Bering Strait leaves through Fram Strait, and 1/3 of it leaves through the CAA.

About half of the simulated North American runo" that enters the Arctic leaves

through CAA, and the rest through Fram Strait. The runo" from Eurasia on the

other hand leaves the Arctic mainly (97%) through Fram Strait, with only 3% leaving

through the CAA. Due to the closed Nares Strait in the CCSM3, the export of Pacific

FW and North American runo" through Fram Strait is likely overestimated by the

CCSM3. Observations show that the Nares Strait FW export is made up mainly of

Pacific FW, with smaller contributions from North American and Eurasian runo"
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(Jones et al., 2003). Opening Nares Strait in the model should therefore decrease

the concentration of the simulated Pacific FW and North American runo" in Fram

Strait. It would also likely increase the Eurasian runo" export through the total

CAA. As mentioned earlier, the discussion of the FW fluxes through the CAA in

this study is therefore only applicable to the western CAA, and the simulated Fram

Strait FW fluxes include the FW export through both Nares Strait and Fram Strait.

3.3.2 Comparison with observations

The simulated Eurasian runo" makes up only 0.9% of the volume export through

the CAA, which agrees reasonably well with results from Taylor et al. (2003), who

found no Eurasian river water in the western CAA. For Fram Strait, Taylor et al.

(2003) found no evidence of Mackenzie water. This agrees with the very small contri-

bution of only 0.2% Beaufort Sea runo" to the Fram Strait volume export, which is

within the error estimate of the data (Taylor et al., 2003). The model shows a ratio

of 2.3 : 1 between the long-term mean meteoric FW export and the solid FW export

due to the sea-ice export through Fram Strait, which compares well with the 2 : 1

ratio found by Bauch et al. (1995b) and Meredith et al. (2001). The slight overesti-

mation of meteoric water relative to the solid FW export is likely due to the smaller

simulated sea-ice export than at present, associated with the thinner than observed

sea ice in the warmer climate of this simulation. As noted above, some of the mete-

oric FW in Fram Strait should also leave through Nares Strait. The model simulates

a large interannual variability of the Pacific FW export through Fram Strait, but the

Pacific water fraction is never as small as reported by Falck et al. (2005) for 2004.

This might be a consequence of the larger than observed Pacific FW input and/or

of the closed Nares Strait. Overall, the model captures many features of the FW

composition of the export well. This is also shown in Jahn et al. (2010b), where the



Chapter 3: A tracer study of the Arctic Ocean’s liquid freshwater export 82

simulated seasonal variability and spatial distribution of FW from di"erent sources

in Fram Strait are discussed.

3.3.3 Residence and transport times

The residence time of water in the Arctic (also called flushing time) is commonly

calculated as the ratio between the storage of water from a given source and the mean

annual input of water from that source. For the Arctic halocline, this calculation

yields a residence time of around 10 years (e.g., Östlund and Hut , 1984). This agrees

well with the simulated residence time of 11 years for the FW in the top 247 m

of the Arctic Ocean. River runo" is found to have a mean Arctic residence time

of 11 years in the simulation, which agrees well with values of 11–15 years derived

from observational and other model results (Bauch et al., 1995a; Prange and Gerdes,

2006). The simulated residence times vary for river runo" into the di"erent shelf

seas, from 20 years for river runo" into the East Siberian Sea to 7 years for river

runo" entering into the Kara and Lincoln Sea, with intermediate values of 14 years

for the Barents Sea runo", and 12 years for the Beaufort and Laptev Sea runo". At

21 years, Pacific FW has the longest simulated residence time in the Arctic Ocean,

which is due to the storage of a large portion of the Pacific FW in the Beaufort Gyre

(see section 3.5). A long residence time of Pacific FW in the Arctic Ocean agrees

with geochemical tracer observations, which yield an estimated residence time of

11 ± 4 years for Pacific water (Yamamoto-Kawai et al., 2008).

The minimum advective transport time of FW from di"erent sources to Fram

Strait and the CAA can be estimated by examining the time it takes the tracers

to first reach these straits at the beginning of the simulation. We find that Pacific

FW first appears in Fram Strait after 6 years. North American runo" reaches Fram

Strait after 7 years. Eurasian runo" is present in Fram Strait after 3 years, with

Kara Sea runo" arriving first (after 3 years), followed by Laptev Sea and Barents
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Sea runo" after 4 years, and East Siberian runo" after 6 years. As these are minimum

transit times, and observational estimates give mean residence and transit times, a

direct comparison with observations is not possible. However, a minimum transit

time for East Siberian runo" to Fram Strait on the order of 6 years is supported by

observational estimates of the mean residence time of 3.5±2 years for river water on

the Eurasian shelves (Schlosser et al., 1994) and a transport time of 2–3 years in the

Transpolar Drift Stream (TDS) from the East Siberian shelf to Fram Strait (Rutgers

van der Loe" et al., 1995).

Pacific FW reaches the CAA after 4 years. Due to the proximity of the Macken-

zie river discharge to the CAA location in the model, river water from North America

is present in the CAA from the start. The first Eurasian runo" reaches the western

CAA after 6 years. This runo" originates from the East Siberian Sea, and is followed

by Laptev and Kara Sea runo" (9 years), and by Barents Sea runo" (15 years). Trans-

port times of Eurasian runo" to Nares Strait should be much shorter. Atlantic FW

first appears in the CAA after 15 years, but contributes little to the outflow through

the CAA.

3.4 Interannual variability of FW export from di!erent sources

As seen in Fig. 3–2, the simulated FW export has a large interannual variability.

The variability of the total FW export (black lines in Fig. 3–2) is caused by the sum

of the variability of FW from di"erent sources. In the CAA (Fig. 3–2b), the FW

exports from the two largest sources, Pacific FW and North American runo", are in

phase and have a correlation of r=0.64. In Fram Strait (Fig. 3–2a), the FW export

from the two largest FW sources, Eurasian runo" and Pacific FW, are not in phase

and also do not have a simple lagged correlation.

The interannual variability of the FW export can be due to changes in the

velocity and/or changes in the salinity of the outflow, which in turn can be driven
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Figure 3–2: Total liquid FW (calculated from salinity) and FW tracer exports
[km3/yr] through (a) Fram Strait (top 247 m, outflow only) and (b) the CAA. Posi-
tive fluxes stand for an export of FW, negative fluxes for an export of negative FW.
The average simulated FW fluxes due to FW from each tagged source are listed in
Table 3–2.

by density gradients, sea surface height (SSH) gradients, and/or large-scale or local

atmospheric circulation patterns. In addition, changes in the input of FW can either

directly a"ect the FW export variability (with a certain lag) or accumulate in the

Arctic over many years, which decouples the input anomaly from the export anomaly.

In the following, we will investigate the mechanisms that cause the variability of the

FW export from individual sources, in order to understand the variability of the

FW export in Fram Strait and the CAA, as well as the di"erences between the two

straits.

3.4.1 FW input versus FW storage changes

Although the long-term averaged FW inputs are balanced by FW exports, the

simulated variability of the FW export from the Arctic is generally not correlated
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Figure 3–3: Cross-correlation between the annual FW input and the total annual
export of liquid FW (through Fram Strait, CAA, and the Barents Sea Opening
combined) from di"erent sources (black lines in a–f). This shows how much the input
variability from each source a"ects the variability of the FW export. Also shown is
the cross-correlation between the annual FW inputs and the time derivative of the
FW storage from di"erent sources (grey lines in a–f), which shows how much changes
in the FW input a"ect the FW storage of FW from individual sources. The 95%
significance level for all correlations is indicated by dashed black lines. A positive
lag means that the FW input leads the FW export.
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with changes in the FW inputs (black lines in Fig. 3–3). This means that the Arctic

Ocean decouples the variability of the FW input and export by storing FW for

variable lengths of time. A small exception is the Bering Strait FW inflow, which

has a moderate influence on the simulated FW export variability (r=0.32 at a 4-year

lag of the export behind the inflow; Fig. 3–3a).

The e"ect of interannual changes of the FW input on the variability of the FW

storage in the Arctic Ocean di"ers strongly for FW from di"erent sources (light grey

lines in Fig. 3–3). Whereas the FW input from NSIM and net precipitation (and also

from sea-ice formation, sea-ice melt, evaporation, and precipitation individually; not

shown) has a large e"ect on the storage of FW from these sources in the Arctic, the

variability of the FW input from runo" has only a very small e"ect on the storage

of runo" in the Arctic Ocean. For the Pacific FW, changes in the inflow have some

e"ect on the storage of Pacific FW in the Arctic, but much less than for NSIM and

net precipitation. This means that temporal changes in the storage of runo" and

Pacific FW in the Arctic Ocean are more strongly linked with the variability of the

FW exchange with the North Atlantic than with the variability of their FW input.

The Arctic storage of FW from NSIM and net precipitation on the other hand is

influenced mainly by changes in their input.

3.4.2 FW concentration versus velocity anomalies

In order to investigate the contribution of velocity and FW concentration anoma-

lies to the interannual variability of the FW export, we split the FW export (FFW )

into a time-mean component and three time-varying terms:

FFW = "CFW #"v"# + v!

" "CFW # + C !

FW "v"# + C !

FW v!

", (3.1)

where v" is the velocity component perpendicular to the strait and CFW is the

concentration of FW relative to the reference salinity. Primed variables stand for
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Figure 3–4: FW export anomaly for (a) Fram Strait and (b) CAA, split up into
contributions from FW concentration changes (C !

FW "v"#, in red) and from veloc-
ity changes (v!

"
"CFW #, in blue). FW export anomalies from the advection of FW

concentration anomalies by the velocity anomaly (C !
FW v!

"
) are very small, and not

shown. The total liquid FW export anomaly due to FW from each source is shown
as black line. Positive values show an increased FW export compared to the mean,
and negative values a decreased FW export.

temporal anomalies and variables in brackets stand for time mean values. Accord-

ingly, "CFW #"v"# is the FW flux through a strait due to the mean FW concentration

advected by the mean velocity, v!

"
"CFW # is the FW flux due to the advection of

the mean FW concentration by the velocity anomaly, C !
FW "v"# is the FW transport

associated with the advection of FW concentration anomalies by the mean flow,

and C !
FW v!

"
is the FW flux due to the advection of FW concentration anomalies by

velocity anomalies. As C !
FW v!

" is very small, it is not discussed in the following.

In Fram Strait, the FW export anomalies driven by FW concentration anoma-

lies (C !
FW "v"#) and velocity anomalies (v!

"
"CFW #) are of approximately equal im-

portance for the variability of the total FW export (see Table 3–3 and Fig. 3–4a).

In the CAA, velocity anomalies dominate the variability of the FW export, with a

much smaller influence of FW concentration anomalies (see Table 3–3 and Fig. 3–4b).

This agrees with model results of Lique et al. (2009), but not with model results of

Köberle and Gerdes (2007) and Jahn et al. (2010a), who found no large influence of

FW concentration changes on the variability of the Fram Strait FW export.
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The di"erent relative importance of FW concentration changes for the FW ex-

port variability through Fram Strait and the CAA explains why the FW export from

all sources is largely in phase in the CAA, but not in phase in Fram Strait. In the

next two subsections, we analyze the variability of the FW export from individual

sources to further understand the di"erence in the FW export variability between

the two straits, and to see how FW from di"erent sources contributes to the FW

concentration changes.

Fram Strait

In Fram Strait, changes in the concentration of Eurasian runo", Pacific FW, and

NSIM explain a much larger percentage (>70%) of the variance of the FW export

from each individual source than velocity changes (see Table 3–3 and Fig. 3–5a, c,

d, g). This is surprising, given that (i) the Eurasian runo" and the Pacific FW

are the two largest individual FW sources of the Fram Strait FW export, and (ii)

the velocity and FW concentration anomalies contribute approximately equally to

the variability of the total FW export in Fram Strait. However, the simulated FW

concentration anomalies in Fram Strait from individual sources tend to partially

balance each other (see Fig. 3–5), so that the total FW concentration anomaly in

Fram Strait is reduced. Velocity changes, on the other hand, impact all FW sources at

the same time, so that the resulting exports from distinct sources co-vary positively.

This fundamental di"erence between FW export anomalies driven by velocity and by

FW concentration anomalies is the reason why the concentration anomalies explain a

much larger percentage of the variance of the FW export from individual FW sources

than of the total FW export through Fram Strait.

Overall, the variability of the export of Pacific FW, of runo" from North Amer-

ica, from eastern Eurasia (Laptev and East Siberian seas), and from western Eurasia

(Barents and Kara seas), of NSIM, and of net precipitation through Fram Strait is
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Figure 3–5: As Fig. 3–4a, but split up into FW from di"erent sources, to show
whether FW concentration or velocity anomalies dominate the export variability of
FW from di"erent sources. In red, FW export anomalies due to FW concentration
changes (C !

FW "v"#), and in blue FW export anomalies due to velocity anomalies
(v!

"
"CFW #). FW export anomalies from the advection of FW concentration anoma-

lies by the velocity anomaly (C !
FW v!

") are very small, and not shown. The total
liquid FW export anomaly due to FW from each source is shown as black line. Note
the di"erent scales in the di"erent panels. Also note that because the NSIM and
ice formation export is negative in Fram Strait, a negative anomaly in (e) and (g)
indicates an increased export of negative FW.
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Table 3–3: The variance (r2 values) of the total FW export and the FW export from
individual sources that is explained by FW concentration anomalies (C !

FW "v"#) and
velocity anomalies (v!

"
"CFW #). This indicates whether the export variability in Fram

Strait and the CAA is mainly due to changes in the concentration of FW, or whether
it is due to changes in the amount of water leaving the Arctic. All listed r2 values
are statistically significant at the 95% confidence level.

Source of FW Fram Strait CAA
C !

FW "v"# v!
"
"CFW # C !

FW "v"# v!
"
"CFW #

Total FW export 0.36 0.43 0.11 0.78
Pacific FW 0.70 0.14 0.25 0.78
North American runo" 0.57 0.14 0.33 0.70
Eastern Eurasian runo" 0.82 0.05 0.78 0.31
Western Eurasian runo" 0.76 0.30 0.86 0.26
Sea-ice formation 0.36 0.22 0.38 0.68
Sea-ice melt 0.33 0.28 0.18 0.79
NSIM 0.86 not sign. 0.92 not sign.
Precipitation 0.32 0.56 0.57 0.60
Evaporation 0.41 0.59 0.60 0.58
Net precipitation 0.53 0.18 0.56 0.58

dominated by changes in the concentration of FW from these sources (see Table 3–3

and Fig. 3–5a, b, c, d, g, h). However, in contrast to NSIM and net precipitation, the

variability of the export of FW from sea-ice melt, sea-ice formation, evaporation, and

precipitation individually is a"ected by both concentration and velocity anomalies

(Table 3–3). Being able to separate NSIM and net precipitation into their individual

contributions is therefore important.

CAA

As shown in Fig. 3–6a, b, e, f and Table 3–3, the largest part of the variance of the

export of Pacific FW, North American runo", sea-ice formation FW, and sea-ice melt

FW through the CAA is explained by velocity anomalies. Concentration changes

only dominate the variability of the FW export due to NSIM and Eurasian runo"

(Fig. 3–6c, d, g and Table 3–3). For precipitation, evaporation and net precipitation,

both FW concentration and velocity anomalies contribute to the export variability
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Figure 3–6: As Fig. 3–5, but for the CAA FW export. Note that the CAA export
due to NSIM is on average positive (i.e. more sea-ice melt than sea-ice formation),
except between simulation years 486–495. This means that negative anomalies of
NSIM indicate a smaller export of positive NSIM, except between 486–495, when
negative anomalies indicate an increased export of negative NSIM.
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of FW through the CAA. Overall we find that concentration changes have a larger

influence on the FW export variability of FW from individual sources than for the

total CAA FW export, but velocity anomalies still dominate the variability of the

FW export from all large individual FW sources. Furthermore, the sum of the

concentration anomalies from Pacific FW, Eurasian runo", North American runo",

and net precipitation nearly balance each other, due to an out-of-phase relationship

between the concentration of Pacific FW and concentrations of FW from Eurasian

runo", North American runo", and net precipitation. The total CAA export anomaly

due to FW concentration changes is therefore small, and is almost identical to the

NSIM concentration anomaly (r=0.88). We will analyze what is driving these FW

concentration and velocity anomalies in section 3.5.2.

3.5 Atmospheric forcing mechanisms of the FW export variability

As shown in section 3.4, changes in the FW input do not directly cause the

variability of the FW export, except for a small part of the Pacific FW export vari-

ability. Furthermore, it was shown that the variability of the CAA FW export is

mainly controlled by velocity anomalies, with only a small influence of FW concen-

tration anomalies. In Fram Strait, on the other hand, velocity and FW concentration

anomalies are equally important for the variability of the total FW export. In this

section, we investigate the forcing mechanisms that cause the variability of the FW

concentration and velocity in both straits. We find that the atmospheric forcing has

a strong a impact on the liquid FW export variability, as shown, for example, by

the spatial correlation pattern of the sea level pressure field (SLP) with the liquid

FW export through Fram Strait (Fig. 3–7a) and the CAA (Fig. 3–7f). However,

while the CAA FW export is mainly a"ected by large-scale atmospheric forcing re-

sembling the Arctic Oscillation (AO) or the North Atlantic Oscillation (NAO), the

Fram Strait FW export is a"ected mainly by the atmospheric forcing over the central



Chapter 3: A tracer study of the Arctic Ocean’s liquid freshwater export 93

Arctic Ocean (see Fig. 3–7a, f). This di"erence is due to the much larger influence

of FW concentration anomalies on the variability of the FW in Fram Strait than

in the CAA, because the FW concentration is mainly a"ected by SLP changed over

the central Arctic (see Fig. 3–7c, h). The variability of the velocity in both straits,

on the other hand, is mainly a"ected by the large-scale atmospheric circulation (see

Fig. 3–7b, g). In the following, we will further investigate these forcing mechanisms

and their e"ect on the variability of FW concentration and velocity in both straits.

3.5.1 Fram Strait

FW concentration anomalies in Fram Strait are largely caused by changes in the

FW distribution upstream. Model results have shown that during phases of increased

FW export through Fram Strait the concentration of FW along northern Greenland

is increased (Köberle and Gerdes, 2007; Condron et al., 2009; Jahn et al., 2010a). Us-

ing the FW tracers, we find that especially the Pacific FW concentration is strongly

increased north of Greenland during times when the Pacific FW concentration in

Fram Strait is high (Fig. 3–8c). This simulated increase of Pacific water along the

CAA and northern Greenland associated with an increased Pacific FW concentra-

tion in Fram Strait is in agreement with observational results of Jones et al. (2003)

and Newton and Sotirin (1997). To a lesser extend, Eurasian runo" (Fig. 3–8a–b),

North American runo" (Fig. 3–8d), NSIM, and net precipitation (not shown) also

show an increase in the FW storage north of Greenland when their concentration in

Fram Strait is high. For Pacific FW, North American runo", NSIM, and net pre-

cipitation, this is associated with a weaker Beaufort Gyre (Fig. 3–8c–d). This leads

to a reduction of Ekman pumping, so that FW is released from the Beaufort Gyre

(e.g., Proshutinsky et al., 2002), which leads to the accumulation of FW previously

stored in the Beaufort Gyre along the North American coast. The increase of the

Eurasian runo" in Fram Strait and north of Greenland, on the other hand, is not
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Figure 3–7: In the top row (a–c), correlations between the SLP field and the total FW
export (a), the velocity driven FW export anomaly (b), and the FW concentration
driven FW export anomaly (c) for Fram Strait are shown. In the middle row (d–e),
the correlation between the SLP field and the Eurasian runo" (d) and Pacific FW
(e) concentration anomalies in Fram Strait is shown. In the bottom row (f–h), the
correlation between the SLP field and the total FW export (f), the velocity driven
FW export anomaly (g), and the FW concentration driven FW export anomaly
(h) for the CAA are shown. Correlation fields are shown for the year with the
maximum correlation, and the lag (if > 0 years) is given in the top right corner
(in years). Correlations not significant at the 95% level are masked by black dots.
Panels a–c and f–h clearly show that the AO/NAO has a large influence on the
variability of the velocity driven FW export anomaly, but that the FW concentration
driven FW export anomaly is related to SLP anomalies over the central Arctic.
Panels d–e illustrate that FW from Eurasian runo" and Pacific FW has a maximum
concentration in Fram Strait during opposite phases of SLP anomalies over the Arctic
Ocean.
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associated with changes in the strength of the Beaufort Gyre, but with changes in

the storage of Eurasian runo" on the shelves and changes in the path and strength

of the TDS. This is not surprising, as the Eurasian runo" is mainly stored on the

Eurasian shelves instead of the in Beaufort Gyre (see Fig. 3–8a–b). We find that

the concentration of FW from eastern and western Eurasian runo" along northern

Greenland is increased if the o"-shelf transport of Eurasian runo" from the Laptev

Sea is decreased (Fig. 3–8a). This is associated with a more cyclonic upper branch of

the TDS (the part of the TDS directly adjacent to the Beaufort Gyre). At the same

time, the lower branch of the TDS (the part of the TDS directly adjacent to the

Barents Sea shelf break) is strengthened. The fundamental di"erence between the

conditions under which Pacific and Eurasian FW distributions in the Arctic Ocean

change explains why the Fram Strait FW export from these two sources is not in

phase.

As shown in Fig. 3–7d–e, the variability of Eurasian runo" and Pacific FW

concentration anomalies in Fram Strait is linked to the variability of SLP over the

central Arctic Ocean. However, the maximum correlation of the SLP field with the

Eurasian runo" and Pacific FW concentrations in Fram Strait has opposite signs

and occurs at di"erent lags (Fig. 3–7d–e). This suggests that the above described

changes in the FW distribution in the Arctic Ocean are best captured by an index

that describes the atmospheric circulation in the central Arctic Ocean, rather than

by larger-scale atmospheric indices like the AO or NAO index. We use here the

Vorticity index, which describes shifts between cyclonic and anticyclonic circulation

regimes in the Arctic (Walsh et al., 1996), but the SLP at the North Pole gives similar

results. Following Dmitrenko et al. (2008), the Vorticity index is calculated as the

numerator of the finite di"erence Laplacian of the SLP in a radius of 500 km region

around 85#N and 125#E (see green circle in Fig. 3–1). When the Vorticity index is
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Western Eurasian runoff

Figure 3–8: Shown are the mean FW column [m] and velocity [cm/s] in the upper
247 m (left side) over simulation year 440 to 539 and the di"erence between compos-
ites of high and low phases of FW concentration anomalies in Fram Strait (right side)
for FW from individual sources (eastern Eurasian river runo" (a), western Eurasian
runo" (b), Pacific FW (c), and North American runo" (d)). Red colors in the dif-
ference plot indicate that the FW concentration from a given source is increased in
that region during periods when he concentration of FW from this source in Fram
Strait is high, compared to periods of low concentrations of FW from this source in
Fram Strait. Composites are formed from years when FW concentration anomalies
in Fram Strait are one standard deviation larger and smaller than the mean. The
ocean velocity field is represented by polylines tangent to the instantaneous flow in
the neighborhood of the grid point, with a reference vector [cm/s] in the lower right
corner. Figure is continued on the next page.
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Figure 3–8: (continued)

positive, the atmospheric circulation in the central Arctic Ocean is cyclonic, with

surface winds aligned with the Laptev Sea coast (see Fig. 3–9a). When the Vorticity

index is negative, the atmospheric circulation in the central Arctic is anticyclonic,

and the surface winds blow o"shore in the western Laptev Sea (see Fig. 3–9b).

We find that the spatial pattern of the correlation between the Vorticity index

and the FW storage in the Arctic Ocean has a dipole (see Fig. 3–10a), with positive
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Figure 3–9: Shown are composites of the simulated SLP pattern (shaded) and 1000
hPa wind [cm/s] over the ocean during (a) positive and (b) negative Vorticity index
phases, to indicate the typical SLP pressure pattern associated with di"erent phases
of the Vorticity index. Composites are formed from years with a Vorticity index one
standard deviation higher and lower than the mean.

correlations north of the CAA and Greenland and in most parts of the EGC, and with

negative correlations in the western East Siberian and Laptev seas and in the region

just north of the Eurasian shelf. This means that Eurasian runo", especially from

eastern Eurasia, leaves the shelf during negative Vorticity index phases due to the

o"shore wind (Fig. 3–10b). Due to the cyclonic circulation anomaly over the central

Arctic, Pacific FW, and to a lesser extent North American runo", NSIM FW, and net

precipitation FW, is released from the Beaufort Gyre during positive Vorticity index

phases. Furthermore, while Eurasian runo" reaches Fram Strait with a 2–3 year delay

after leaving the shelf (not shown), much of the FW released from the Beaufort Gyre

reaches Fram Strait within a year. Consequently, the correlation of the Vorticity

index and the total FW concentration anomaly in Fram Strait has a maximum

positive correlation at a zero-to-one year lag due to the release of Pacific FW and

other FW from the Beaufort Gyre during the positive Vorticity index phase. This is
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Table 3–4: Maximum correlation of the 3-year running mean Vorticity index with
the total Fram Strait FW export, the velocity driven FW export anomaly, and the
FW concentration anomaly (total and from di"erent sources), together with the lag
[in years] at which they occur. Only correlation coe!cients significant at the 95%
level or higher are shown.

FW export anomaly Correlation Lag
Total FW export 0.37 & $0.43 0 yr & 3 yr
Velocity of FW export $0.34 2 yr
Total FW concentration 0.33 & $0.37 0–1 yr & 3 yr
Pacific FW concentration 0.64 1 yr
N. American runo" concentration 0.43 1–2 yr
E. Eurasian runo" concentration $0.35 3 yr
W. Eurasian runo" concentration $0.35 1–2 yr
NSIM FW concentration 0.45 1 yr
Net precipitation FW concentration 0.43 1 yr

followed by a maximum negative correlation at a 3-year lag of the FW concentration

anomaly behind the Vorticity index due to the reduced o"-shelf transport of Eurasian

runo" during positive Vorticity index phases (see Table 3–4 for the exact values of

the correlation coe!cients for all FW sources).

These simulation results for the relationship between the Vorticity index and

the storage of FW on the Eurasian shelf are in agreement with a recent analysis of

Russian hydrographic data on the Laptev and East Siberian shelves by Dmitrenko

et al. (2008), who found the same relationship between FW storage on the Laptev

and East Siberian Shelf and the Vorticity index. In fact, the cross-correlation plot

between the Vorticity index and the FW storage shown in Fig. 3–10a matches the

features shown in Fig. 9 of Dmitrenko et al. (2008), except for higher correlation

coe!cients of up to r=0.7 in Dmitrenko et al. (2008), compared to a maximum of

r=0.4 found here. Dmitrenko et al. (2008) also used the summer Vorticity index

and the summer FW storage, whereas Fig. 3–10a shows the annual Vorticity index

and FW storage. If we use summer (JJAS) means, the same pattern emerges in the

eastern Arctic, but we miss the positive correlation between the Vorticity index and
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the FW storage along the coast of North America and Greenland and in the east

Greenland current, which is the result of the winter Vorticity index (not shown).

The variance of the velocity-driven FW export is determined mainly (81%) by

changes in the east-west SSH gradient across the EGC, which a"ects the geostrophic

flow through Fram Strait. The variance of the SSH gradient in turn is found to be

mainly (61%) controlled by changes in the SSH on the eastern edge of the EGC.

The variability of the SSH on the eastern edge of the EGC is related to changes

in the inflow from the Atlantic (r=$0.53) and changes in the salinity of the inflow

(r=$0.43). This suggests that changes in the Atlantic inflow through Fram Strait

can a"ect the geostrophic export from the Arctic through Fram Strait. This is in

agreement with results from Köberle and Gerdes (2007), who found that a decrease

in the salinity of the Atlantic inflow in the 1960s led to very low volume exports

in the EGC during that time, due to changes in the steric height gradient across

Fram Strait. The strength of the meridional wind in Fram Strait also influences the

southward velocity in Fram Strait, as shown by a correlation of r=0.55 between the

meridional wind and the velocity-driven FW export anomaly. The intensity of the

meridional wind is in turn set by the east-west SLP gradient between Greenland

and the western Barents Sea (r=0.98). Through changes in the SSH gradient across

Fram Strait and in the meridional wind forcing, the large-scale atmospheric forcing

a"ects the velocity driven FW export anomaly. Figure 3–7b shows that the SLP

pattern correlated with the velocity anomalies of the FW export in Fram Strait is

similar to the NAO pattern. However, the velocity anomaly in Fram Strait also has

a correlation with the Vorticity index (see Table 3–4).

Due to the relationship between the Vorticity index and the FW concentration

and velocity anomalies of the FW export in Fram Strait, the Vorticity index and the

total liquid FW export through Fram Strait have a maximum correlation of r=0.37
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(a)

(b)

Figure 3–10: In (a), the correlation between the FW storage in the top 247 m and the
annual Vorticity index is shown. Correlations below the 95% significance level are
masked by black dots. The dipole pattern in the correlation between the Vorticity
index and the FW export leads to di"erent responses of the Eurasian runo" and the
Pacific FW to the forcing by the Vorticity index. In (b), a di"erence plot of the FW
column [m] from eastern Eurasian runo" between composites of years with a very
positive and very negative annual Vorticity index are shown (composites are formed
from years with one standard deviation larger or smaller than the mean). Red
(blue) colors indicate regions where more (less) eastern Eurasian runo" is present
during positive Vorticity index phases. Hence, this figure shows that during positive
Vorticity index phases, the runo" from eastern Eurasia stays on the shelf, whereas
during negative Vorticity index phases, the simulated runo" leaves the Eurasian shelf
and enters the TDS.
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at zero-year lag and r=$0.43 at a 3-year lag of the FW export behind the Vorticity

index.

3.5.2 CAA

As shown in Fig. 3–7f–g, the CAA FW export as well as the velocity driven FW

export anomaly in the CAA are a"ected by large-scale atmospheric forcing resembling

the AO, in agreement with results of Koenigk et al. (2007) and Jahn et al. (2010a).

Consequently, the highest correlation between an atmospheric index and the CAA

FW export is found for the AO index, with a maximum of r=0.47 for a zero-to-one

year lag of the CAA FW export behind the AO index (for the 3-year running means).

This correlation of the CAA FW export is entirely due to the link between the AO

index and the velocity-driven CAA FW export anomaly (r=0.54 at zero-year lag).

The AO index and the FW concentration-driven CAA FW export anomaly have no

significant correlation.

The AO a"ects the variability of the ocean velocity in the CAA through its

impact on the SSH gradient between the Beaufort Sea and Ba!n Bay (r=0.46 at

a 1-year lag of the SSH gradient) and on the along-strait wind forcing (r=0.58 at

zero-year lag), as these two factors are found to drive the variability of the ocean

velocity in the CAA. In our simulation, changes in the SSH gradient between the

Beaufort Sea and northern Ba!n Bay SSH explain 82% of the variance of the ocean

velocity. This is in general agreement with observations (Prinsenberg and Bennett ,

1987; Kliem and Greenberg , 2003) and previous model results (Newton et al., 2008;

Jahn et al., 2010a). The variability of the SSH gradient, in turn, is mainly influenced

by changes of the SSH in Ba!n Bay (r2=0.70), with SSH changes in the Beaufort

Sea accounting for a smaller fraction of the variability (r2=0.26). Extremely high or

low simulated volume fluxes through the CAA are, however, always due to changes

in the SSH in both regions (one example is the very low FW export in year 474
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(a)

(b)

Pacific FW

North American runoff

Figure 3–11: As Fig. 3–8, but for the FW concentration driven FW export anomalies
in the CAA from (a) Pacific FW, (b) North American runo", (c) eastern and (d)
western Eurasian runo". Figure continues on next page.



Chapter 3: A tracer study of the Arctic Ocean’s liquid freshwater export 104

(c)

(d)

Eastern Eurasian runoff

Western Eurasian runoff

Figure 3–11: (continued)

visible in Fig. 3–2b). Note that the SSH changes in the Beaufort Sea are mainly

due to steric height changes associated with FW storage changes in the Beaufort

Gyre (not shown). Consequently, FW storage anomalies in the Beaufort Gyre have

some influence on the variability of the velocity in the CAA. In addition to the SSH

gradient, the along-strait wind forcing in the CAA also explains 15% of the variance

of the ocean velocity in the CAA. For the total FW export through the CAA, the
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SSH gradient can explain 84% of the variance and the along-strait wind forcing can

explain 12%.

Beside the e"ect on the steric height in the Beaufort Sea, changes in the strength

of the Beaufort Gyre also a"ect the FW concentration anomalies in the CAA. We find

that during times when the Beaufort Gyre is weakened, the concentration of Pacific

FW in the CAA is increased (Fig. 3–11a) because Pacific FW is released from the

Beaufort Gyre due to weaker Ekman pumping. An increase in the concentration of

FW from North American runo" in the CAA, on the other hand, is associated with

a coastal cyclonic circulation anomaly in the Beaufort Sea, together with a stronger

Beaufort Gyre (Fig. 3–11b). This causes the runo" to stay closer to the coast, instead

of spreading out into the Beaufort Sea (Fig. 3–11b). The concentration of Eurasian

runo" in the CAA is also increased during times when the Beaufort Gyre is stronger,

because of more Eurasian runo" entrainment from the TDS (Fig. 3–11c, d). For the

same reason, the concentration of FW from sea-ice melt and formation in the CAA

is also increased during times of a stronger Beaufort Gyre (not shown). However,

due to di"erences in the distribution of FW from sea-ice melt and formation (the

Eurasian shelf is an ice factory), the concentration of FW from sea-ice formation

in the CAA increases more than FW from sea-ice melt. As NSIM is positive in the

CAA at most times, this larger increase in FW from sea-ice formation than from melt

leads to a smaller concentration of NSIM in the CAA during periods of a stronger

Beaufort Gyre (not shown).

The di"erence between the conditions that cause increased concentrations of

Pacific FW in the CAA compared to increased concentrations of FW from North

American and Eurasian runo" explains the out-of-phase relationship between the

Pacific FW concentration export anomaly and the FW export anomaly due to con-

centration changes of FW from runo", which was mentioned in section 3.4.2. These
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FW concentration anomalies therefore cancel each other, and the total FW con-

centration anomaly in the CAA is roughly equal to the NSIM FW concentration

anomaly (see section 3.4.2). Hence, a positive FW concentration anomaly exists in

the CAA during times when the Beaufort Gyre is weak.

3.6 Discussion and Conclusion

Using a 140-year long 1990-equilibrium-simulation from the CCSM3 that in-

cludes FW tracers, we showed that the liquid FW export through Fram Strait is

mainly due to Eurasian runo" (64%) and Pacific FW (48%), with smaller contri-

butions from negative Atlantic FW ($18%), NSIM ($14%), North American runo"

(9%), and net precipitation (5%). In the CAA, the liquid FW export mainly consists

of Pacific FW (59%) and North American river runo" (32%), with smaller contribu-

tions from Eurasian runo" (7%), NSIM (7%), net-precipitation (3%), and negative

Atlantic FW ($3%).

The interannual variability of the simulated Fram Strait FW export is driven

by both changes in FW concentration and in velocity (which explain 36% and 43%

of the variance, respectively). Due to a di"erent mechanism behind the variability of

the FW export from individual sources, the variability of the Fram Strait FW export

shows no simple relationship with any large-scale atmospheric indices.

The largest correlation of the Fram Strait FW export with an atmospheric in-

dex is found for the Vorticity index (in a 550 km radius around 85#N and 125#E),

which a"ects mainly the FW concentration in Fram Strait. For the total FW export

through Fram Strait the correlation with the Vorticity index is r=0.37 at zero-year

lag and r=$0.43 at a 3-year lag of the FW export behind the Vorticity index (for

the 3-year running means). This two-peak correlation pattern is due to the two-fold

e"ect of the atmospheric vorticity in the central Arctic Ocean on the di"erent FW

storage reservoirs: (i) Due to a release of Pacific FW from the Beaufort Gyre during
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years with a positive Vorticity index (cyclonic circulation anomaly), the Pacific FW

concentration in Fram Strait increases within a year. (ii) The transport of river water

o" the Eurasian shelf is decreased during years with a positive Vorticity index (as

also shown by Dmitrenko et al., 2008, in observational data), which then a"ects the

concentration of Eurasian runo" in Fram Strait about 3 years later.

The correlation of the Fram Strait FW export with the AO index is lower than

with the Vorticity index, which shows that for the FW export through Fram Strait

the local atmospheric conditions in the central Arctic Ocean are more important than

the large-scale atmospheric circulation pattern. The southward velocity variability

in Fram Strait, on the other hand, is driven largely by changes in Atlantic inflow,

which a"ect the SSH on the eastern edge of the ECG. These changes are related to

large-scale atmospheric forcing resembling the NAO.

In the CAA, the velocity-driven FW export variability explains most (78%) of

the variance of the simulated liquid FW export, with a smaller role of FW concentra-

tion changes (11%). Due to the dominant role of the velocity, the variability of the

CAA liquid FW export is mainly driven by SSH changes between the Beaufort Sea

and Ba!n Bay (84%), with a smaller contribution from the along-strait wind (12%).

As the SSH gradient and the along-strait wind are correlated with the AO index,

the 3-year running mean of the total liquid CAA FW export also has a correlation

of r=0.47 with the AO, at a 1-year lag of the FW export behind the AO index.

A higher cross-correlation with the AO index in the CAA compared to Fram

Strait agrees with results of Jahn et al. (2010a) obtained from the University of

Victoria Earth System Climate Model (UVic ESCM). However, Jahn et al. (2010a)

found generally higher cross-correlations between the AO index and the FW export,

and a lag of 2–6 years in Fram Strait, in contrast to what is found here. This

di"erence might be partly due to the di"erence between model generated winds



Chapter 3: A tracer study of the Arctic Ocean’s liquid freshwater export 108

(CCSM3) and prescribed NCEP winds (UVic ESCM). More importantly, however,

is the fact that changes in the FW concentration were found to be equally important

for the variability of the Fram Strait FW export in the CCSM3 simulation, but were

not important in the UVic ESCM simulation (Jahn et al., 2010a). We suggest that

these di"erences in the importance of the FW concentration anomalies might be

due in part to the lower vertical resolution of the UVic ESCM (top-layer-thickness

of 50 m) compared to the 10 m top-layer-thickness in the CCSM3. A lower vertical

resolution damps the variability of the salinity signal and hence changes the simulated

FW export variability. Support for the hypothesis that a high vertical resolution

might indeed be important to resolve the role of FW concentration changes for the

Fram Strait FW export variability comes from other model simulations with di"erent

vertical resolutions. Köberle and Gerdes (2007) used a model with a surface layer of

50 m, and found that FW concentration changes are not important for the variability

of the Fram Strait export, similar to the UVic ESCM results. Lique et al. (2009),

on the other hand, used a model with a surface layer thickness of 6 m, and found

that FW concentration changes drive a large part of the variability in Fram Strait,

similar to the CCSM3 results. We therefore suggest that a high vertical resolution

is important for the proper simulation of the FW export variability in Fram Strait.

As the results presented here are from one model only, it would be desirable that

other models also include FW tracers in the future, to test and refine the mechanisms

proposed here. In addition, it is important to note that the channels between the

New Siberian Islands (separating the East Siberian Sea and the Laptev Sea) and the

Eurasian coast are closed in the CCSM3, due to the model resolution. As a result,

the eastward transport of runo" from the Laptev Sea into the East Siberian Sea is

small, and the simulated shifts in the shelf-basin exchange between the Lomonosov

and Mendeleev ridge are not as large as described by Schlosser et al. (2002) and



Chapter 3: A tracer study of the Arctic Ocean’s liquid freshwater export 109

Newton et al. (2008). Furthermore, the closed Nares Strait in the model a"ects the

simulated partitioning between FW from di"erent sources in Fram Strait as well

as the magnitude of the FW export through Fram Strait and the CAA. In spite

of these model shortcomings, the agreement between the simulated and observed

features (e.g., the o"-shelf transport of runo" during negative Vorticity index phases

and the contribution of FW from di"erent sources to the FW export through the

CAA and Fram Strait) gives credibility to the presented model results.

Climate simulations predict large changes in the Arctic during the 21st century,

including a disappearance of the summer sea-ice cover (Holland et al., 2006a; Zhang

and Walsh, 2006; Stroeve et al., 2008; Wang and Overland , 2009) and an increased

liquid FW export from the Arctic (Holland et al., 2006b, 2007; Koenigk et al., 2007;

Arzel et al., 2008). These changes might lead to changes in the Arctic Ocean cir-

culation, as suggested by some model simulations. However, the direction of these

changes remains unknown, due to contradicting model results. For instance, Otter̊a

and Drange (2004) showed that under increased runo" and decreased sea-ice cover,

the simulated Beaufort Gyre circulation is stronger due to increased horizontal den-

sity gradients in the central Arctic and a more e!cient momentum transfer through

the thinner sea-ice cover. However, Gao et al. (2009) found that in a 2 & CO2 simu-

lation, which has a similar climatic e"ect as prescribed by Otter̊a and Drange (2004),

the TDS disappears and the Beaufort Gyre is much weaker. Even though these sim-

ulated changes in the circulation are very di"erent, both would significantly change

the FW pathways and export variability of FW from di"erent sources. We next plan

to investigate these future changes in the Arctic circulation in more detail, to study

how the key mechanisms presented here might change during the 21st century.
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CHAPTER 4

Seasonal cycle of the Fram Strait freshwater export: A model
perspective

This chapter describes the composition of FW in Fram Strait, and it is a com-

panion paper to the article presented in chapter 3. It gives a detailed comparison of

the simulated FW composition in Fram Strait with observations, which shows the

strengths and weaknesses of the model simulation with the CCSM3. Since the model

simulates the full seasonal cycle over many years, this analysis is also very valuable

for researchers working with observations, because observations only provide a two-

to-three week snapshot in each given year, mainly in the summer. Due to the ice

conditions in Fram Strait, these observations are also mainly limited to summer and

fall season, with very few observations for the winter months. The model simulation

can therefore serve as a guide in the interpretation of results from di"erent seasons.

At the same time, they show the skill of the model.

This chapter consists of a paper to be submitted to Geophysical Research Let-

ters: Jahn, A., L. B. Tremblay, R. Newton, M. M. Holland, L. A. Mysak (2010),

Seasonal cycle of the Fram Strait freshwater export: A model perspective.
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Abstract

Fram Strait is an important pathway for the freshwater (FW) export from the Arctic,

but the variability of this FW export is not well known. Using a simulation from

the CCSM3, we show that the seasonal cycle of the liquid Fram Strait FW export is

driven mainly by FW concentration changes due to sea-ice melt. Seasonal velocity-

driven FW export changes have a smaller amplitude, but delay the maximum and

minimum FW export by one month compared to the seasonal cycle of the FW

concentration. Seasonal concentration changes of Pacific FW and meteoric FW are

minor, and their seasonal cycle is controlled by velocity changes. Consequently,

measurements taken during di"erent times of the year can be used to determine

the interannual variability of the concentration of Pacific FW and meteoric water in

Fram Strait, whereas measurements during di"erent seasons are necessary to capture

the interannual variability of the net sea-ice melt concentration.

4.1 Introduction

The East Greenland Current (EGC) carries a large amount of sea ice and liquid

freshwater (FW) from the Arctic through Fram Strait to the North Atlantic. This

export of FW from the Arctic forms an important part of the global hydrological

cycle and has the potential to a"ect the deep water formation in the North Atlantic

(e.g., Aagaard and Carmack , 1989), provided it can reach the interior Labrador

and/or Greenland seas where deep water formation takes place (e.g., Myers, 2005;

Gerdes et al., 2005; Jones et al., 2008; Nilsson et al., 2008; Dodd et al., 2009b).

The magnitude and variability of the FW export are therefore of great interest.

However, the variability of the oceanic FW export is not well understood, due to

the ice conditions in Fram Strait that make oceanographic observations in the EGC

di!cult, especially in winter. Some recent data resolves the seasonal cycle of salinity

in the EGC (Holfort and Hansen, 2005; Holfort and Meincke, 2005; de Steur et al.,
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2009; Dodd et al., 2009a). However, observations of the sources of FW (based on

geochemical tracer analysis) are still restricted to summer and fall. Models can help

in the interpretation of these observations, as they provide a self-consistent data set

that resolves both seasonal and interannual variability.

We present results from a model simulation with passive tracers that allow the

identification of FW from di"erent sources (meteoric, Pacific FW, sea-ice melt, sea-

ice formation). The simulation is used to analyze the seasonal cycle of the FW export

through Fram Strait and to compare the simulated Fram Strait cross section with

observational results from geochemical tracer analysis (e.g., salinity, !18O, silicate,

total alkalinity, barium, phosphate, nitrate).

4.2 Model experiment

The model used in this study is the Community Climate System Model Version 3

(CCSM3), which is a fully coupled global general circulation model. The atmospheric

model has a spectral truncation of T85 (about 1.4#& 1.4#), and the ocean and sea

ice model have a 1# rotated orthogonal grid, in which the North Pole is displaced

into Greenland. A detailed model description can be found in Collins et al. (2006a).

To analyze the composition of the FW export at Fram Strait, we added passive

tracers to the ocean component of the CCSM3, accounting for all the FW fluxes

in the Arctic Ocean. This includes tracers for FW fluxes from river runo" into the

di"erent Arctic shelf seas, precipitation and evaporation over open water areas, sea-

ice melt and formation, as well as for the oceanic FW inflow from the Pacific and

Atlantic oceans. Geochemical observations cannot identify the FW flux due to ice

formation or melt, so the term “sea-ice melt” is used to refer to the sum of sea-ice

formation and melt. To avoid confusion with the sea-ice melt tracer, we refer to the

sum of sea-ice formation and melt as net sea-ice melt (NSIM). NSIM can be positive
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or negative depending on whether more ice formation (addition of brine) or more ice

melt (addition of FW) has occurred in the history of a water parcel.

All tracers in the model are conservative, and their time evolution is described

by the same advection/di"usion equations as used for salinity and temperature. For

consistency with the virtual salt fluxes that are used to add surface FW fluxes to the

model, we use a reference salinity of 34.7 to calculate the FW fluxes, which is the

mean salinity of the ocean. Compared to a reference salinity of 34.8, the commonly

used reference salinity for the Arctic Ocean, this leads to a 5% smaller liquid Fram

Strait FW export in the top 247 m. For more details on the tracers and the FW

budget in the simulation see Jahn et al. (2010c).

The results presented here are obtained from a 140-year-long equilibrium simula-

tion with the CCSM3 under constant 1990 orbital and CO2 forcing. This simulation

is initialized from the end of year 399 of the 1990 equilibrium simulation described

by Collins et al. (2006a). As the tracers need 40 years to reach a quasi-equilibrium

state, only simulation years 440 to 539 are analyzed.

In the following, FW fluxes are calculated over the top 247 m, where most

of the FW export takes place. Note that the simulated Fram Strait FW export

in the top 247 m (5830 km3/yr) is twice as large as the observational estimate of

around 2400 km3/yr (Serreze et al., 2006). This is partly due to the closed Nares

Strait, which adds the liquid FW export through Nares Strait (about 788 km3/yr,

according to Münchow et al., 2006) to the Fram Strait FW export. Furthermore,

the simulated river runo" into the high latitude regions is larger than observed,

which also leads to a larger than observed FW input from Bering Strait. Finally,

the simulated climate in the 1990 equilibrium simulation used here is warmer than

the observed climate of the last decades, as the climate in the equilibrium simulation

is in quasi-steady-state with the orbital and CO2 forcing. Due to the enhanced
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Figure 4–1: Fram Strait cross section of the average annual total liquid FW, Pacific
FW, meteoric FW, and net sea-ice melt FW fractions [in %], relative to a reference
salinity of 34.7. The mean annual velocity field in this section is shown in black
contours (with a line spacing of 2 cm/s; negative velocities are shown as thin lines,
the zero velocity line is shown as a thick line). Due to the rotated model grid, the
latitude of the simulated cross section through Fram Strait varies between 79.1#N
and 79.4#N.

hydrological cycle and more sea-ice melt within the Arctic, this further increases the

simulated liquid FW export through Fram Strait compared to observations from the

end of the 20th century (Holland et al., 2006b, 2007). The relative contributions of

FW from di"erent sources to the FW budget is, however, correctly captured by the

model. In addition, the simulated variability of the FW export through Fram Strait

is comparable with results from other models that have a more realistic mean FW

export through Fram Strait.

4.3 FW composition at Fram Strait

Geochemical tracer observations in Fram Strait are generally used to calculate

water mass fractions (i.e., the contribution of water from distinct sources to the

total volume). In Jones et al. (2008) and in our model, FW fractions are used, which

give the concentration of FW from di"erent sources in the volume. To enable a

comparison of the model results with observations that use water mass fractions, we
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use end-member assumptions for the salinity of Pacific water and sea-ice to convert

water mass fractions into FW fractions. This conversion leads to some error for

the Pacific water, as the salinity of the Bering Strait inflow has a range of salinities

between 31 and 33 (Steele et al., 2004). This would mean that the FW concentration

in the Pacific water is 5–11% - a large range. However, Steele et al. (2004) showed

that the fresher Alaskan Coastal Water (salinities of 31–32) mainly leaves through

the western CAA, whereas the saltier Bering Sea Water (salinities of 32–33) gets

entrained into the Transpolar Drift Stream and leaves the Arctic predominantly

through Nares Strait and Fram Strait. We therefore assume a mean salinity of 32.5

for the Pacific outflow through Fram Strait, which gives a percentage of 6.3% FW

in the Pacific water mass (relative to a reference salinity of 34.7). NSIM, with a

salinity of 3 (Meredith et al., 2001; Taylor et al., 2003; Rabe et al., 2009), has a FW

concentration of 91%.

As the depth-integrated FW column thickness is not available for all observa-

tions, we use the spatial distribution and maximum FW fractions from di"erent

sources to compare the simulated FW composition in Fram Strait (Fig. 4–1) with

observations. The simulated maximum meteoric FW fraction in Fram Strait ranges

between 6 and 11%, with maximum Eurasian runo" fractions of 4–9%, and maxi-

mum North American runo" fractions of 0.7–1.5%. We find that the variance in the

simulated meteoric FW fraction is primarily due to interannual, rather than seasonal

changes. Meredith et al. (2001) and Rabe et al. (2009) find maximum meteoric FW

fractions of 14% and 15% in observations from August-September 1998 and July-

September 1998, 2004, and 2005, respectively. Some studies, including those cited

above, only identify meteoric and NSIM fractions, so that part of the Pacific FW

is included in the meteoric fraction. Taylor et al. (2003) find a maximum fraction

of 14% Eurasian runo" (with an error of ±6%) in October 1998, and no significant
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contribution from North American rivers (smaller than error). Jones et al. (2008)

find a maximum river runo" fraction of 7% in May 2002. In these two studies, Pacific

FW is separated from the runo" fraction.

Apart from capturing the general range of the observed maximum meteoric FW

fraction, the model reproduces many observed features (see Jones et al., 2008; Taylor

et al., 2003), for example larger river runo" fractions than Pacific FW fractions, and

a maximum meteoric fraction located further east than the Pacific FW maximum

(Fig. 4–1). The total meteoric FW export, however, is about twice as large as

observed by Meredith et al. (2001). As noted earlier, the model overestimates the

meteoric FW export due to a too large river input. However, the observational

estimate by Meredith et al. (2001) probably underestimate the total meteoric FW

export, as it does not include fluxes on the Greenland shelf. The simulated FW

distribution in Fram Strait (Fig. 4–1) also extends further east than observed (Taylor

et al., 2003; Jones et al., 2008; Rabe et al., 2009). This is probably caused by the

coarse resolution of the model in Fram Strait (61 km grid width in Fram Strait).

The simulated maximum Pacific FW concentration varies between 3.5% and

6.5%. This variability is primarily due to interannual, not seasonal changes. The

simulated range of maximum Pacific FW concentrations is in general agreement with

observations, which show maximum Pacific FW concentrations between 2% and 6%.

Taylor et al. (2003) found 6% in October 1998, Jones et al. (2003) found 6% in 1997,

1998 and 5.5% in 1999, Falck et al. (2005) found 6% in fall 1984, 1990, and 1997 and

2% in fall 2004, and Jones et al. (2008) found 3% in May 2002. Note that due to

the range in the salinity of the inflow through Bering Strait, these estimates depend

on the choice of the end-member. The model shows large interannual variability in

the Pacific FW content in Fram Strait, but it never shows the very low Pacific FW

content observed by Falck et al. (2005) in 2004, who only found a shallow surface



Chapter 4: Seasonal cycle of the Fram Strait freshwater export 119

layer of Pacific water in Fram Strait. This might be due to the overestimation of the

Pacific FW inflow in the model (Holland et al., 2006b) and/or to the missing FW

export through Nares Strait, which should contain mainly Pacific FW, according to

Jones et al. (2003). In agreement with observations, the model shows the highest

Pacific FW fraction on the Greenland shelf between the surface and 50–100 m depth

(Fig. 4–1). However, as discussed for the meteoric FW, the simulated Pacific FW in

Fram Strait extends further east than observed.

The simulated maximum negative NSIM FW fraction in Fram Strait has a large

seasonal cycle, and ranges between $1.5% and $3.5% in September, and between

$3% and $6% in April. Observations show NSIM maxima of $3% in May 2002

(Jones et al., 2008), $6% in August and September 1998 (Meredith et al., 2001), $7%

in October 1998 (Taylor et al., 2003), and $8%, $10%, and $10% in July–September

1998, 2004, and 2005 (Rabe et al., 2009). In comparison with observations, the

simulated NSIM FW extends too far east, and its maximum is located approximately

50 m deeper than observed (Fig. 4–1). During summer, a small percentage of positive

NSIM from sea-ice melt is present directly at the surface of the EGC, above negative

NSIM from ice-formation (not shown), in agreement with Meredith et al. (2001). The

positive NSIM in eastern Fram Strait cannot be directly compared with observations,

because in the simulation ice melt is only a source for the sea-ice melt tracer inside

the Arctic Ocean, whereas much of the positive NSIM observed in eastern Fram

Strait is from sea-ice melt that occurs outside the Arctic Ocean.

4.4 Seasonal variability of FW export

Results in section 4.3 showed that NSIM has a large seasonal cycle, while the

seasonal cycles of the Pacific and meteoric FW are smaller. To understand these

di"erences and to determine how much the FW export is influenced by these seasonal

changes, we here investigate the details of the seasonal cycle of the FW flux through
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Figure 4–2: (a) Climatological seasonal anomalies of the liquid FW export (black),
the FW export due to NSIM (multiplied by $1 as it is a negative FW flux; cyan),
the Pacific FW export (blue), and the meteoric FW export (red) through Fram
Strait. Also shown is the seasonal cycle of the FW export from sea-ice melt (dark
green) and from sea-ice formation (multiplied by $1 as it is negative; light green).
FW export anomaly in Fram Strait due to (b) FW concentration changes and (c)
velocity changes for the same FW sources as in (a). Negative anomalies show a
smaller FW export than in the annual mean. (d–g) Thickness [m] of the (d) total
liquid FW column, (e) meteoric FW column, (f) Pacific FW column, and (g) NSIM
FW column across Fram Strait. Grey lines show the FW columns for di"erent years
in the simulation, black dashed lines show the FW columns for di"erent months of
the mean seasonal cycle. FW columns are calculated over the top 247 m and relative
to a reference salinity of 34.7.
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Fram Strait. The simulated liquid FW export through Fram Strait is largest in

October and has a minimum in May (see the black line in Fig. 4–2a). This agrees

well with the available observations of the seasonal variability of the salinity in the

EGC, which show minimum salinities in the EGC in September (Dodd et al., 2009a)

and October (Holfort and Meincke, 2005; Holfort and Hansen, 2005), and a salinity

maximum in April/May (Holfort and Meincke, 2005; Holfort and Hansen, 2005).

The range of the simulated mean seasonal cycle of the FW export in Fram Strait

is 1347 km3/yr. Compared to a simulated annual mean Fram Strait FW export of

5830 km3/yr with a standard deviation of 627 km3/yr, the variability represented by

the seasonal cycle of the FW export is large.

The seasonal cycles of individual components of the FW export through Fram

Strait show large di"erences, both in magnitude and in timing (see Fig. 4–2a). The

export of FW from sea-ice melt has the largest seasonal cycle (1175 km3/yr), followed

by export of negative FW from sea-ice formation (983 km3/yr). The net FW flux

due to the sum of ice formation and melt, NSIM, also has a large seasonal cycle

(933 km3/yr), especially compared to its annual mean of $722 km3/yr and a standard

deviation of 230 km3/yr for the annual mean. The seasonal cycles of the Pacific and

meteoric FW export in Fram Strait are smaller, with seasonal ranges of 343 km3/yr

and 385 km3/yr, respectively. Compared to the standard deviation of their annual

means (481 km3/yr and 559 km3/yr, respectively), their seasonal cycles are also

smaller than their interannual variability.

To understand the shape of the seasonal cycle for the total liquid FW export

and for the individual FW sources, we represent the FW export as time-mean com-

ponent and as anomalies due to velocity and FW concentration changes relative to

the long-term average. This shows that the seasonal cycle of the total liquid FW

export in Fram Strait is mainly controlled by changes in the FW concentration of
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the export, which is about twice as large as the seasonal change in the FW export

due to velocity changes (1395 km3/yr versus 682 km3/yr, respectively; see the black

lines in Fig. 4–2b–c). This agrees with observational results of Holfort and Meincke

(2005), who found that the seasonal cycle of the FW export on the Greenland shelf

in the EGC at 74#N is mainly controlled by changes in the salinity rather than by

velocity changes.

The large seasonal change in the simulated liquid FW concentration in Fram

Strait is mainly caused by seasonal changes in the concentration of sea-ice melt-

water in Fram Strait (Fig. 4–2b). Local sea-ice melt in Fram Strait and sea-ice

melt upstream of Fram Strait up to 83#N, rather than the advection of sea-ice melt

from further upstream, is found to be the cause of the seasonal cycle of the sea-ice

melt concentration in Fram Strait. Based on the good correlation between the up-

per ocean salinity and the local sea-ice cover in the EGC at 74#N, a local source

for the seasonal cycle of the sea-ice melt concentration in the EGC was also sug-

gested by Holfort and Meincke (2005). As the simulated seasonal cycle of the sea-ice

melt concentration is almost three times larger than that of the sea-ice formation

concentration (1130 km3/yr versus 334 km3/yr), it dominates the NSIM seasonal

concentration changes. Compared to the interannual variability, the simulated sea-

sonal cycle of NSIM is almost as large as the maximum range between years with

very low and high NSIM concentrations (Fig. 4–2g).

The seasonal cycles of the velocity driven FW export anomaly of sea-ice melt

and formation are almost equally large but have opposite signs (1162 km3/yr ver-

sus $1289 km3/yr), so that they almost cancel out when added to form NSIM

(Fig. 4–2c). The seasonal cycle of the NSIM is therefore mainly due to FW concen-

tration, rather than velocity, changes. In contrast, the seasonal cycle of the meteoric

and Pacific FW export through Fram Strait is dominated by the seasonal cycle of the
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velocity (72% and 85%, respectively), with only small contributions from changes in

the FW concentration (Fig. 4–2b–c). Compared to interannual changes in the FW

concentration, the seasonal cycle of the Pacific and meteoric FW concentration is

very small, as seen in Fig 4–2e–f.

4.5 Concluding Discussion

The CCSM3 simulation reasonably captures the composition of FW from dif-

ferent sources at Fram Strait, as well as the variability of the FW export, but the

mean FW flux is too large compared with observations. In agreement with observa-

tions, the simulated seasonal cycle of the FW export through Fram Strait peaks in

October. It is driven by salinity changes caused by sea-ice melt. The seasonal cycle

of the export velocity has a smaller amplitude and mainly leads to a one month lag

in the timing of the maximum and minimum FW export compared to the seasonal

cycle of the FW concentration.

As the simulated seasonal cycle of the NSIM is close to its maximum in May,

it is surprising that the smallest negative NSIM FW concentration observed so far

occurred in May (Jones et al., 2008). However, the model supports such large inter-

annual changes in the NSIM FW content in Fram Strait. Interestingly, the spatial

structure of the maximum negative NSIM in May 2002 was also very di"erent than

in the simulation or in other observations: It occurred at the surface instead of at

depth and was located around 7–8#W instead of west of 10#W. These changes might

have been a an early sign of the anomalous conditions that occurred in the summer

of 2002 in the Arctic Ocean (Serreze et al., 2003).

Whereas the seasonal cycle of the NSIM is about as large as its interannual

variability, seasonal changes in the export of Pacific and meteoric FW are smaller

than interannual changes. Consequently, measurements taken during di"erent times
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of the year can be used to determine the interannual variability of their concentra-

tion. To capture the interannual variability of the NSIM concentration and export,

however, measurements during di"erent times of the year are necessary.

As sea-ice melt is the main driver of the seasonal cycle of the Fram Strait FW

export, the predicted disappearance of the summer sea-ice extent in the Arctic and

the associated decrease in the sea-ice export (e.g., Holland et al., 2006a) might change

the seasonal cycle of the Fram Strait export during the 21st century.
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CHAPTER 5

Conclusions

5.1 Summary

In this thesis, I presented an analysis of the mechanisms driving the variability of

the liquid FW export from the Arctic Ocean to the North Atlantic. As observations

of the variability of the liquid FW export are not available, model simulations are

necessary to investigate this variability. To this end, I used two models of di"erent

complexity to investigate the mechanisms that drive this variability. The first model

(used in chapter 2) is the University of Victoria Earth System Climate Model (UVic

ESCM), a global model of intermediate complexity driven by NCEP winds. The

second model (used in chapter 3 and 4) is the Community System Climate Model

Version 3 (CCSM3), a fully coupled state-of-the-art global general circulation model

with a higher vertical and horizontal resolution than the UVic ESCM.

In chapter 2, I showed that the simulated variability of the liquid FW export is

mainly controlled by the variability of the large-scale atmospheric circulation over the

Arctic, characterized by the Arctic Oscillation (AO) index. The AO a"ects the FW

export variability through its e"ect on the FW storage in the Arctic Ocean, which in

turn leads to steric height changes that control the sea surface height (SSH) di"erence

across the CAA and Fram Strait. These SSH gradients drive the velocity anomalies

in the CAA and Fram Strait, which are more important than FW concentration

changes for the total variability of the FW export in this simulation. Changes in the

SSH gradient across the CAA and Fram Strait explain 46% and 74% of the variance

of the FW export through the CAA and in Fram Strait. In Fram Strait, the local
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wind forcing also explains a significant part of the variance (25%) of the simulated

liquid FW export through its e"ect on the volume flux. In the CAA, the local wind

forcing plays no significant role, possibly due to the presence of landfast ice.

Averaged over 1950–2007, the correlation between the simulated FW export

through the CAA and the AO index is r=0.71 at a 1-year lag for the 3-year running

means, but only r=0.45 at a 6-year lag for Fram Strait. The lag between the AO and

the Fram Strait FW export, however, was found to be shorter during the earlier part

of the simulation. This change in the lag of the FW export through Fram Strait was

shown to depend on di"erences in the source region for the Fram Strait FW export,

which in turn strongly depends on the position and strength of the Beaufort Gyre

and on the existence of a local ocean circulation cell in the Eurasian basin. Hence,

while the AO index captures changes in the CAA liquid FW export very well, the

relationship between the AO and the Fram Strait liquid FW export is less robust, due

to the influence of the local wind forcing and the e"ect of local circulation changes

in the Eurasian basin.

In chapter 3, I included tracers for FW from di"erent sources in the ocean model

of the CCSM3 to better understand the variability of the FW export from the Arctic.

This allowed a more detailed investigation of the FW export variability, especially

of di"erences in source regions that were found to be important for the variability

of the FW export through Fram Strait in chapter 2. The analysis in chapter 3

and 4 is based on a 1990 equilibrium simulation from the CCSM3, in contrast to

the 1950–2007 hindcast simulation from the UVic ESCM analyzed in chapter 2. I

showed that the simulated FW export through the western CAA comes mainly from

Pacific FW and North American runo", with small contributions from net sea-ice

melt (NSIM), Eurasian runo", net-precipitation, and negative Atlantic FW. In Fram

Strait, the simulated FW export comes mainly from Eurasian runo" and Pacific
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FW, with smaller contributions from negative Atlantic FW, net sea-ice melt, North

American runo", and net precipitation.

In the CAA, the simulated FW export variability is dominated by velocity

anomalies (78%), which are induced by the variability of the SSH gradient between

the Beaufort Sea and Ba!n Bay. FW concentration anomalies contribute less to the

variability of the CAA FW export (11%). Except for the export of Eurasian runo"

through the CAA, the CAA FW export variability from individual sources is also

dominated by velocity anomalies, and is therefore in phase. However, FW concentra-

tion anomalies are more important for the export variability of FW from individual

sources than for the total FW export. The Pacific FW concentration is increased in

the CAA when the Beaufort Gyre is weak, but FW from all other individual sources

is increased when the Beaufort Gyre is strong. As a result the FW concentration

anomalies almost cancel each other out. The remaining FW concentration anomaly

in the CAA is almost equal to the NSIM FW concentration anomaly and it is in-

creased when the Beaufort Gyre is weak. Overall, the simulated liquid CAA FW

export is mainly driven by SSH changes between the Beaufort Sea and Ba!n Bay

(84%), with a smaller contribution from the along-strait wind (12%). The 3-year

running mean liquid FW export and the AO index have a correlation of r=0.47 at a

zero-to-one year lag of the FW export behind the AO, due to the correlation of the

SSH gradient and the wind forcing with the AO.

In contrast to the CAA, the Fram Strait FW export from individual sources is

not generally in phase, due to a much larger influence of FW concentration changes on

the FW export variability (r2=0.36) than in the CAA. It is shown that the simulated

Eurasian runo" export through Fram Strait depends strongly on the release of FW

from the Eurasian shelf, which occurs during years with an anticyclonic circulation

anomaly (negative Vorticity index) and takes 2–3 years to reach Fram Strait after
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leaving the shelf. The variability of the Pacific export on the other hand is mainly

controlled by changes in the Pacific FW stored in the Beaufort Gyre, with increased

export during years with a cyclonic circulation anomaly (positive Vorticity index).

Due to these di"erent mechanisms, the variability of the simulated Fram Strait FW

export shows no simple relationship with any atmospheric forcing indices. The largest

correlation between the Fram Strait FW export and an atmospheric index is found

with the Vorticity index (in a 550 km radius centered around 85# N and 125# E),

rather than with the AO index. This shows that the atmospheric circulation over

the Eurasian Basin, rather than over the total Arctic Ocean or over the Canadian

Basin, has a larger influence on the variability of the liquid Fram Strait FW export.

The correlation between the Vorticity index and the FW export is, however, not

simple, as Eurasian runo" is released from the shelf during the negative Vorticity

index phase, and reaches Fram Strait about 3 years later. Pacific FW, on the other

hand, is released from the Beaufort Gyre during the positive Vorticity index phase,

and reaches Fram Strait within 1 year. The Vorticity index and the FW export

through Fram Strait therefore have a positive correlation at a zero-year lag and a

negative correlation at a 3-year lag.

Compared to the UVic ESCM simulation, the CCSM3 simulation shows a much

larger influence of FW concentration anomalies in Fram Strait. As a consequence,

the FW export through Fram Strait has a much lower correlation with the AO index

in the CCSM3 than in the UVic ESCM, as this correlation is mainly due to the

correlation between the velocity anomalies and the AO index. Both models agree,

however, that velocity changes dominate the FW export variability in the CAA. Also,

in spite of a larger correlation of the AO and the FW export through Fram Strait

in the UVic ESCM, the lag of the correlation changes over time, due to changes in

the sources region of the Fram Strait FW export. These changes in the FW sources
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regions for the liquid FW export trough Fram Strait are also clearly shown in the

CCSM3. Comparisons of results from the UVic ESCM, the CCSM3, and the results

of Köberle and Gerdes (2007) and Lique et al. (2009) with two di"erent models

suggest that the vertical resolution in the surface ocean is important to resolve FW

concentration anomalies in Fram Strait. Hence, simulations with a higher vertical

resolution (the CCSM3 and the model in Lique et al., 2009) show a large influence

of FW concentration changes on the Fram Strait (but not the CAA) FW export.

Models with a lower vertical resolution do not show this e"ect of FW concentration

changes on the FW export in Fram Strait. This suggest that a high vertical resolution

in the surface ocean is crucial to simulate the Fram Strait FW export variability.

In addition, di"erences between the model generated wind forcing and the NCEP

derived wind forcing could also explain some of the di"erences between the CCSM3

and UVic ESCM simulations.

In chapter 4, I showed that the simulated seasonal cycle of the Fram Strait FW

export is controlled by changes in the FW concentration which are caused by sea-ice

melt. The seasonal cycle of the velocity in Fram Strait has a much smaller influence

on the simulated seasonal cycle of the FW export. It only caused a delay of one

month for the maximum and minimum of the seasonal cycle of the Fram Strait FW

export compared to the seasonal cycle of the FW concentration alone. Concentration

changes of FW from other sources than sea-ice melt (i.e., Pacific FW, meteoric FW,

sea-ice formation FW) are small, and do not contribute significantly to the seasonal

cycle of the Fram Strait FW export in the CCSM3. The simulation results suggest

that measurements taken during di"erent times of the year can be used to determine

the interannual variability of their concentration. To correctly capture the inter-

annual variability of the NSIM concentration and export, however, measurements

during di"erent times of the year are necessary, due to the large seasonal cycle of
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the sea-ice melt which is almost as large as the maximum range of its interannual

variability. Given that the seasonal cycle of the FW export is mainly controlled by

sea-ice melt in the EGC, the predicted disappearance of the summer sea-ice extent

in the Arctic and the associated decrease in the sea-ice export (e.g., Holland et al.,

2006a) might change the seasonal cycle of the Fram Strait export during the 21st

century.

5.2 Future Work

The results presented in this thesis suggest many possible directions for future

work. One of them is a detailed investigation of the reasons for the di"erences in the

simulated variability of the Arctic Ocean FW storage and export in di"erent models.

Based on the di"erences between the two models used in this thesis and results from

two other model studies, it appears that the vertical resolution of the surface ocean is

important to correctly resolve the variability of the Fram Strait FW export. To con-

firm this, a detailed process study should be performed. Di"erences in the simulated

FW export between di"erent models might also be due to di"erences in the horizontal

resolution, which is especially important to resolve the narrow channels of the CAA.

Gerdes et al. (2008) presented some first results on the e"ect of di"erent horizontal

resolutions on the simulation of the Arctic FW export. More detailed studies on this

subject would be useful. The use of surface restoring in ocean-ice models is another

possible sources for model di"erences, as it damps the simulated variability of the

FW export (Gerdes et al., 2008). Furthermore, di"erences in the parametrizations of

eddy e"ects can lead to di"erences in model simulations. One example of this is the

neptune e"ect, which has been shown to cause significant di"erences in simulations

(Nazarenko et al., 1998; Holloway , 2004; Holloway et al., 2007, 2009). These kind

of process studies are one of the aims of the Arctic Ocean Intercomparison Project

(AOMIP) (Proshutinsky and Kowalik , 2007). As part of the AOMIP e"orts, I am
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currently analyzing the FW export variability simulated by participating models (in-

cluding the results of the UVic ESCM presented in this thesis), to address some of

these questions and to design more detailed process studies.

Another interesting topic for future research is to investigate how much the liquid

FW export from the Arctic actually a"ects the strength of the deep water formation.

This is important as some models suggest that liquid FW export changes might

a"ect the MOC strength (e.g., Rennermalm et al., 2006, 2007; Arzel et al., 2008;

Jahn et al., 2010a). However, recent observational studies from the East Greenland

Current (Jones et al., 2008; Nilsson et al., 2008; Dodd et al., 2009a) and model

results from higher resolution models (Myers, 2005; Gerdes et al., 2005; Condron

et al., 2009) suggest that the liquid FW does not reach the sensitive deep water

formation regions. To better understand where the FW from the Arctic Ocean goes

after it leaves the Arctic, the FW tracers used in this thesis can be helpful.

FW tracers can also be used to investigate the variability of the FW storage in

the Beaufort Gyre. Many observational studies have used geochemical tracer data to

investigate changes in the composition of the FW storage of the Beaufort Gyre (e.g.,

Macdonald et al., 26; Yamamoto-Kawai et al., 2008; Proshutinsky et al., 2009; Guay

et al., 2009; Yamamoto-Kawai et al., 2009). Model studies can help to understand

these observations, similar to the analysis in chapter 4. This is especially useful as

observed water mass fractions derived with di"erent methods show large di"erences

in the Pacific water concentration in the upper halocline of the Canadian basin.

These di"erences are due to di"erent end-member definitions for the Pacific water.

Jones et al. (1998) used phosphate and nitrate measurements on the Chukchi shelf

to define Pacific water. Ekwurzel et al. (2001), on the other hand, used phosphate

and dissolved oxygen values from the northern Bering Sea to define the Pacific end-

member. As the water on the Chukchi shelf also contains meteoric water from the
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East Siberian rivers, these definitions lead to di"erent Pacific water mass fractions.

In the future, I plan to compare the simulated tracer distribution in the central

Arctic with water mass observations from di"erent cruises, in order to estimate how

much of the di"erence between observations is due to di"erences in the method, and

how much is due to interannual variability.

Last but not least, the future evolution of the FW export variability is an in-

teresting topic for future research, as climate models predict large changes in the

FW export from the Arctic Ocean (Holland et al., 2006b, 2007; Arzel et al., 2008) in

response to the warming of the Arctic and the disappearance of the summer sea-ice

cover by the mid-21st century (Holland et al., 2006a; Zhang and Walsh, 2006; Stroeve

et al., 2008; Wang and Overland , 2009). Which mechanisms lead to these changes

in the FW export, however, remains unknown. The results presented in chapter 4

furthermore suggest that also the seasonal cycle of the Fram Strait FW export might

change. In the future, I will investigate these changes in a 2 & CO2 simulation with

the CCSM3 that includes the FW tracers.
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Appendix: Coding of the FW tracers

Passive FW tracers have been included in the code of the POP model (the ocean
component of the CCSM3), by adding a new subroutine dye mod.F, following the
example of the existing passive tracer subroutines iage mod.F and cfc mod.F. Hooks
have been placed at the appropriate places in subroutine passive tracers.F, following
the example from the existing passive tracers. The subroutines forcing coupled.F
and forcing.F needed to be slightly modified to pass additional variables to pas-
sive tracers.F. A new set-up script (ocn.dye.setup.csh) also needed to be written,
again following the example of the existing tracers. Below is the code of the new
subroutine dye mod.F. We hope that it will be of use for other scientists who want
to include passive FW tracers in their models. Please contact me for an electronic
version of the modified code if you are interested.

! | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
module dye mod

! %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
! Module f o r FW Dye Tracers
! w r i t t en by Alexandra Jahn
! CVS: $Id : dye mod .F, v 1 .114 .1
! CVS:$Name: ccsm3 0 1 beta29 $

! Last change Apr i l 28 th 2009
! %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

use exit mod , only : exit POP
use domain , only : imt , jmt
use mode l s i ze , only : km
use constants , only : c0 , c1
use g l o ba l r educ t i o n s , only : b r o adca s t s c a l a r
use kinds mod
implicit none
private
public : :

& dye t r a c e r cn t
&, dye tracer names
&, d y e i n i t
&, d y e s e t i n t e r i o r
&, d y e s e t s f l u x

save
! %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

integer (kind=in t k i nd ) , parameter : : d y e t r a c e r cn t = 12
character ( len=cha r l e n ) , dimension( dy e t r a c e r cn t ) ,

& parameter : :
& dye tracer names = (/ ’DYE BAR’ , ’DYE KAR’ , ’DYE LAP’ ,
& ’DYE ESS’ , ’DYE BFT’ , ’DYE MLT’ , ’DYE PRC’ ,
& ’DYE BER’ , ’DYE ICE’ , ’DYE EVP’ , ’DYE ATL’ ,
& ’DYE GRE’ /)
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! Dye Tracers :
! 1 = DYE BAR: r i v e r s t ha t drain in t o Barents Sea ( Severna Dvina ,

Pechora )
! 2 = DYE KAR: r i v e r s t ha t drain in t o Kara Sea (Ob and Yenisey )
! 3 = DYE LAP: r i v e r s t ha t drain in t o Laptev Sea (Lena )
! 4 = DYE ESS : r i v e r s t ha t drain in to East S ibe r ian Sea ( Ind ig i r ka ,
! Kolyma)
! 5 = DYE BFT: r i v e r s t ha t drain in t o Beaufort Sea ( Mackenzie )
! 6 = DYE MLT: sea$i c e melt
! 7 = DYE PRC: p r e c i p i t a t i o n ( rain + snow ) f a l l i n g in t o the Arct ic
! Ocean
! 8 = DYE BER: Bering S t r a i t FW in f l ow
! 9 = DYE ICE: sea i c e format ion ( f r a z i l and o ther )
! 10 = DYE EVP: evaporat ion from the ocean
! 11 = DYE ATL: A t l an t i c FW t rac e r ( can be n ega t i v e and p o s i t i v e ! )
! 12 = DYE GRE: r i v e r runo f f from Greenland and the northern CAA
! %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

contains
! %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

subroutine dy e i n i t ( t r a c e r s r e t r i e v e d f r om r e s t a r t ,
& TRACERMODULE)

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! i n i t i a l i z e dye t r a c e r
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

use domain , only : my task , master task
use io , only : stdout , nml in , nml f i lename , r e c l db l ,

& o p e n p a r a l l e l f i l e , r ead ar ray , c l o s e p a r a l l e l f i l e
use gr id , only : topo smooth , f i l l p o i n t s
use prognost i c , only : curtime , o ldt ime

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! inpu t / outpu t v a r i a b l e s
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

l og ica l (kind=log k ind ) , intent ( in ) : :
& t r a c e r s r e t r i e v e d f r o m r e s t a r t ! t r a c e r s read from r e s t a r t ?

real (kind=dbl k ind ) , dimension( imt , jmt ,km, dye t r a ce r cnt , 3 ) ,
& intent ( inout ) : : TRACERMODULE

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! l o c a l v a r i a b l e s
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

integer (kind=in t k i nd ) : :
& k , ! v e r t i c a l l e v e l index
& nml error , ! name l i s t i /o er ror f l a g
& nu ! i /o un i t number
character ( cha r l e n ) : :

& i n i t d y e o p t i o n ! opt ion f o r i n i t i a l i z a t i o n o f dye
character ( cha r l e n l o ng ) : :

& i n i t d y e f i l e ! f i l ename fo r opt ion ’ f i l e ’
namelist /dye nml/

& in i t dy e op t i o n , i n i t d y e f i l e
i n i t d y e o p t i o n = ’unknown ’
i n i t d y e f i l e = ’unknown ’
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i f ( my task == master task ) then
nml er ror = $1
open ( nml in , f i l e=nml f i lename , status=’old ’ )

10 continue ! %%% keep reading u n t i l f i n d r i g h t name l i s t
read ( nml in , nml=dye nml , err=10, end=20)
close ( nml in )
nml er ror = 0

20 continue
end i f

ca l l b r o adca s t s c a l a r ( nml error , master task )
i f ( nml er ror /= 0) then

cal l exit POP ( ’ERROR: read ing dye nml ’ )
endif

i f ( my task == master task ) then
write ( stdout , % ) ’ ’
write ( stdout , % ) ’ Document Namelist Parameters : ’
write ( stdout , % ) ’ ============================ ’
write ( stdout , % ) ’ ’
write ( stdout , dye nml )
write ( stdout , % ) ’ ’

endif

ca l l b r o adca s t s c a l a r ( i n i t dy e op t i o n , master task )
cal l b r o adca s t s c a l a r ( i n i t d y e f i l e , master task )

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! i n i t i a l i z e Dye Tracer based on i n i t d y e o p t i o n
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

se lect case ( i n i t d y e o p t i o n )
case ( ’ startup ’ , ’ zero ’ , ’ hybrid ’ )

! added hybr id to avoid model e x i t i n g on f i r s t r e s t a r t from e x i s t i n g
! runs because no dye t r a c e r s in r e s t a r t

TRACERMODULE = c0

i f ( my task == master task ) then
write ( stdout , 1000 )
write ( stdout , % ) ’ I n i t i a l 3$d Dye Tracer s e t to a l l ze ros ’
write ( stdout , 1000 )

endif

case ( ’ continue ’ , ’ branch ’ ) ! , ’ hybrid ’ )

i f ( . not . t r a c e r s r e t r i e v e d f r o m r e s t a r t ) then
cal l exit POP ( ’ expect ing dye t r a c e r s to be read from ’ //

& ’ r e s t a r t f i l e , but they are not there ’ ,
& no rma l ex i t=. f a l s e . )

end i f

i f ( my task == master task ) then
write ( stdout , 1000 )
write ( stdout , % ) ’Dye Tracer read from r e s t a r t f i l e ’
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write ( stdout , 1000 )
endif

case ( ’ f i l e ’ )

i f ( my task == master task ) then
write ( stdout , 1000 )
write ( stdout , % ) ’ I n i t i a l dye t r a c e r read from f i l e : ’ ,

& trim ( i n i t d y e f i l e )
endif

ca l l o p e n p a r a l l e l f i l e (nu , i n i t d y e f i l e , r e c l d b l )
cal l r ead a r r ay (nu ,TRACERMODULE( : , : , : , 1 , curt ime ) )
cal l c l o s e p a r a l l e l f i l e (nu )

i f ( my task == master task ) then
write ( stdout , % ) ’ f i l e read s u c c e s s f u l ’
write ( stdout , 1000 )

endif

i f ( topo smooth ) then
do k=1,km

cal l f i l l p o i n t s (k ,TRACERMODULE( : , : , k , 1 , curt ime ) )
enddo

endif

TRACERMODULE( : , : , : , : , o ldt ime ) = TRACERMODULE( : , : , : , : , curt ime )

case default

ca l l exit POP ( ’Unknown dye t r a c e r i n i t i a l i z a t i o n option ’ )

end select

1000 format (72( ’ $ ’ ) )

end subroutine dy e i n i t

! %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
subroutine d y e s e t i n t e r i o r (SAL,VVEL,UVEL,DTRACERMODULE,TRACER)

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! s e t i n t e r i o r source term fo r Bering S t r a i t dye t r a c e r
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

use gr id , only : TLAT,TLONG,REGION MASK,HTN,HTE,DXU,DYT,DYU,DXT
use domain , only : j g l o b a l , i g l o b a l
use constants , only : radian , rho fw

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! inpu t / outpu t v a r i a b l e s
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

real (kind=dbl k ind ) , dimension( imt , jmt ) , intent ( in ) : :
& SAL, ! s a l i n i t y ( in ppt )
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& VVEL, ! ocean v e l o c i t y in g r i d y$d i r e c t i o n ( in cm/s )
& UVEL ! ocean v e l o c i t y in g r i d u$d i r e c t i o n ( in cm/s )

real (kind=dbl k ind ) , dimension( imt , jmt , dy e t r a c e r cn t ) ,
& intent ( in ) : : TRACER ! Dye t r a c e r va lu e s at current t imes t ep

real (kind=dbl k ind ) , dimension( imt , jmt , dy e t r a c e r cn t ) ,
& intent ( inout ) : : DTRACERMODULE

real (kind=dbl k ind ) , dimension( imt , jmt ) : :
& dye concent r a t i on ! sum of a l l dye t r a c e r s

integer (kind=in t k i nd ) : :
& kk ! running argument f o r t r a c e r s

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! l o c a l parameters
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

integer (kind=in t k i nd ) : :
& b e r i n g s t r a i t j g l o b a l , ! l a t i t u e o f Bering S t r a i t in model
& f r a m s t r a i t i g l o b a l , ! l on g i t u de o f Fram S t r a i t in model
& j ,
& i

b e r i n g s t r a i t j g l o b a l = 333 .0 ! 333.0 ( l a s t box ou t s i d e Arct ic )
f r a m s t r a i t i g l o b a l = 93 .0 ! 93.0 ( l a s t box ou t s i d e Arct ic )

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! compute i n t e r i o r source term fo r Bering S t r a i t dye t r a c e r
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

DTRACERMODULE = c0

do j =1, jmt
i f ( j g l o b a l ( j ) == b e r i n g s t r a i t j g l o b a l ) then

do i =2, imt
i f ( t l ong ( i , j ) > 180 / rad ian . and .

& t long ( i , j ) < 200 / rad ian ) then
i f ( (VVEL( i , j ) % DXU( i , j ) + VVEL( i $1, j ) % DXU( i $1, j ) )

& >= 0 .0 ) then
DTRACERMODULE( i , j +1 ,8) = DTRACERMODULE( i , j +1 ,8)

& + ( (3 4 . 7 $ SAL( i , j ) ) / 34 .7 )
& % (VVEL( i , j ) % DXU( i , j ) + VVEL( i $1, j ) %DXU( i $1, j ) )
& / (2 % HTN( i , j ) ) % rho fw / DYT( i , j )

endif
endif

enddo
endif

enddo
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! $ Compute i n t e r i o r source term fo r A t l an t i c FW dye t r a c e r ( can be
! n e ga t i v e or p o s i t i v e )
! $ remove t r a c e r from At l an t i c Tracer i f any FW t rac e r i s be ing
! re$imported
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$



Appendix 138

! sum up a l l dyes f o r use in r e c i r c u l a t i o n c a l c u l a t i o n
dye concent r a t i on = 0
do kk=1, dy e t r a c e r cn t

dye concent r a t i on ( : , : )=dye concent r a t i on ( : , : )
& + TRACER( : , : , kk )
enddo

!===Fram S t r a i t s e c t i on
do i =1, imt

i f ( i g l o b a l ( i ) == f r a m s t r a i t i g l o b a l ) then
do j =2, jmt

i f ( t l a t ( i , j ) > 78 .9 / rad ian . and . (UVEL( i , j ) % DYU( i , j )
& + UVEL( i , j $1) % DYU( i , j $1)) >= 0 .0 ) then

DTRACERMODULE( i +1, j , 1 1 ) = DTRACERMODULE( i +1, j , 1 1 )
& + ( (3 4 . 7 $ SAL( i , j ) ) / 34 .7 % rho fw
& $ dye concent r a t i on ( i , j ) )
& % (UVEL( i , j ) % DYU( i , j ) + UVEL( i , j $1) %DYU( i , j $1))
& / (2 % HTE( i , j ) ) / DXT( i , j )

endif
enddo

endif
enddo

!===Barents Opening s e c t i on East west f l ow
do j =1, jmt

do i =1, imt
i f ( (UVEL( i , j ) % DYU( i , j ) + UVEL( i , j $1) % DYU( i , j $1) )

& >= 0 .0 ) then
i f ( i g l o b a l ( i )==69.0 . and . j g l o b a l ( j )==359

& . or . i g l o b a l ( i )==70.0 . and . j g l o b a l ( j )==360
& . or . i g l o b a l ( i )==73.0 . and . j g l o b a l ( j )==361
& . or . i g l o b a l ( i )==74.0 . and . j g l o b a l ( j )==362
& . or . i g l o b a l ( i )==75.0 . and . j g l o b a l ( j )==363
& . or . i g l o b a l ( i )==77.0 . and . j g l o b a l ( j )==364
& . or . i g l o b a l ( i )==78.0 . and . j g l o b a l ( j )==365
& . or . i g l o b a l ( i )==80.0 . and . j g l o b a l ( j )==366
& . or . i g l o b a l ( i )==82.0 . and . j g l o b a l ( j )==367 ) then

DTRACERMODULE( i +1, j , 1 1 ) = DTRACERMODULE( i +1, j , 1 1 )
& + ( (3 4 . 7 $ SAL( i , j ) ) / 34 .7 % rho fw
& $ dye concent r a t i on ( i , j ) )
& % (UVEL( i , j ) % DYU( i , j ) + UVEL( i , j $1) %DYU( i , j $1))
& / (2 % HTE( i , j ) ) / DXT( i , j )

endif
endif

enddo
enddo

!==== Barents Opening s e c t i on f o r north$sou th f l ow .

! Note t ha t a f l u x in t o the Arct ic through t h i s s e c t i on i s n e ga t i v e
! ( southward ) , so we need to mu l t i p l y by ($1) i f we want to add a
! f l u x when we have a volume f l u x in t o the Arct ic Ocean .
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do j =1, jmt
do i =1, imt

i f ( (VVEL( i , j ) % DXU( i , j ) + VVEL( i $1, j ) % DXU( i $1, j ) )
& <= 0 .0 ) then

i f ( j g l o b a l ( j ) == 359 . and . i g l o b a l ( i ) == 70
& . or . j g l o b a l ( j ) == 360 . and . i g l o b a l ( i ) > 70
& . and . i g l o b a l ( i ) < 74
& . or . j g l o b a l ( j ) == 361 . and . i g l o b a l ( i ) == 74
& . or . j g l o b a l ( j ) == 362 . and . i g l o b a l ( i ) == 75
& . or . j g l o b a l ( j ) == 363 . and . i g l o b a l ( i ) > 75
& . and . i g l o b a l ( i ) < 78
& . or . j g l o b a l ( j ) == 364 . and . i g l o b a l ( i ) == 78
& . or . j g l o b a l ( j ) == 365 . and . i g l o b a l ( i ) > 78
& . and . i g l o b a l ( i ) < 81
& . or . j g l o b a l ( j ) == 366 . and . i g l o b a l ( i ) > 80
& . and . i g l o b a l ( i ) < 83
& . or . j g l o b a l ( j ) == 367 . and . i g l o b a l ( i ) > 82
& . and . i g l o b a l ( i ) < 85 ) then

DTRACERMODULE( i , j , 1 1 ) = DTRACERMODULE( i , j , 1 1 )
& + ( (3 4 . 7 $ SAL( i , j +1) ) / 34 .7 % rho fw
& $ dye concent r a t i on ( i , j +1) )
& % (VVEL( i , j ) % DXU( i , j ) + VVEL( i $1, j ) %DXU( i $1, j ) )
& / (2 % HTN( i , j ) ) / DYT( i , j ) % ($1.0)

endif
endif

enddo
enddo

end subroutine d y e s e t i n t e r i o r

! %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
subroutine dy e s e t s f l u x (ROFF F,EVAP F,MELT F,PREC F,SALT F ,

& QFLUX SEND,STF MODULE)

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! compute su r face f l u x e s f o r dye t r a c e r s
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

use gr id , only : TLAT, TLONG, REGION MASK
use constants , only : radian , l a t en t h e a t f u s i o n mks

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! argument de c l a r a t i on s
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

real (kind=dbl k ind ) , dimension( imt , jmt ) , intent ( in ) : :
& ROFF F, ! r i v e r runo f f f l u x ( kg/mˆ2/ s )
& EVAP F, ! evaporat ion f l u x ( kg/mˆ2/ s )
& MELT F, ! melt f l u x ( kg/mˆ2/ s )
& PREC F, ! p r e c i p i t a t i o n f l u x ( kg/mˆ2/ s )
& SALT F, ! s a l t f l u x ( kg ( s a l t )/mˆ2/ s )
& QFLUX SEND ! l a t e n t heat f l u x from f r a z i l i c e formation (W/mˆ2)

real (kind=dbl k ind ) , dimension( imt , jmt , dy e t r a c e r cn t ) ,
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& intent ( inout ) : : STF MODULE ! su r face f l u x e s ( fmol /cmˆ2/ s )

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! l o c a l parameters
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

STF MODULE = c0

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! compute su r face f l u x e s
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! Note t ha t ROFF F, EVAP F, MELT F, PREC F are a l l in kg/mˆ2/s ,
! bu t t r a c e r su r face f l u x e s are assumed to be in g/cmˆ2/ s by the
! model . This i s why we mu l t i p l y by 0 .1 , to concer t kg/mˆ2/ s to
! g/cmˆ2/ s
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! Sur face sources f o r t r a c e r s are : r i v e r s , sea i c e melt , p r e c i p i t a t i o n

!=== River runo f f in t o d i f f e r e n t Arct ic S h e l f Seas

where (REGION MASK == 10) ! on ly over Arct ic Ocean reg ion

where ( t l a t > 60 .0 / rad ian . and . t l a t <= 70.2 / rad ian . and .
& t long > 16 .0 / rad ian . and . t l ong <= 60.8 / rad ian )

STF MODULE( : , : , 1 ) = ROFF F % 0 .1
e l s ewher e ( t l a t > 70 .2 / rad ian . and . t l a t <= 70.6 / radian . and .

& t long > 16 .0 / rad ian . and . t l ong <= 56.3 / rad ian )
STF MODULE( : , : , 1 ) = ROFF F % 0 .1

e l s ewher e ( t l a t > 70 .6 / rad ian . and . t l a t <= 74.9 / radian . and .
& t long > 16 .0 / rad ian . and . t l ong <= 55.5 / rad ian )

STF MODULE( : , : , 1 ) = ROFF F % 0 .1
e l s ewher e ( t l a t > 74 .9 / rad ian . and . t l a t <= 79.9 / radian . and .

& t long > 16 .0 / rad ian . and . t l ong <= 62.0 / rad ian )
STF MODULE( : , : , 1 ) = ROFF F % 0 .1

endwhere

where ( t l a t > 62 .0 / rad ian . and . t l a t <= 70.2 / rad ian . and .
& t long > 60 .8 / rad ian . and . t l ong <= 100 .5 / rad ian )

STF MODULE( : , : , 2 ) = ROFF F % 0 .1
e l s ewher e ( t l a t > 70 .2 / rad ian . and . t l a t <= 70.6 / radian

& . and . t l ong > 56 .3 / rad ian . and . t l ong <= 100 .5 / rad ian )
STF MODULE( : , : , 2 ) = ROFF F % 0 .1

e l s ewher e ( t l a t > 70 .6 / rad ian . and . t l a t <= 74.9/ rad ian . and .
& t long > 55 .5 / rad ian . and . t l ong <= 100 .5 / rad ian )

STF MODULE( : , : , 2 ) = ROFF F % 0 .1
e l s ewher e ( t l a t > 74 .9 / rad ian . and . t l a t <= 79.9 / radian

& . and . t l ong > 62 .0 / rad ian . and . t l ong <= 100 .5 / rad ian )
STF MODULE( : , : , 2 ) = ROFF F % 0 .1

endwhere

where ( t l a t > 62 .0 / rad ian . and . t l a t <= 79.9 / rad ian . and .
& t long > 100 .5 / rad ian . and . t l ong <= 140 .0 / rad ian )

STF MODULE( : , : , 3 ) = ROFF F % 0 .1
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endwhere

where ( t l a t > 66 .0 / rad ian . and . t l a t <= 77.5 / rad ian . and .
& t long > 140 .0 / rad ian . and . t l ong <= 190 .0 / rad ian )

STF MODULE( : , : , 4 ) = ROFF F % 0 .1
endwhere

where ( t l a t > 66 .0 / rad ian . and . t l a t <= 75.7 / rad ian . and .
& t long > 190 .0 / rad ian . and . t l ong <= 260 .0 / rad ian )

STF MODULE( : , : , 5 ) = ROFF F % 0 .1
e l s ewher e ( t l a t > 75 .7 / rad ian . and . t l a t <= 77.5 / radian . and .

& t long > 190 .0 / rad ian . and . t l ong <= 242 .8 / rad ian )
STF MODULE( : , : , 5 ) = ROFF F % 0 .1

endwhere

where ( t l a t > 66 .0 / rad ian . and . t l a t <= 90.0 / rad ian . and .
& t long > 260 .0 / rad ian . and . t l ong <= 360 .0 / rad ian )

STF MODULE( : , : , 1 2 ) = ROFF F % 0 .1
e l s ewher e ( t l a t > 75 .7 / rad ian . and . t l a t <= 77.5 / radian . and .

& t long > 242 .8 / rad ian . and . t l ong <= 260 .0 / rad ian )
STF MODULE( : , : , 1 2 ) = ROFF F % 0 .1

e l s ewher e ( t l a t > 66 .0 / rad ian . and . t l a t <= 90.0 / radian . and .
& t long > 0 .0 / rad ian . and . t l ong <= 16.0 / rad ian )

STF MODULE( : , : , 1 2 ) = ROFF F % 0 .1
e l s ewher e ( t l a t > 77 .5 / rad ian . and . t l a t <= 90.0/ rad ian . and .

& t long > 140 .0 / rad ian . and . t l ong <= 260 .0 / rad ian )
STF MODULE( : , : , 1 2 ) = ROFF F % 0 .1

e l s ewher e ( t l a t > 79 .9 / rad ian . and . t l a t <= 90.0/ rad ian . and .
& t long > 16 .0 / rad ian . and . t l ong <= 140 .0 / rad ian )

STF MODULE( : , : , 1 2 ) = ROFF F % 0 .1
endwhere

endwhere !REGION MASK endwhere

!=== Prec i p i t a t i o n over Arct ic Ocean ( snow + rain ) ONLY
where (REGION MASK == 10)

STF MODULE( : , : , 7 ) = PREC F % 0 .1
endwhere

!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
! ==> MELT F i s l a r g e r than the ac t u a l FW f l u x due to i c e melt or
! formation , and we need to use SALT F, which g i v e s the s a l t f l u x
! due to i c e melt and formation , to determine FW f l u x
! ==> For f r a z i l ice , i c e a l s o has s a l i n i t y o f 4 , bu t t h i s i s not
! in c luded in SALT F, as f r a z i l i c e forms d i r e c t l y in ocean model
! where s a l i n i t y change i s d i r e c t l y accounted f o r
!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

!=== Sea i c e melt in Arct ic ONLY ( accounts f o r s a l i n i t y o f i c e melt )
where (REGION MASK == 10 . and . MELT F > 0)

STF MODULE( : , : , 6 ) = (MELT F $ SALT F%1000/34 .7 ) % 0 .1
endwhere
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! Two t r ac e r s f o r FW s in k s : sea i c e formation and evaporat ion in the
! Arct ic Ocean

!=== Sea i c e formation in sea i c e model ( ex c ludes f r a z i l i c e formation )
where (REGION MASK == 10 . and . MELT F < c0 )

STF MODULE( : , : , 9 ) = STF MODULE( : , : , 9 ) +
& (MELT F $ SALT F%1000/34 .7 ) % 0 .1

endwhere
!=== Sea i c e formation in ocean model ( f r a z i l i c e formation )

where (REGION MASK == 10 . and . QFLUX SEND > 0)
STF MODULE( : , : , 9 ) = STF MODULE( : , : , 9 )

& $ QFLUX SEND/ l a t en t h e a t f u s i o n mks % (1 $ 4 . 0 / 3 4 . 7 ) % 0 .1
endwhere

!=== Evaporat ion
where (REGION MASK == 10 . and . EVAP F < c0 )

STF MODULE( : , : , 1 0 )= EVAP F % 0 .1
endwhere

end subroutine dy e s e t s f l u x
! %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

end module dye mod
! | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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Köberle, C., and R. Gerdes (2007), Simulated variability of the Arctic Ocean

freshwater balance 1948–2001, J. Phys. Oceanogr., 37 (6), 1628–1644, doi:

10.1175/JPO3063.1.

Koenigk, T., U. Mikolajewicz, H. Haak, and J. Jungclaus (2007), Arctic fresh-

water export in the 20th and 21st centuries, J. Geophys. Res., 112, doi:

10.1029/2006JG000274.

Komuro, Y., and H. Hasumi (2005), Intensification of the Atlantic deep circulation

by the Canadian Archipelago throughflow, J. Phys. Oceanogr., 35 (5), 775–789,

doi:10.1175/JPO2709.1.

Kuzmina, S. I., L. Bengtsson, O. M. Johannessen, H. Drange, L. P. Bobylev, and

M. W. Miles (2005), The North Atlantic Oscillation and greenhouse-gas forcing,

Geophys. Res. Lett., 32, doi:10.1029/2004GL021064.

Kwok, R., and D. A. Rothrock (1999), Variability of Fram Strait ice flux

and North Atlantic Oscillation, J. Geophys. Res., 104 (C3), 5177–5190, doi:

10.1029/1998JC900103.

Kwok, R., G. F. Cunningham, and S. S. Pang (2004), Fram Strait sea ice outflow,

J. Geophys. Res., 109, doi:10.1029/2003JC001785.

Lammers, R. B., A. I. Shiklomanov, C. J. Vörösmarty, B. M. Fekete, and
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Steiner, N., G. Holloway, R. Gerdes, S. Häkkinen, D. Holland, M. Karcher, F. Kauker,

W. Maslowski, A. Proshutinsky, M. Steele, and J. Zhang (2004), Comparing mod-

eled streamfunction, heat and freshwater content in the Arctic Ocean, Ocean

Model., 6, 265–284, doi:10.1016/S1463-5003(03)00013-1.

Strand, P., B. J. Howard, A. Aarkrog, M. Balonov, Y. Tsaturov, J. M. Bewers,

A. Salo, M. Sickel, R. Bergman, and K. Rissanen (2002), Radioactive contam-

ination in the Arctic–sources, dose assessment and potential risks, J. Environ.

Radioact., 60 (1–2), 5–21, doi:10.1016/S0265-931X(01)00093-5.



References 165

Stroeve, J., M. M. Holland, W. Meier, T. Scambos, and M. Serreze (2007),

Arctic sea ice decline: Faster than forecast, Geophys. Res. Lett., 34, doi:

10.1029/2007GL029703.

Stroeve, J., M. Serreze, S. Drobot, S. Gearheard, M. Holland, J. Maslanik, W. Meier,

and T. Scambos (2008), Arctic sea ice extent plummets in 2007, Eos Trans. AGU,

89 (2), 13–14, doi:10.1029/2008EO020001.

Taylor, J. R., K. Falkner, U. Schauer, and M. Meredith (2003), Quantitative con-

siderations of dissolved barium as a tracer in the Arctic Ocean, J. Geophys. Res.,

108 (C12), doi:10.1029/2002JC001635.

Thorndike, A. S., D. S. Rothrock, G. A. Maykut, and R. Colony (1975),

Thickness distribution of sea ice, J. Geophys. Res., 80 (C33), 4501–4513, doi:

10.1029/JC080i033p04501.

Timmermans, M.-L., J. Toole, R. Krishfield, and P. Winsor (2008), Ice-Tethered Pro-

filer observations of the double-di"usive staircase in the Canada Basin thermocline,

J. Geophys. Res., 113, doi:10.1029/2008JC004829.

Tremblay, L.-B. (2001), Can we consider the Arctic Oscillation independently

from the Barents Oscillation?, Geophys. Res. Lett., 28 (22), 4227–4230, doi:

10.1029/2000GL013740.

Trenberth, K. E. (1990), Recent observed interdecadal climate changes in the North-

ern Hemisphere, Bull. Amer. Meteor. Soc., 71 (7), 988–993, doi:10.1175/1520-

0477(1990)071<0988:ROICCI>2.0.CO;2.

Trenberth, K. E., and J. W. Hurrell (1994), Decadal atmosphere-ocean variations in

the Pacific, Clim. Dyn., 9 (6), 303–319, doi:10.1007/s003820050027.

Treshnikov, A. F. (1971), Oceanological investigations in the Arctic and Antarctic

during the Soviet regime, Oceanol. USSR, 11 (5), 684, ".



References 166

Tsukernik, M., C. Deser, M. Alexander, and R. Tomas (2009), Atmospheric forcing of

Fram Strait sea ice export: a closer look, Clim. Dyn., in press, doi:10.1007/s00382-

009-0647-z.

Tucker, W. B., J. W. Weatherly, D. T. Eppler, L. D. Farmer, and D. L. Bentley

(2001), Evidence for rapid thinning of sea ice in the weastern Arctic Ocean at the

end of the 1980’s, Geophys. Res. Lett., 28, 2851–2854, doi:10.1029/2001GL012967.

Vinje, T. (2001), Fram Strait ice fluxes and atmospheric circula-

tion: 1950–2000, J. Climate, 14 (16), 3508–3517, doi:10.1175/1520-

0442(2001)014<3508:FSIFAA>2.0.CO;2.
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