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ABSTRACT

A subpolar marginal sea, like the Nordic seas, is a transition zone between the temperature-stratified

subtropics (the alpha ocean) and the salinity-stratified polar regions (the beta ocean). An inflow of

Atlantic Water circulates these seas as a boundary current that is cooled and freshened downstream,

eventually to outflow as Deep and Polar Water. Stratification in the boundary region is dominated by a

thermocline over the continental slope and a halocline over the continental shelves, separating Atlantic

Water from Deep and Polar Water, respectively. A conceptual model is introduced for the circulation

and water mass transformation in a subpolar marginal sea to explore the potential interaction between

the alpha and beta oceans. Freshwater input into the shelf regions has a slight strengthening effect

on the Atlantic inflow, but more prominently impacts the water mass composition of the outflow.

This impact of freshwater, characterized by enhancing Polar Water outflow and suppressing Deep

Water outflow, is strongly determined by the source location of freshwater. Concretely, perturbations

in upstream freshwater sources, like the Baltic freshwater outflow into the Nordic seas, have an order

of magnitude larger potential to impact water mass transports than perturbations in downstream

sources like the Arctic freshwater outflow. These boundary current dynamics are directly related to

the qualitative stratification in transition zones and illustrate the interaction between the alpha and

beta oceans.

1. Introduction

TheNordic seas play a crucial role in the global ocean,

as they connect the North Atlantic to the Arctic Ocean.

Oceanic transports of mass, heat, and salt through this

marginal sea complete the global thermohaline circula-

tion (e.g., Kuhlbrodt et al. 2007) and the global hydro-

logical cycle (e.g., Haine et al. 2015). Because of its

placement, the Nordic seas reside between the sub-

tropics, where temperature dominates stratification

(the alpha ocean), and the polar regions, where salinity

dominates stratification (the beta ocean; Carmack

2007). The Nordic seas are a transition zone (Sverdrup

et al. 1942; Stewart and Haine 2016) where both tem-

perature and salinity contribute significantly to stratifi-

cation. In this study, we illustrate that this relatively rare

density structure introduces novel dynamics governing

the circulation and water mass transformation in a

marginal sea.

The Nordic seas (Fig. 1) host significant water mass

transformation of Atlantic Water (AW) through net

cooling and freshening. As AW enters the marginal

sea across the Greenland–Scotland Ridge, it is trans-

formed into both denser and lighter water masses which

largely exit the Nordic seas across the same gateway
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(e.g., Hansen andØsterhus 2000). We will refer to the

dense water masses collectively as Deep Water (DW;

cold) and to the light water masses as Polar Water

(PW; fresh). DW is commonly defined as having a

potential density above 27.8kgm23 and PW as having a

salinity below a threshold of, for example, 34.5 gkg21

(Eldevik and Nilsen 2013). From the latter criterion, both

cold fresh coastal waters (like in the East Greenland

Current) and those of higher temperature (like in the

Norwegian Coastal Current; cf. Fig. 1) will be classified as

PW herein.

The circulation including both an increase and a

decrease of density is termed a double estuarine cir-

culation, as it connects an overturning and an estuarine

circulation through a shared inflow (Stigebrandt 1985;

Rudels 2010). Hansen and Østerhus (2000) quantified

this circulation in the Nordic seas, estimating that

approximately 6 out of 8.5 Sv (1 Sv [ 106m3 s21) of

Atlantic inflow returns as a denser water mass and the

resulting 2.5 Sv as a lighter water mass. Previous studies

have argued that the strength of the Atlantic inflow,

which feeds the double estuarine circulation, may be

partly controlled by the water mass transformation

within the Nordic seas (Spall 2012; Eldevik and Nilsen

2013; Lambert et al. 2016).

The transformation of AW that results in a net density

increase occurs primarily in the boundary current as pos-

tulated by Mauritzen (1996), who attributed this trans-

formation to surface heat loss from the boundary region.

Spall (2004) indicated that lateral heat loss from the

boundary due to eddy fluxes could contribute significantly

to net densification. The downstream buoyancy loss can

induce a shoreward flow onto the continental shelves,

forming a barotropic coastal current (Walin et al. 2004). In

addition, the downstream densification of AW can lead

to a more barotropic boundary current as waters sink,

leading to an actual overturning in the meridional-vertical

plane (Straneo 2006). This downstream modification of a

warm, saline boundary current, inducing a net density in-

crease through heat loss, is the current theory for the

overturning circulation in theNordic seas (Mauritzen et al.

2011). We postulate also that the transformation resulting

in a net density decrease (estuarine circulation) can be

described as a downstream transformation of the bound-

ary current.

The production of a low-salinity (low-density) water

mass in the Nordic seas can be traced upstream to the

emergence of theNorwegianCoastal Current (see Fig. 2).

From the Baltic, a fresh outflow of approximately 0.1Sv

enters the perimeter of the Nordic seas near the Atlantic

inflow (Winsor et al. 2001; see Fig. 1 herein). This Baltic

outflow establishes a halocline and a buoyant coastal

current which strengthens downstream. At the Barents

Sea Opening, volume transports of this low-salinity wa-

ter mass are estimated at 0.7Sv (Blindheim 1989; Björk
et al. 2001; Skagseth et al. 2011). A qualitatively similar

coastal current carries 0.5 Sv of low-salinity water along

the West Spitsbergen Current (Walczowski 2013), and

at the latitude of the Fram Strait, 1–1.5 Sv of PW

flows equatorward alongside modified AW (Björk
et al. 2001; de Steur et al. 2014). Along the coast of

Greenland, the composition of water masses carried

by the East Greenland Current changes further with

an increase in PW transport (Håvik et al. 2017) be-

fore it exits the Nordic seas through the Denmark

Strait. At this gateway, the outflow of PW from the

Nordic seas is estimated at 2 Sv (Sutherland and

Pickart 2008; de Steur et al. 2017). Based on these

estimates, we hypothesize that a significant amount

of PW is produced as a downstream strengthening

coastal current originating at the Baltic–North Sea

opening.

PW formation is typically attributed to processes in

the Arctic Ocean (e.g., Stigebrandt 1981; Rudels 1989).

These processes are often considered to be limited by

vertical mixing across the basinwide halocline (e.g.,

Nilsson and Walin 2010; Spall 2013). However, consid-

erable evidence exists of PWbeing formed in themargins

FIG. 1. The Nordic seas and schematic circulation. Black numbers

are the observed transport of low-salinity watermasses (Sv), which in

this study collectively are referred to as PW. Blue numbers are ob-

served freshwater fluxes from theBaltic and theArcticOcean (mSv).

NCC, Norwegian Coastal Current; WSC,West Spitsbergen Current;

EGC, East Greenland Current. Locations of observations are ap-

proximate; literature on volume and freshwater transports is cited in

the introduction. Gray lines indicate sections shown in Fig. 2.
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of the Nordic seas due to processes related to the ob-

served coastal current (Bacon et al. 2008). These pro-

cesses include wind stress (Whitney and Garvine 2005;

St-Laurent et al. 2012), sea ice melt in the marginal ice

zone (Boyd and D’Asaro 1994; Steele et al. 1995), eddy

fluxes (Spall 2013; St-Laurent et al. 2012), and double

diffusion (Cottier and Venables 2007). Based on obser-

vations across the West Spitsbergen Current, Saloranta

and Haugan (2004) concluded that observed PW forma-

tion can only be described realistically if significant dia-

pycnal exchange is accounted for. The abovementioned

processes are ultimately dependent on the presence of a

freshwater source maintaining salinity stratification.

A number of conceptual studies have addressed

the role of combined heat loss and freshwater

input into a marginal sea such as the Nordic seas.

FIG. 2. Hydrography across the Nordic seas boundary current. (left) Average temperature, (center) salinity, and (right) along-boundary

velocity across three sections in the eastern Nordic seas from the Estimating the Circulation and Climate of the Ocean (ECCO) reanalysis

product between 1992 and 2015 (Forget et al. 2015; Fukumori et al. 2017). The sections correspond to the gray lines in Fig. 1. Section A is

similar to standard sections north and south of the Faroe Islands, sectionB is similar to the standard Svinøy section, and section C is similar

to the standard Gimsøy section.

OCTOBER 2018 LAMBERT ET AL . 2459



Spall (2012) concluded that interior freshwater input can

weaken the circulation of AW by reducing the density

contrast between the boundary current and the interior

and that sufficient interior freshwater input can induce an

abrupt transition. However, the bulk of freshwater input

into the Nordic seas enters the shelf regions. This fresh-

water input is dominated by three sources: runoff from

the Norwegian and Greenland coasts (20mSv; Dickson

et al. 2007), freshwater outflow from the Baltic (20mSv;

Winsor et al. 2001), and liquid freshwater outflow from

the Arctic (65mSv; de Steur et al. 2014). Using a box

model, Lambert et al. (2016) indicated that the impact of

freshwater input on the circulation of AW depends

strongly on the distribution of freshwater input between

dense waters in the interior and buoyant waters as found

in the coastal regions. Including a coastal freshwater

source, Wåhlin and Johnson (2009) showed that the

downstream density modification of an AW boundary

current due to combined heat loss and freshwater input

depends on the adjustment length scales of temperature

and salinity. If cooling of AW occurs over shorter length

scales than freshening, a density maximum is formed be-

tween inflow and outflow. However, the question of how

this impacts the circulation strength was left unanswered.

The above studies rely on the a priori assumption that

stratification in the boundary region is dominated by a

single tracer. Although Wåhlin and Johnson (2009) al-

lowed for either temperature or salinity to dominate

stratification at each point along the boundary, they did

not allow for both temperature and salinity to dominate

stratification. The observed presence of a buoyant

coastal current alongside the Atlantic boundary current

in the Nordic seas, and the significant downstream for-

mation of a low-salinity water mass in its margins, re-

quires an enhanced description of AW transformation

beyond that of a single dominating tracer. Instead, we

must describe the Nordic seas as a transition zone. Tem-

perature stratification (the alpha ocean) maintains a ther-

mocline that divides AW from interior waters, and salinity

stratification (the beta ocean) maintains a halocline over

the continental shelves (see Fig. 2). These pycnoclines es-

sentially envelop subsurface AW throughout the Nordic

seas. Exchanges of heat, salt, and mass across both pyc-

noclines as well as exchanges of heat and freshwater across

the air–sea surface combine to modify AW as it circulates

the basin.

In this study, we present a conceptual model for a

boundary current that is divided by a thermocline and a

halocline. This model describes the transformation of an

Atlantic inflow as a downstream modification of the

boundary current in the along-boundary dimension.

This approach builds upon the model of Wåhlin and

Johnson (2009) by including a qualitative hydrography

as seen in Fig. 2. Using this model, we address the fol-

lowing questions:

d What processes affect water mass transformation in a

transition zone?
d How can exchanges across a halocline and a thermo-

cline interact?
d What features determine the impact of freshwater

input on water mass transports?

In section 2, we formulate the conceptual model. In

section 3, we discuss the boundary current trans-

formation for a reference case with parameter values

based on the Nordic seas. In section 4, we explore the

impact of the magnitude and distribution of freshwater

input on volume transports of the different water

masses, and we end with a discussion in section 5 and

concluding remarks in section 6.

2. Model configuration

Water masses in the Nordic seas can be—and often

are—classified into three general types: AW, which is

relatively warm and saline; PW, which is fresher and less

dense; and DW, which is cold and the densest of the

three water masses. We use this classification of three

water masses to develop a three-layer boundary current,

separated by a thermocline and a halocline which wrap

around the basin (Fig. 3a). These nearby pycnoclines

reflect the convergence of the alpha and beta oceans in

the Nordic seas. As the boundary current circulates the

basin, surface fluxes of heat and freshwater and cross-

pycnocline exchanges of heat, salt, and mass induce

downstream water mass transformation (Fig. 3b). This

transformation alters the hydrography of the boundary

current and induces net transformation of AW to DW

and PW, accounting for an outflow of all three water

masses as observed in the East Greenland Current

(Håvik et al. 2017). We will consider a boundary current

in steady state, which allows us to reduce the system into

one dimension: the along-boundary position x relative to

the inflow of AW into the basin (Fig. 3a).

In this section, we present a set of equations that

describe a three-layer boundary current and its water

mass transformation. Based on first principles and

parameterizations, we derive expressions for tempera-

ture, salinity, and volume transport of each layer, either

as constants or as a function of the along-boundary

position x.

a. Conservation laws interior

The model basin is divided into two regimes: a bound-

ary region that hosts the boundary current and an in-

terior basin that has zero mean flow (Fig. 3b). Following
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considerations of Spall (2004), we will assume this in-

terior basin to be filled homogeneously with DW. This

water mass will be referred to as layer 0.

Because the interior is motionless in steady state, no

meanflow canoccur between the interior and the boundary

region. A steady-state heat budget in the interior can thus

be written as

ðL
0

FT
int dx5

ðð
A

Q
0
dx dy . (1)

Here, FT
int is the vertically integrated heat flux from the

boundary region to the interior (Wm21; Fig. 3b), x is

the along-boundary position (m; Fig. 3a), L is the total

length of the boundary current (m), Q0 is the surface

heat loss from the interior (Wm22), and

ðð
A

. . . dx dy

denotes integration over the interior sea surface.

We parameterize surface heat loss by a relaxation

to a homogeneous atmospheric temperature Ta (Haney

1971):

Q
i
5G(T

i
2T

a
) . (2)

Here, Qi is the surface heat loss from layer i (Wm22),

G is a constant relaxation rate (Wm22 8C21), and Ti

is the temperature of layer i (8C). Note that this pa-

rameterization is only valid if Ti is above the freezing

point, which is ensured if Ta is equal to or above the

freezing point.

We only consider freshwater input feeding the shelf

regions, as this is critical in establishing and maintain-

ing salinity stratification over the continental shelves

(Fig. 3b). This marks an essential contrast with previous

studies considering only direct precipitation into the

basin interior (e.g., Spall 2012). We choose to represent

freshwater input as a virtual salt flux; as a consequence,

the total volume in the basin is conserved. This ap-

proximation is valid as long as deviations in salinity

from a reference value are small compared to the ref-

erence salinity itself, or similarly, if surface freshwater

fluxes are small compared to volume transports. With-

out any mean volume exchange between the boundary

region and the interior, conservation of salt in the in-

terior is given by

ðL
0

FS
int dx5 0, (3)

where FS
int is the vertically integrated salt flux from the

boundary region to the interior (g kg21m2 s21; Fig. 3b).

b. Conservation laws boundary region

Using the Boussinesq approximation, we can trans-

form mass conservation to volume conservation.

FIG. 3. Boundary current model. (a) Sketch of water mass distribution and surface fluxes. Arrows indicate inflows

and outflows (black), surface heat loss (yellow), and runoff (blue). Variables x and y denote the along-boundary and

cross-boundary distances, and z denotes the depth. (b) Detailed section across the boundary region and subsurface

exchanges. The dashed line indicates the division between the motionless interior and the boundary region.

Variable F indicates diffusive heat and salt fluxes across the thermocline u and halocline s and toward the interior

Fint. Colors indicate the three water masses 0 (DW), 1 (AW), and 2 (PW). Layer thicknesses are denoted by H1

(AW) and H2 (PW). Bathymetry is defined by shelf depth Hs, interior depth Ht , continental slope width Wc, and

continental shelf widthWs. Model dynamics are governed by five variables: DW temperature T0, AW temperature

T1 and thickness H1, and PW salinity S2 and thickness H2.
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This can be expressed as a downstream conservation of

volume transport:

d

dx
(C

0
1C

1
1C

2
)5 0: (4)

Here,Ci is the along-boundary volume transport of layer

i (m3 s21), where i5 1 denotes AW and i5 2 denotes PW

(see Fig. 3b). AsC0 is not zero, DW is divided between a

motionless fraction filling the interior and a moving

fraction in the boundary region (Fig. 3).

Conservation of heat can be similarly expressed as a

downstream conservation of heat transport. The sinks of

heat are lateral heat loss to the interior and surface heat

loss from the outcrop regions of the different layers. This

allows for the expression for heat conservation:

C
p

d

dx
(C

0
T
0
1C

1
T
1
1C

2
T
2
)52FT

int 2Q
1
W

1
2Q

2
W

2
.

(5)

Here, Wi is the cross-boundary outcrop width of layer

i (m), andCp is the specific heat coefficient (Jm
23 8C21).

We assume that surface heat loss from DW occurs

predominantly from the motionless interior and hence

neglect the surface heat loss from the moving fraction of

DW in the boundary region. As a result, surface heat

loss from the boundary current occurs only from the

outcrop of AW and PW.

Similarly, conservation of salt in the boundary region

can be expressed as

d

dx
(C

0
S
0
1C

1
S
1
1C

2
S
2
)52FS

int 2RS
2
. (6)

Here, Si is the salinity of layer i in (g kg21) and R is the

runoff entering the perimeter per unit length along the

boundary (m2 s21). Note that runoff R only enters layer

2 (PW), which forms the surface waters over the shelves

(see Fig. 3b). This runoff represents both actual river

runoff and freshwater outflows from surrounding basins

(such as the Baltic and the Arctic Ocean) feeding into

the shelf areas.

In the following sections, we break these conservation

laws down to separate equations of volume transport,

temperature, and salinity for the different layers. For this,

we present explicit exchanges across the thermocline and

the halocline which govern the distribution of volume,

heat, and salt within the boundary region.

c. Cross-pycnocline exchange

Within the boundary region, the three layers can ex-

change heat and salt across the pycnoclines. We assume

that two drivers dominate this exchange: mesoscale

eddies and vertical diffusion. For example, the heat ex-

change across the thermocline can be expressed as

FT
u 5C

p

ð
u

y0T 0 dz1C
p

ð
u

w0T 0 dy . (7)

Here, FT
u is the total cross-thermocline heat flux

(Wm21) from layer 1 to layer 0. The first term on the

right-hand side is the vertically integrated lateral eddy

heat flux, and the second term is the laterally integrated

vertical diffusion.

Both eddy fluxes and vertical diffusion can be parame-

terized in terms of the local hydrography in the boundary

region. For lateral eddy fluxes, we adopt a parameteriza-

tion based on baroclinic instability (Visbeck et al. 1996;

Spall 2004):

ð
u

y0T 0 dz5
c
u
gDr

u
(T

1
2T

0
)H2

1

2fr
ref
W

u

. (8)

Here, cu is the nondimensional eddy coefficient for

the thermocline, g is the gravitational acceleration

(m s22), Dru is the density contrast across the thermo-

cline (kgm23), rref is a reference density (kgm
23),Wu is

the width of the thermocline (m), andH1 is the thickness

of layer 1 (m).

For vertical diffusion, we introduce a parameteriza-

tion based on a constant vertical diffusivity. Vertical

diffusion is related to the layer thickness of the water

mass above the pycnocline (e.g., Nilsson and Walin

2010). Because of the outcrop of the pycnoclines, layer

thicknesses vary across the boundary. To account for

this, we will parameterize vertical diffusion based on the

mean layer thickness which is equal to H1/2 for the

thermocline. For example, the expression of vertical

heat diffusion across the thermocline is then given by

ð
u

w0T 0 dy5
2kyW

u
(T

1
2T

0
)

H
1

, (9)

where ky is the vertical diffusivity (m2 s21).

The thermocline width Wu can be deduced from

topography (see Fig. 3b) and is given by

W
u
5

W
c
(H

t
2H

1
)

H
t
2H

s

, (10)

whereWc is the width of the continental slope (m),Ht is

the depth of the interior (m), and Hs is the depth of the

continental shelf (m).

These parameterizations lead to an expression for the

cross-thermocline heat flux in terms of a total diffusive

flux due to combined mesoscale eddies and vertical

diffusion:
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FT
u 5C

p
k
u
(T

1
2T

0
) , (11)

where ku is a state-dependent effective diffusivity (m
2s21),

given by

k
u
5

c
u
gDr

u
H2

1(Ht
2H

s
)

2fr
ref
W

c
(H

t
2H

1
)
1

2kyW
c
(H

t
2H

1
)

H
1
(H

t
2H

s
)

. (12)

Similarly, the total cross-thermocline salt flux can be

derived in terms of the same effective diffusivity:

FS
u 5 k

u
(S

1
2 S

0
) , (13)

where FS
u is the total cross-thermocline salt flux

(g kg21m2 s21).

Finally, the cross-halocline heat and salt fluxes can be

similarly derived and expressed as

FT
s 5C

p
k
s
(T

1
2T

2
) , and (14a)

FS
s 5k

s
(S

1
2 S

2
) . (14b)

Here, ks is the state-dependent effective diffusivity for

the halocline (m2 s21), given by

k
s
5

c
s
gDr

s
H2

2

2fr
ref
W

s

1
2kyW

s

H
2

, (15)

where cs is the nondimensional eddy coefficient for the

halocline;Drs is the density contrast across the halocline
(kgm23); Ws is the width of the continental shelf (m),

equal to the width of the halocline; and H2 is the

thickness of layer 2 (m).

d. Water mass transformation

The cross-pycnocline fluxes extract heat and salt from

the Atlantic layer and induce an along-boundary water

mass transformation. Previous idealized studies have

represented this water mass transformation in two qual-

itative ways. Spall (2012) considered conservation of AW

volume transport, resolving the downstream extraction of

heat and salt by a gradual cooling and freshening of AW.

Straneo (2006) considered conservation of AW hydrog-

raphy, resolving the downstream extraction of heat and

salt by a transformation of a fraction of AW to DW.

(Note that the latter model was formulated in terms of

buoyancy rather than temperature and/or salinity.)

What processes drive the transformation ofAW toDW

and PW in theNordic seas is not fully understood, andwe

will not attempt to resolve this issue in the current study.

Instead, we introduce a closure that follows Straneo

(2006), in which all cross-thermocline exchange induces

a qualitative transformation of AW to DW. Similarly,

all cross-halocline exchange induces a transformation of

AW to PW. This closure is illustrated in Fig. 4 and applies

when abundant mixing optimally distributes exchanged

heat and salt throughout layer 0 (e.g., by deep convec-

tion) and layer 2 (e.g., by wind stress). Note that the im-

portant constraints of heat and salt conservation do not

depend on this closure and that the cross-pycnocline ex-

change of heat and salt are governed by the parameter-

ized processes as formulated above.

If all extraction of heat and salt from AW across the

thermocline induces a transformation of a fraction of

AW to DW, this closure can be formulated as

FT
u 5C

p
M

u
(T

1
2T

0
) . (16)

Here Mu is the transformation rate of AW to DW

(m2 s21). Note that this closure requires an equivalent

relation for the exchange of salt, which is implicit due to

the expression of cross-pycnocline exchanges in terms

of a total diffusive flux.

The relation between the cross-thermocline heat and

salt fluxes and the transformation of AW to DW can be

summarized by the relation

M
u
5 k

u
. (17)

The along-boundary transformation rate of AW to DW

is thus determined by the effective cross-thermocline

diffusivity. Similarly, the relation between the cross-

halocline heat and salt fluxes and the transformation of

AW to PW can be expressed as

FIG. 4. Relation between cross-pycnocline diffusion and trans-

formation of AW. (a) Diffusion across the thermocline Fu induces

transformation of AW to DWMu, decreasing AW transportC1 by

decreasing AW thicknessH1. (b) Diffusion across the halocline Fs

induces transformation of AW to PWMs, increasing PW transport

C2 by increasing its thickness H2. Note that both DW and PW

warm and salinify due to these diffusive processes, whereas AW

hydrography is unperturbed by diffusion.
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M
s
5 k

s
, (18)

whereMs is the transformation rate ofAWtoPW(m2s21).

The transformation rates represent cross-pycnocline

volume fluxes, reducing the volume transport of AW

downstream and increasing the volume transport of DW

and PW. Conservation of volume in each layer can thus

be expressed as

dC
0

dx
5M

u
, (19a)

dC
1

dx
52M

u
2M

s
, and (19b)

dC
2

dx
5M

s
. (19c)

As illustrated in Fig. 4, the total heat transport across

the pycnoclines is equal to the heat carried by trans-

formed AW. This transport includes the diffusive heat

flux as well as the heat carried by the enhanced volume

transport of DW and PW. Conservation of heat in each

layer is then given by

C
p

dC
0
T
0

dx
52FT

int 1C
p
M

u
T
1
, (20a)

C
p

dC
1
T

1

dx
52C

p
M

u
T

1
2C

p
M

s
T
1
2Q

1
W

1
,

and (20b)

C
p

dC
2
T
2

dx
5C

p
M

s
T
1
2Q

2
W

2
. (20c)

Similarly, conservation of salt in each layer is given by

dC
0
S
0

dx
52FS

int 1M
u
S
1
, (21a)

dC
1
S
1

dx
52M

u
S
1
2M

s
S
1
, and (21b)

dC
2
S
2

dx
5M

s
S
1
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e. Hydrographic transformation

From the above layer-by-layer conservation laws, we

can derive expressions for the downstream changes in

hydrography:

C
p
C

0

dT
0

dx
52FT

int 1FT
u , (22a)

C
p
C

1

dT
1

dx
52Q

1
W

1
, (22b)
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p
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2
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2
, (22c)

C
0

dS
0

dx
52FS

int 1FS
u , (22d)

C
1

dS
1

dx
5 0 , and (22e)

C
2

dS
2

dx
5FS

s 2RS
2
. (22f)

Note that because of the direct relation between trans-

formation rates and cross-pycnocline exchange of heat

and salt, AW hydrography is only perturbed by direct

surface fluxes.

To retain homogeneity in layer 0, both in the interior

and in the moving fraction in the boundary region, we

assume FT
int 5FT

u and FS
int 5FS

u , so that

dT
0

dx
5
dS

0

dx
5 0: (23)

As both S1 and S0 are invariant along the boundary, and

Mu is nonzero, Eq. (3) can only be satisfied if S0 5 S1.

This is a direct consequence of the absence of surface

freshwater input into the interior, in contrast to the

model presented by Spall (2012). Further, the fact that

both S1 and S0 are invariant along the boundary implies

that all freshwater is retained within layer 2 and ex-

ported by PW. This implies that the model does not

resolve any freshwater leakage off the shelves.

Altogether, three hydrographic properties vary

downstream: AW temperature T1, PW temperature T2,

and PW salinity S2. Additionally, the volume transports

of each layer vary due to net transformation of AW

to DW and PW.

f. Volume transport

To express the volume transport of each layer, we

introduce an idealized velocity structure to approximate

the reanalysis fields in Fig. 2. The velocity structure is

marked by two baroclinic currents, one associated with

the thermocline and one with the halocline. In addition,

we assume that the along-boundary transport of AW

and PW is restricted to the water above these pycno-

clines. This is in general agreement with the reanalysis

fields, where along-boundary velocities below the ther-

mocline and the halocline are small. Finally, and most

importantly, we assume that the along-boundary veloc-

ity maintains thermal wind balance at each point along

the boundary.

Based on these assumptions, one baroclinic current

aligns over the continental shelf (see Fig. 3b). The

transport of PW is restricted above the halocline by
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assuming a level of no motion at the depth of the halo-

cline and that the underlying AW is motionless. The

volume transport of such a baroclinic current, which is

equal to the volume transport of PW, was derived by

Werenskiold (1935):

C
2
5

gDr
s
H2

2

2fr
ref

. (24)

The second baroclinic current aligns over the

continental slope. We assume a similar velocity

structure which is constrained by a level of no motion

at the depth of the thermocline. Further, we assume

that the underlying DW below the thermocline is

motionless, leading to an equivalent expression for

AW transport:

C
1
5

gDr
u
H2

1

2fr
ref

. (25)

Note that with these expressions, the lateral eddy fluxes

across the halocline [Eq. (15)] scale linearly with PW

transport [Eq. (24)], and the lateral eddy fluxes across

the thermocline [Eq. (12)] scale linearly with AW

transport [Eq. (25)].

Finally, we assume that the transport of DW is not

directly related to hydrography. This is achieved by

restricting the transport of DW to a narrow barotropic

current directly offshore from the continental slope.

This narrow current is considered part of the boundary

region (see Fig. 3b). As the velocity of this current is

not related to hydrography through thermal wind bal-

ance, the along-boundary volume transport of DW

follows from volume conservation.

Note that this velocity structure is idealized, and

we do not explicitly resolve the associated vertical

and cross-boundary velocities. Further, note that this

velocity structure differs from that in comparable, ide-

alized models. In the model by Straneo (2006), a baro-

tropic current aligns over the continental slope; and in

the model by Walin et al. (2004), a barotropic current

aligns over the continental shelves.

g. Equation of state

The density of the different water masses is given by

the equation of state. Ignoring any pressure-related

terms, the density contrasts across the pycnoclines

are a function of the temperatures and the salinities of

the different water masses. We will assume a linear

equation of state which describes a density contrast

across the thermocline given by

Dr
u
5 r

ref
a(T

1
2T

0
) . (26)

Here, a is the thermal expansion coefficient (8C21).

Because no direct freshwater input feeds into the in-

terior, salinities S1 and S0 are equal. As a result, the

model generally overestimates the density contrast with

respect to the Nordic seas (where S0 , S1; see Fig. 2).

The lack of a salinity contrast across the thermocline

also prevents any qualitatively different circulation

states as found by Spall (2012).

For the density contrast across the halocline, we as-

sume a(T1 2T2) � b(S1 2 S2), leading to an equivalent

equation of state governed by salinity:

Dr
s
5 r

ref
b(S

1
2S

2
) . (27)

Here, b is the haline contraction coefficient [(g kg21)21].

This approximation introduces a similar overestimation

of the density contrast with respect to the Nordic

seas, as PW is typically colder than AW. As both

equations of state are determined by a single hy-

drographic tracer, they define an optimal distinction

between the alpha and beta oceans within the

boundary current.

h. Summary

The equations presented in this section describe a

model for the dynamics and water mass transformation

of the boundary current. Because the temperature

contrast across the halocline is neglected in the density

contrast [Eq. (27)], T2 adopts a merely diagnostic role

without impacting any other variable. We therefore

omit dT2/dx from the model equations, leaving a set of

five equations which govern the boundary current’s

dynamics:

dS
2

dx
5

2fk
s

gbH2
2

2
2fRS

2

gb(S
1
2 S

2
)H2

2

, (28a)

dH
2

dx
5

2fk
s

gb(S
1
2 S

2
)H

2

2
fRS

2

gb(S
1
2 S

2
)2H

2

, (28b)

dT
1

dx
52

2fGW
c
(T

1
2T

a
)

C
p
ga(T

1
2T

0
)H2

1

, (28c)

dH
1

dx
52

fk
u

ga(T
1
2T

0
)H

1

2
fk

s

ga(T
1
2T

0
)H

1

1
GW

c
f (T

1
2T

a
)

C
p
ga(T

1
2T

0
)2H

1

, and (28d)

T
0
5T

a
1

C
p

GA

ðL
0

k
u
(T

1
2T

0
) dx . (28e)

These equations are closed by the following expressions

for the effective diffusivities across both pycnoclines:
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The right-hand-side terms of Eq. (28) represent the

four processes that govern the downstream water

mass transformation of the boundary current: cross-

thermocline diffusion (terms including ku), cross-

halocline diffusion ks, surface heat loss from layer 1

GWc, and runoff R. In the following section, we dis-

cuss, based on a reference case for constant parame-

ters, how these four processes affect the five unknowns

of Eq. (28) and shape the boundary current.

3. Reference case

The model described by Eq. (28) consists of five un-

knowns: PW salinity S2 and thickness H2, AW temper-

ature T1 and thickness H1, and DW temperature T0.

As a reference case, we choose a list of parameters that

reasonably describe the circulation in the Nordic seas

(Table 1). As atmospheric temperature Ta we choose

a value equal to freezing temperature to ensure that

freezing processes can be neglected. Equation (28) is

solved through an iterative process starting with an ini-

tial guess for T0, integrating Eqs. (28a)–(28d), solving

Eq. (28e), and adjusting the initial guess of T0 accord-

ingly. This process leads to a unique solution for the

five unknowns in Eq. (28), which is shown in Fig. 5.

Throughout the remainder of this section, we will keep

all parameters constant as we explore how the model

resolves the circulation of AW and its transformation to

DW and PW.

For this reference case, we observe a downstream

cooling of AW. The modification of PW is characterized

by a freshening throughout the first 2000km and a sali-

nification further downstream. Finally, the thickness of

AW decreases slightly, whereas the thickness of PW in-

creases significantly. This transformation of PW agrees

qualitatively with the reanalysis sections across the east-

ernNordic seas (Fig. 2).Across section B, a fresh, shallow

layer is observed over the continental shelf; further

downstream, across section C, this layer is more saline

and extends deeper.

From the reference solutions, we derive a number of

diagnostics which help understand the model dynamics

(Fig. 6). The first diagnostics are the volume transports

of the three water masses (see Fig. 6a). As determined

by boundary conditions, all inflow (x5 0) consists of

AW. As the boundary current circulates the basin, this

TABLE 1. Model parameters.

Physical description Symbol Reference value Units Reference

Inflow AW temperature T1(0) 8 8C Eldevik and Nilsen (2013)

Inflow AW salinity S1(0) 35.2 g kg21 Eldevik and Nilsen (2013)

Inflow AW thickness H1(0) 600 m Eldevik and Nilsen (2013)

Inflow PW salinity S2(0) 35.1 g kg21 Chosen to give small PW inflow transport

Inflow PW thickness H2(0) 10 m Chosen to give small PW inflow transport

Inflow DW transport C0(0) 0 m3 s21

Depth shelves Hs 200 m

Depth interior Ht 1000 m

Width shelves Ws 100 km

Width slope Wc 100 km

Interior surface area A 1.5 3 106 km2

Length boundary L 5.0 3 103 km

Thermal expansion coefficient a 1.0 3 1024 8C21 Based on T 5 48C
Haline contraction coefficient b 8 3 1024 (g kg21)21

Gravitational acceleration g 9.8 m s22

Coriolis parameter f 1.4 3 1024 s21 Based on 758N
Volumetric heat capacity Cp 4.2 3 106 Jm23 8C21

Eddy coefficient thermocline cu 0.007 Spall (2012)

Eddy coefficient halocline cs 0.025 Visbeck et al. (1996); Spall (2013)

Vertical diffusivity ky 1 3 1024 m2 s21

Atmospheric temperature Ta 22 8C Chosen to give reasonable AW inflow

transport

Restoring strength G 20 Wm22 8C21 Ill constrained, see discussion by Wåhlin
and Johnson (2009)

Runoff R 0.02 m2 s21
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AW is transformed partly into DW, and partly into PW.

These transformations are governed by cross-pycnocline

exchanges, quantified in terms of effective diffusivities

[Eq. (29); Fig. 6b]. The cross-thermocline exchange

decreases along the boundary, indicating that the pro-

duction of DW is dominant near the inflow. The cross-

halocline exchange shows a peak just downstream

from the inflow and increases monotonically beyond

1000km.This indicates that significant production of PW is

near the outflow, and beyond 4000km, more AW is

transformed to PW than to DW. The last diagnostic which

is crucial to understanding model behavior describes the

interaction between the boundary region and the interior:

the lateral heat flux (Fig. 6c). As this heat flux is directly

linked to DW production, it also decreases monotonically

around the basin.

FIG. 5. Evolution of boundary current variables. (a) Temperature

of AW T1 and DW T0. (b) Salinity of PW S2. (c) Layer thickness of

AW H1 and PW H2. Solutions for the five variables governing the

boundary current as described in Eq. (28). Solutions are based on

parameters listed in Table 1.

FIG. 6. Evolution of main boundary current diagnostics.

(a) Volume transports of DW C0, AW C1, and PW C2.

(b) Effective diffusivities across the thermocline ku and the halo-

cline ks governing the transformation from AW to DW and PW,

respectively. (c) Lateral heat flux from the boundary region to the

interior. Total heat flux toward the interior is indicated by the in-

tegral (gray shading).
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In the remainder of this section, we will explain how

the solutions for the reference case arise from the four

different water mass transformation processes described

at the end of section 2. These four processes are cross-

thermocline diffusion, cross-halocline diffusion, surface

heat loss from AW, and runoff. We will discuss the im-

pact of these processes on the individual water masses,

proceeding from PW (described by S2 and H2) through

AW (T1 and H1) to DW (T0).

a. Polar Water properties

The transformation of PW properties is described by

Eqs. (28a) and (28b). It is important to notice that these

equations are only dependent on the two variables

(S2 and H2) describing PW itself (note that ks is only a

function of S2 and H2 as well). In this model, the

downstream evolution of PW can therefore be described

as a separate system which is independent of the other

three unknowns describing AW and DW properties.

As PW is described as a separate system of two

equations and two unknowns, the downstream tenden-

cies dS2/dx and dH2/dx are uniquely defined for each

value of S2 and H2. Hence, we can visualize Eqs. (28a)

and (28b) as a transformation field (Fig. 7), which is

equivalent to a phase space diagram, commonly used in

dynamical systems analysis. This transformation field

functions as a roadmap for the downstream evolution of

PW, which is then defined by the boundary conditions at

inflow and the boundary length. From the converging

nature of the transformation field, we can derive that

small changes in inflow boundary conditions would

have a small effect on the evolution of PW. In contrast,

changes in boundary length would modify the outflow

properties of PW by allowing for more or less water

mass transformation along the centerline in this trans-

formation field.

To better understand the underlying processes of PW

transformation, we can extract the contributions of the

individual processes: cross-halocline diffusion and run-

off (Fig. 8). These fields visualize the separate terms on

the right-hand side of Eqs. (28a) and (28b). Cross-

halocline diffusion acts to increase the thickness, salin-

ity, and volume transport of PW.Runoff acts to decrease

both the thickness and salinity of PW along lines of

constant volume transport. From these, we see that

cross-halocline diffusion dominates the transformation

of PW thicknessH2, which increases along the full basin.

The transformation of PW salinity S2 is dominated by

runoff throughout the first 2000 km where freshening

occurs. Farther downstream, the salinification of PW,

which is also present in the reanalysis fields (Fig. 2), can

be attributed to cross-halocline diffusion. Along with a

salinification, this process induces an increase in the

volume transport of PW.

It is insightful to consider the relative contribution

of eddy fluxes and vertical diffusion to the total cross-

halocline exchange (Fig. 9). Throughout the first

2000 km, vertical diffusion dominates due to the rel-

atively shallow halocline. However, as the volume

transport of PW increases downstream, the baroclinic

shear across the halocline increases and eddy fluxes

become more dominant. In particular near the out-

flow, where PW formation is strong, the bulk of cross-

halocline exchange is governed by eddy fluxes. From

this diagram, we can conclude that vertical diffusion

primarily functions to deepen the halocline, which

then strengthens eddy-induced exchange.

b. Atlantic Water properties

The transformation of AW properties (T1 and H1) is

described byEqs. (28c) and (28d). This transformation is

more complex than that of PW, as it depends on ks and

T0. It is therefore only possible to draw a unique trans-

formation field of AW in terms ofT1 andH1 for constant

values of ks, which in practice varies along the boundary

(Fig. 6b).

To illustrate the transformation ofAWand the impact

of PW production on this transformation, we consider

two constant values of ks. The first, ks 5 0m2 s21, rep-

resents the system without PW; this is essentially a two-

layer system of AW and DW which can be directly

FIG. 7. Transformation field of PW. The arrows indicate the

downstream tendencies dH2/dx and dS2/dx. The shading indicates

PW volume transport C2. The yellow line projects the reference

solutions ofH2 and S2 (Figs. 5b,c). White dots indicate the distance

along the boundary with intervals of 1000 km.
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compared to other boundary-current models without

runoff and without salinity stratification in the boundary

current (e.g., Spall 2012; Walin et al. 2004; Straneo

2006). The transformation field associated with this

system is shown in Fig. 10a. In this transformation field,

AW temperature T1 converges to the same value of T0.

AW thickness converges to approximately 600m if T1 is

relatively warm and increases if T1 is relatively cold.

The second value for ks (Fig. 10b) is 0.4m
2 s21 is equal

to the average value in the reference case. This repre-

sents a constant effective diffusivity across the halocline

and consequently a constant transformation rate of AW

to PW which amounts to 2 Sv along the complete

boundary. Compared to the system without PW for-

mation, we see a stronger tendency to reduce the AW

thickness. Further, the outflow temperature of T1 and

the interior temperature T0 are slightly decreased.

This impact can be understood from looking at the

transformation due to the separate processes that affect

AW properties (Fig. 11). As a result of the closure be-

tween cross-pycnocline exchange and the transformation

ofAW toDWand PW, these processes only act to reduce

AW thickness along lines of constant AW temperature.

Surface heat loss acts to reduce AW temperature and

increase AW thickness along lines of constant volume

transport. The convergence ofAW thickness in Fig. 10 for

relatively warm AW is thus a balance between cross-

pycnocline exchange and surface heat loss. As no pro-

cesses increase AW temperature or volume transport,

these necessarily decrease along the complete boundary.

We can again separate the relative impact of eddy

fluxes and vertical diffusion to the cross-thermocline

exchange (Fig. 12). This indicates that vertical diffusion

across the thermocline is small due to the relatively deep

extent of the thermocline. This is in agreement with a

priori assumptions in comparable studies which neglect

vertical diffusion across the thermocline (Spall 2004;

Straneo 2006).

Altogether, the transformation ofAWproperties can be

summarized by a net cooling and a reduction of its volume

transport. The production of PW through cross-halocline

exchange enhances the reduction of AW thickness and

FIG. 8. Transformation of PW due to isolated processes. The arrows indicate the combined downstream

tendencies dH2/dx and dS2/dx due to (a) cross-halocline diffusion and (b) runoff. The shading indicates PW volume

transport C2.

FIG. 9. Relative contributions to cross-halocline diffusion.

Shading indicates the percentage of eddy and vertical diffusion to

the total cross-halocline diffusion in Fig. 8a. The yellow line pro-

jects the reference solutions of H2 and S2 (Figs. 5b,c). White dots

indicate the distance along the boundary with intervals of 1000 km.
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transport. Indirectly, this process enhances the cooling of

AW temperature.

c. Deep Water temperature

The last of the five unknowns determining the bound-

ary current is DW temperature T0. As DW is homoge-

neous, T0 has a single value throughout the basin. DW

temperature is determined by a balance between lateral

heat fluxes from the boundary region to the interior and

surface heat fluxes from the interior sea surface to the

atmosphere [Eq. (1)].

Lateral heat fluxes from the boundary region to the

interior are equal to the diffusive heat fluxes across

the thermocline which are dominated by eddies (Fig. 12).

The lateral heat flux is thus closely related to the baro-

clinic instability of the slope current which governs eddy

heat fluxes. Because of the transformation of AW to both

DW and PW, the volume transport of the slope current

that carries AW decreases downstream (Fig. 6a). This

stabilizes the slope current and suppresses eddy diffusion

downstream, which is reflected by the downstream

weakening of lateral heat fluxes (Fig. 6c). The bulk of the

heat flux determining T0 is thus accounted for by lateral

heat loss in the first half of the boundary current.

The temperature of DW plays a crucial role in the vol-

ume budget. As the volume transport at x5 0 consists of

FIG. 10. Transformation field of AW. The arrows indicate the downstream tendencies dH1/dx and dT1/dx for

constant values of ks. (a) Transformation field without cross-halocline diffusion (ks 5 0m2 s21). The shading

indicates AW volume transport C1. The yellow line projects the solution obtained in absence of runoff and PW

formation. (b) Transformation field based on average cross-halocline diffusivity (ks 5 0.4m2 s21). The yellow line

indicates the actual solution for the reference case (Figs. 5a,c). White dots indicate the distance along the boundary

with intervals of 1000 km.

FIG. 11. Transformation ofAWdue to isolated processes. The arrows indicate the combined downstream tendencies dH1/dx and dT1/dx

due to (a) cross-thermocline diffusion, (b) cross-halocline diffusion, and (c) surface heat loss from AW outcrop. Shading indicates AW

volume transport C1. Note that no solutions are shown for T1 ,T0.
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only AW, and boundary conditions T1(0) andH1(0) are

given parameters, T0 is the only variable that directly

impacts the inflow transport of AW. A cold interior (low

T0) gives a strong temperature contrast across the

thermocline where AW enters the basin, leading to a

strong inflow transport.

4. Runoff impact

Runoff maintains a salinity stratification over the

continental shelves and is an essential ingredient for PW

formation in the model. In this section, we will analyze

the impact of variations in runoff R by diagnosing the

volume transports of the different water masses. In

particular, we are interested in the strength of the

Atlantic inflow and the outflows of DW and PW. We

start with discussing uniform runoff of different magni-

tude; later in the section, we discuss the impact of runoff

distribution along the boundary.

The impact of runoff magnitude on the different vol-

ume transports is shown in Fig. 13. For each value of

runoff, AW transport decreases downstream, and both

DW and PW transports increase. Runoff most strongly

impacts the production of PW, which strengthens with

increased runoff. This can be understood from the bal-

ance between runoff and eddy diffusion, which governs

the bulk of PW formation. More runoff leads to a

stronger increase in the salinity contrast across the halo-

cline downstream, and consequently increases the baro-

clinic instability of the coastal current. As diffusion directly

induces a transformation ofAW to PW in themodel, more

runoff leads to an enhanced reduction ofAW transport (as

seen in Fig. 10). This enhanced reduction in AW transport

in turn reduces the baroclinic instability of the slope cur-

rent and suppresses DW production which is limited for

relatively large values of runoff.

These direct and indirect effects of runoff raise the

question whether different runoff sources impact the

system differently. To study the impact of runoff distri-

bution, we divide runoff R into three sources, motivated

by the freshwater inflows into the Nordic seas (Fig. 14). A

uniform background runoff of 20mSv represents the river

runoff from the Norwegian and Greenland coasts, a

freshwater pulse nearby theAtlantic inflow represents the

Baltic freshwater outflow, and a freshwater pulse farther

downstream represents the Arctic freshwater outflow.

The impact of variations in the Arctic and Baltic

freshwater outflows is quantified by the inflow ofAWand

the outflows ofDWandPW(Fig. 15).Qualitatively, these

volume transports respond similarly to changed fresh-

water input from the two sources. Enhanced freshwater

input increases the total production of PW and decreases

the total production of DW, which is in agreement with

FIG. 12. Relative contributions to cross-thermocline diffusion.

Shading indicates the percentage of eddy and vertical diffusion to

the total cross-thermocline diffusion in Fig. 11a. The yellow line

projects reference solutions of H1 and T1 (Figs. 5a,c). White dots

indicate the distance along the boundary with intervals of 1000 km.

FIG. 13. Downstream evolution of volume transports as a function of uniform runoff. (a) AW transport C1, (b) DW transport C0, and

(c) PW transport C2. Solutions for R 5 0.02m2 s21 are equal to the reference case shown (Fig. 6a).
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increased uniform runoff (Fig. 13). Increased freshwater

input also strengthens the AW inflow, albeit slightly.

The relative impacts of freshwater that enters from the

Baltic and from the Arctic differ greatly. With respect to

present-day freshwater input (20mSv from the Baltic,

65mSv from the Arctic as marked in Fig. 15), the sensi-

tivity of total PW production to changes in the Baltic

freshwater outflow is a factor of 9 greater than the sen-

sitivity to changes in the Arctic freshwater outflow. This

implies that a 1-mSv increase in Baltic freshwater outflow

to the Nordic seas would have the same effect on PW

outflow as a 9-mSv increase in Arctic freshwater outflow.

In relative terms, a 10% increase in Baltic freshwater

outflow would have the same effect as a 28% increase in

Arctic freshwater outflow. The simple explanation for

this difference in sensitivities is that freshwater entering

the marginal sea farther upstream has a longer pathway

where it can impact the estuarine circulation.

Aneven larger difference in sensitivities is found forDW

outflow (a factor of 18) and AW inflow (a factor of 28).

The processes that induce DW formation and the lateral

heat fluxes to the interior dominate in the first half of the

boundary region. Most of this transformation occurs up-

stream from the location where the Arctic freshwater

outflow enters the basin. This greatly suppresses the po-

tential for Arctic freshwater to impact water mass trans-

formation related to DW formation and heat fluxes to the

interior and hence the AW inflow which is determined by

these heat fluxes. Baltic freshwater, on the other hand,

enters the basin upstream from the region where active

water mass transformation occurs. This greatly enhances

the potential impact of Baltic freshwater on the basinwide

circulation.

5. Discussion

The model presented in this paper builds upon a

number of previous idealized studies that have addressed

circulation and water mass transformation of AW in a

marginal sea due to surface heat loss and freshwater in-

put. Some of these studies have prescribed the volume

transport of inflowing AW (e.g., Wåhlin and Johnson

2009; Straneo 2006), whereas others have attempted to

resolve the sensitivity of the circulation strength to either

the large-scalewind field (e.g., Nøst and Isachsen 2003) or
the water mass transformation within the marginal sea

(e.g., Spall 2004; Walin et al. 2004; Spall 2012). The ap-

proach of the present studymost closely follows the latter,

as we have tried to illustrate the potential impact of

coastal freshwater sources on the circulation strength.We

find a qualitatively similar freshwater sensitivity to that

found in a box model by Lambert et al. (2016), as coastal

freshwater input into buoyant surface waters can increase

the overall circulation strength. However, these findings

do not exclude an important role for wind in setting the

large-scale circulation. In particular, the layer thickness of

inflowingAWand the level of nomotion (or equivalently,

FIG. 14. Position-dependent runoff. Model input R(x) used to

simulate three freshwater sources. In this example, freshwater flux

of background runoff equals 20mSv, Baltic outflow equals 20mSv,

and Arctic outflow equals 65mSv, which are equal to present-day

observations.

FIG. 15. Relative impact of Arctic and Baltic freshwater outflows. (a) AW inflow C1(x5 0), (b) DW outflow C1(x5L), and (c) PW

outflow C2(x5L). Gray crosses indicate present-day values of Arctic and Baltic freshwater outflows.
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the bottom velocity) are likely dependent on the large-

scale wind field. Wind is also likely to be important for

forcing circulation along closed f/H contours (Nøst and
Isachsen 2003), whereas the present model only describes

circulation along open f/H contours. Finally, potential

vorticity dynamics are important as well (Yang and Price

2007), although in the present study implicit mixing pre-

vents conservation of potential vorticity.

Aforementioned studies can largely be classified in two

groups based on their approach to water mass trans-

formation. A number of these have described a single

water mass with downstream modified properties (e.g.,

Walin et al. 2004; Spall 2004, 2012; Wåhlin and Johnson

2009). In contrast, Straneo (2006) has described the

transformation of AW to a qualitatively different water

mass, while retaining AW hydrography. The present

model combines these approaches by allowing for the

cooling ofAW, as well as the net transformation ofAW to

both DW and PW. This approach leads to the emergence

of a hydrography that qualitatively resembles observa-

tions along the eastern boundary of the Nordic seas (see

Fig. 2). The model validity is limited by the length of the

boundary, as a sufficiently long boundary diminishes AW

transport and leads to a PW thickness that extends below

the shelf break. Both of these factors introduce a change in

dynamics that is not included in the present model.

However, observations along the western boundary of the

Nordic seas indicate that the qualitative hydrography is

maintained along the complete boundary of the Nordic

seas (e.g., Håvik et al. 2017).

The combined impact of coastal freshwater input and

heat loss was previously addressed by Wåhlin and

Johnson (2009). The present study differs from theirs

in a number of ways. Most critically, we allow for the

establishment of a halocline. This introduces a range of

extended dynamics associated with vertical and eddy

diffusion of salt, the prevention of freshwater into the

Atlantic layer, and the reduction of AW transport by the

formation of a coastal current. Their model describes

water mass transformation in terms of a mean buoyancy

of the boundary current. However, we indicate that the

velocity structure and water mass transformation de-

pend strongly on the stratification within the boundary

current. Finally, in their model, the inflow strength of

AW is prescribed, and water mass transformation does

not impact the circulation strength.

6. Conclusions

In this study, we present a boundary current model

for a coupled overturning and estuarine circulation in a

marginal sea such as the Nordic seas. This circulation is

characteristic for the convergence of the alpha and beta

oceans between the subtropics and the polar regions.

The estuarine circulation governs the production of

Polar Water due to a balance between runoff and salt

diffusion across a halocline which resides over the con-

tinental shelves. Eddies play a dominant role in the

cross-halocline exchange, particularly in regions where a

relatively deep halocline suppresses vertical diffusion.

Whereas PolarWater formation is commonly attributed

to processes in the Arctic Ocean, this model reveals the

potentially significant contribution of runoff sources in

the Nordic seas to maintaining the estuarine circulation.

This model does not resolve what fraction of Polar

Water is formed in the coastal regions in the Nordic seas

and what fraction in the Arctic Ocean. The model does,

however, describe the potential impact of Polar Water

formation in the Nordic seas on the boundary current

dynamics of Atlantic Water.

Runoff feeds the estuarine circulation, which in turn

impacts the overturning circulation through suppression

of the slope current’s baroclinic instability. Ultimately,

the estuarine and overturning circulations are coupled

through a shared inflow of Atlantic Water. The pres-

ence of a coupled estuarine circulation has previously

been shown to increase stability of an overturning cir-

culation, making it less prone to abrupt transitions in-

duced by freshwater input (Lambert et al. 2016). As

reported by Spall (2012), an overturning circulation

in a marginal sea may destabilize due to sufficient

precipitation into the basin interior. The estuarine

circulation described in the present study may instead

lead to a more stable overturning circulation as con-

cluded by Lambert et al. (2016).

The description of an estuarine circulation as a

boundary current reveals a large variation in the po-

tential impact of different freshwater sources on inflows

and outflows into a marginal sea. Present considerations

of future changes in the Nordic seas freshwater budget

appear much concerned with Greenland melt and Arc-

tic freshwater outflow. The present study suggests that

the less emphasized freshwater sources in the eastern

Nordic seas, and the Baltic freshwater outflow in par-

ticular, may have a surprisingly large basinwide impact

despite their relatively moderate magnitude.

This dominant potential of upstream freshwater sources

such as the Baltic outflow highlights the insight gained

from describing water mass transformation in terms of

boundary current dynamics. We have configured a model

that both resembles observed circulation and hydrography

in the Nordic seas and remains relatively basic so that its

behavior can be physically interpreted. For this, we have

made several simplifying assumptions relating to forcing

and geometry. One therefore needs to take some caution

with directly projecting the model to the Nordic seas, as
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both Atlantic and PolarWater circulate the Arctic Ocean,

where additional water mass transformation occurs.

The boundary current model presented in this study is

the first of its kind to explicitly describe a marginal sea as a

transition zone between regions of temperature-dominated

stratification (alpha oceans) and salinity-dominated strati-

fication (beta ocean). Projected changes in freshwater

input, surface heat loss, and sea ice cover make these

transition zones some of the most sensitive regions to cli-

mate change. Our findings provide an example of the in-

teraction between the alpha and beta oceans, revealing a

field of dynamics specific to transition zones, which may be

essential for understanding future changes of the subpolar

seas and large-scale ocean circulation.
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