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ABSTRACT: The global ocean overturning circulation carries warm, salty water to high latitudes, both in the Arctic and

Antarctic. Interaction with the atmosphere transforms this inflow into three distinct products: sea ice, surface Polar Water,

and deep OverflowWater. The PolarWater andOverflowWater form estuarine and thermal overturning cells, stratified by

salinity and temperature, respectively. A conceptualmodel specifies the characteristics of these watermasses and cells given

the inflow and air–sea–land fluxes of heat and freshwater. The model includes budgets of mass, salt, and heat, and pa-

rameterizations of Polar Water and Overflow Water formation, which include exchange with continental shelves. Model

solutions are mainly controlled by a linear combination of air–sea–ice heat and freshwater fluxes and inflow heat flux that

approximates the meteoric freshwater flux plus the sea ice export flux. The model shows that for the Arctic, the thermal

overturning is likely robust, but the estuarine cell appears vulnerable to collapse via a so-called heat crisis that violates the

budget equations. The system is pushed toward this crisis by increasing Atlantic Water inflow heat flux, increasing meteoric

freshwater flux, and/or decreasing heat loss to the atmosphere. The Antarctic appears close to a so-called OverflowWater

emergencywith weak constraints on the strengths of the estuarine and thermal cells, uncertain sensitivity to parameters, and

possibility of collapse of the thermal cell.
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1. Introduction

The global ocean overturning circulation is transformed in

the high latitudes of both hemispheres. The transformation is

achieved by extraction of heat to the atmosphere, addition of

meteoric freshwater (from precipitation minus evaporation,

river runoff, and iceberg calving), and interaction with ice.

Understanding how warm salty inflows to polar oceans parti-

tion into different outflow components is primitive, however,

and this question is important for oceanography and climate

science. To address it, this paper presents and explores a con-

ceptual physical model and applies it to both the Arctic and

the Antarctic.

The Arctic Ocean and Nordic Seas are separated from the

global ocean by relatively shallow ridges between Greenland

and Scotland. The flow across these ridges consists of surface-

intensified warm salty water from the North Atlantic Current

flowing north (Hansen et al. 2008). Returning south are three

distinct water types (Hansen andØsterhus 2000;Østerhus et al.

2005). First, there is overflow water, which spills into the North

Atlantic Ocean through gaps in the ridges. Overflow water is

cooler and denser than the inflow, but of similar salinity.

Second, there is a cold fresh surface outflow in the East

Greenland Current (Rudels et al. 2002). The East Greenland

Current also carries the third water type, which is sea ice.

The exchange between the Nordic Seas and the Arctic

Ocean across the Fram Strait and Barents Sea Opening is es-

sentially the same. Figure 1 shows the hydrographic charac-

teristics and currents. The warm salty inflow is Atlantic Water

(AW), which flows north in the eastern halves of the Barents

Sea Opening and the Fram Strait. The net AW flux into the

Arctic is about 4 Sv (1 Sv[ 106m3 s21; some also recirculates in

Fram Strait; Tsubouchi et al. 2012, 2018). TheAW temperature

exceeds about 38C with a salinity around 35.00 g kg21 and a

seasonal cycle that leads to summer surface freshening and

warming (Fig. 1, lower panel). The three outflows areOverflow

Water (OW), which is cooler and denser than AW, but of

similar salinity [the closest water type from Tsubouchi et al.

(2018) is their Intermediate Water, but we adopt OW here,

consistent with Eldevik and Nilsen (2013)]. OW leaves the

Arctic on the western side of Fram Strait in the deep part of the

East Greenland Current. Above OW is Polar Water (PW),

which is near the freezing temperature and fresher than AW

[Tsubouchi et al. (2018) call this Surface Water]. As for AW,

the PW is warmer and fresher in summer. Sea ice occupies the

western part of Fram Strait and the East Greenland conti-

nental shelf, flowing in the East Greenland Current. The split

between OW and PW transport is about 3:1 across Fram Strait

and the Barents Sea Opening [this estimate, from Tsubouchi

et al. (2018, their Fig. 4), is representative not precise, due

mainly to the nonzero flow across Fram Strait and the Barents

Sea Opening]. The sea ice flux is about 0.064 Sv (Haine

et al. 2015).

The Antarctic meridional overturning circulation is essen-

tially similar. The inflow of warm salty water occurs in

Circumpolar Deep Water (CDW), analogous to AW (it is

called AW below), and fed from the deep North Atlantic.
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CDW upwells toward the surface beneath the Antarctic

Circumpolar Current (Marshall and Speer 2012; Talley 2013).

Air–sea–ice interaction around Antarctica transforms the

CDW in two meridional overturning cells that circulate back

north. The upper cell is stronger with a transport of about

22 Sv, equivalent to 80% of the CDW flux (Abernathey et al.

2016; Pellichero et al. 2018). This cell feeds fresh, cold surface

water that is called Winter Water when the summer thermal

stratification is removed. It is analogous to Arctic PW. The

Winter Water flows north and subducts as Subantarctic Mode

FIG. 1. (top) Observations of temperature, salinity, and normal geostrophic current across the Fram Strait and

Barents Sea Opening. Modified from Klinger and Haine (2019) and based on results from Tsubouchi et al. (2012).

(bottom) Temperature and salinity data from Fram Strait in August 2002 (light gray) and from the Barents Sea

Opening in August 2017 (dark gray; from the World Ocean Database, Boyer et al. 2018).
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Water (SAMW) and Antarctic Intermediate Water (AAIW),

which are less dense than CDW mainly because they are

fresher. SAMW and AAIW form in deep winter mixed layers

near the Subantarctic Front, with several processes involved

and substantial zonal flow (McCartney 1977; Cerove�cki et al.

2013; Gao et al. 2017). Associated withWinterWater is sea ice,

which forms primarily near Antarctica in winter and flows

north with a flux that is estimated to be 0.13 Sv (Haumann et al.

2016) and 0.36 Sv (Abernathey et al. 2016). The lower cell

produces Antarctic Bottom Water (AABW) from CDW by

cooling, freezing, and salinification, especially on the conti-

nental shelves in the Weddell and Ross Seas and around east

Antarctica (Foster and Carmack 1976; Orsi et al. 1999; Jacobs

2004). AABW is analogous to Arctic OW. The resulting dense,

saline, freezing shelf water overflows the shelf break into the

deep ocean. As it descends, the dense plume entrains and

mixes with ambient CDW to formAABW (Muench et al. 2009;

Naveira Garabato et al. 2002).

To our knowledge, no prior study quantifies both estuarine

and thermal overturning cells in the Arctic and Antarctic.

Nevertheless, the key ideas in the present model are well

known in the polar oceanography literature. First, consider

the salinization process to produce dense shelf water: Gill

(1973) argues that brine release during winter freezing on

the continental shelves of the Weddell Sea produces dense

saline water that overflows the shelf break to form AABW.

He points to the wind driven export of sea ice offshore to

maintain high freezing rates in coastal polynyas. This pro-

cess is corroborated using Arctic satellite microwave data

by Tamura and Ohshima (2011). Aagaard et al. (1981) de-

scribe the maintenance of the Arctic halocline by saliniza-

tion of shelf water in winter by freezing and export of sea

ice. Their observations show freezing shelf water with high

salinity, in some cases 2–4 g kg21 higher than in summer.

Extending this work, Aagaard et al. (1985) propose that a

major source of Arctic deep water is dense brine-enriched

shelf water. Quadfasel et al. (1988) present observational

evidence of the shelf overflow and entrainment process

occurring in Storfjorden, Svalbard. They observe shelf

water with salinities of about 35.5 g kg21 (about 0.5 g kg21

saltier than the AW in Fram Strait) at the freezing tem-

perature (see also Maus 2003). Rudels and Quadfasel

(1991) review the importance of dense shelf water overflow

for the deep Arctic Ocean thermohaline structure. They

conclude that it must dominate open-ocean deep convec-

tion, although this latter process occurs variably in the

Greenland Sea. Freezing and brine rejection drive both

deep convection and shelf overflows in their view, consis-

tent with Aagaard et al. (1985).

More recently, Rudels (2010, 2012) articulates the problem

of understanding Arctic water mass transformation and the

Arctic estuarine and thermal overturning cells together

(he refers to them as a ‘‘double estuary’’). His papers ad-

dress several issues that underpin the present work: for-

mation of the fresh PW layer, conversion of AW to PW,

separation between the estuarine and thermal cells, for-

mation of deep water, and exchange through Fram Strait.

Abernathey et al. (2016) and Pellichero et al. (2018) also

view the Antarctic system in a holistic way. They focus on

the upper estuarine cell and the importance of sea ice in

moving freshwater from the shelves to freshen SAMW and

AAIW. Eldevik and Nilsen (2013) define the problem of

quantifying the two Arctic overturning cells (they refer to

them as the ‘‘Arctic–Atlantic thermohaline circulation’’).

Their model consists of volume, salinity, and heat budgets,

similar to Eq. (1) below. However, to close their problem

and solve for the outflow transports they must specify the

temperature and salinity properties of PW and OW. They

also neglect sea ice. Therefore, their system is a special case

of the model presented here, which does not make these

assumptions.

This paper synthesizes these ideas. It builds, explains, and

applies a quantitative model of polar overturning circulation.

The model is conceptual so as to elucidate principles and

characteristics. It neglects many important effects includ-

ing seasonality, interannual variability, regional differ-

ences, and continuously varying hydrographic properties. It

includes budgets for mass, salt, and heat and physical pa-

rameterizations of PW and OW formation. Although it

respects physical principles, the model is essentially kine-

matic. The dynamics of the overturning circulations are

beyond the model’s scope, and likely differ between the

Arctic and Antarctic. Nevertheless, the dynamics must in

aggregate respect the budget and parameterization equa-

tions used here.

2. Conceptual model

Consider the system sketched in Fig. 2 (top panel): A

deep polar basin is fed across a gateway from lower lati-

tudes with relatively warm, salty AW. The polar basin

connects to a shallow polar continental shelf across a shelf

break. The basin and shelf exchange heat and freshwater

with the atmosphere. The basin returns three distinct water

classes to lower latitudes (see Fig. 3 for a temperature–

salinity schematic), namely, OW, which is a cooled, denser

version of AW, with similar salinity; PW, which is a fresh,

freezing, less dense version of AW; and sea ice. Sea ice

formation (freezing) occurs on the shelf and there is partial

sea ice melting in the basin. The AW to OW pathway

comprises the thermal overturning cell and the AW to PW

plus sea ice comprises the estuarine overturning cell. Figure 2

(bottom panel) shows the model parameters, principles, and

output variables.

The model specifies steady seawater mass, salt, and heat

budgets for two control volumes: the basin sea ice melting re-

gion and the continental shelf sea ice freezing region (following

Eldevik and Nilsen 2013). In the basin,
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Notation is in Table 1. The volume fluxes (transports) areUj

and uj, temperatures are Tj, and salinities are Sj [the asso-

ciated density is rj 5 r(Tj, Sj)]. The subscripts correspond

to 1 5 AW, 2 5 PW, 3 5 OW, i 5 sea ice, and s 5 Shelf

Water (SW). The surface ocean freshwater mass and heat

flux parameters are F b and Qb, respectively. Inflowing

freshwater is assumed to have a temperature of 08C, and

the heat budget is relative to 08C. The sign conventions are
as follows:

d Positive volume fluxes Uj mean poleward flow. So U1 is
positive and all the others are negative.

d Positive fluxes F b,Qb mean ocean to atmosphere freshwater
and heat fluxes (i.e., ocean salinifying and cooling). So F b is
negative and Qb is positive.

FIG. 2. (top) Schematic of the conceptual polar overturning model. The sign convention is that positive volume fluxes

are toward the right. For realistic solutions {U2, U3, Ui, us, ui} , 0 and u1 . 0, as the arrows show. The topographic bump

at section A (nominally, the Fram Strait and Barents Sea Opening) is for illustrative purposes: the dashed line represents

the Antarctic case. (bottom) Flowchart showing the model parameters, principles, and output variables. Table 1 defines the

symbols.
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Assume that not all the sea ice melts, Ui , 0, and therefore

T2 5 Tf, where Tf is the freezing temperature (evaluated at the

appropriate salinity). Finally, L0 5 L 2 cpTf 1 ci(Tf 2 Ti),

where L is the latent heat of freezing for seawater, Ti is sea ice

temperature, and cp, ci are the specific heat capacities of sea-

water and sea ice, respectively.

Similarly, on the shelf,

�
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mass conservation,
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heat conservation. (2)

Assume that SW forms from AW by cooling and freshwater

input (with no PW contribution). The products are SW with

properties Ts, Ss and sea ice that leaves the shelf for the

basin. Freezing requires that ui , 0 and therefore Ts 5 Tf.

We specify the AW properties T1, S1, U1, and the sur-

face fluxes for basin and shelf together, Q5Qb 1Qs,

F 5F b 1F s. The unknowns are the SW, OW, PW, and sea

ice properties, so further assumptions are necessary to

close (1) and (2).

Assume that PW is formed from AW by heat loss to the

atmosphere and to melt sea ice (following Klinger and

Haine 2019, chapter 10; Rudels 2016; Abernathey et al. 2016;

Pellichero et al. 2018) (Fig. 3). The AW is cooled to freezing

FIG. 3. Schematic of the processes affecting OW properties. The

Atlantic Water (AW) properties are specified. The Polar Water

(PW) properties are freezing temperature and salinity less than the

maximum value given by the dotted line tangent to the AW iso-

pycnal. The ambient Water (aW) properties are a mixture of PW

and AW determined by f. The Overflow Water (OW) properties

are a mixture of aW and SW determined by entrainment F.

TABLE 1. Notation. AW 5 Atlantic Water (subscript 1), PW 5 Polar Water (subscript 2), OW 5 Overflow Water (subscript 3),

aW 5 ambient Water (subscript a). See also Fig. 2.

Symbol Unit Meaning

Parameters

U1, T1, S1 Sv, 8C, g kg21 AW volume flux, temperature, salinity at gateway

Q5Qb 1Qs W Ocean heat flux (total 5 basin 1 shelf)

F 5F b 1F s kg s21 Ocean freshwater mass flux (total5 basin 1 shelf)

f (no unit) Mass fraction of PW to AW entrained into OW

N * W Compound forcing parameter from (13)

Variables

U2, U3, Ui Sv PW, OW, sea ice volume flux at gateway

u1, ui Sv AW, sea ice volume flux at shelf break

Ss g kg21 SW salinity

Intermediate variables

S2 g kg21 PW salinity

T3, S3 8C, g kg21 OW temperature, salinity

Ta, Sa 8C, g kg21 aW temperature, salinity

us Sv SW volume flux at shelf break

r1, r2, r3, ra kg m23 AW, PW, OW, aW density

F (no unit) Entrainment mass fraction

Constants

Ti, Si 8C, g kg21 Sea ice temperature, salinity

T2 5 Ts 5 Tf 8C PW, SW, freezing temperature

ri, r0 kg m23 Sea ice, characteristic seawater density

cp, ci J kg21 8C21 Seawater, sea ice specific heat capacity

L J kg21 Latent heat of fusion

a, b 8C21, kg g21 Thermal expansion, haline contraction coefficients

g kg2/3 s1/3 m23 Entrainment parameter in (9)

Kgeo (no unit) Geostrophic Ekman number

x m Distance downstream from shelf break

Ws m Initial plume width at shelf break

amax (no unit) Maximum topographic slope

f s21 Coriolis parameter

g m s22 Gravitational acceleration
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temperature and freshened by melt. To maintain the stably

stratified PW layer above the AW layer, we require that r2 ,
r1. This sets the maximum allowed PW salinity given the AW

inflow properties:

S
2
#

b(S
1
2 S

i
)(L0 1 c

p
T

f
)S

1
1a(T

1
2T

f
)(L0 1 c

p
T

1
)S

i

b(S
1
2 S

i
)(L0 1 c

p
T

f
)1a(T

1
2T

f
)(L0 1 c

p
T
1
)
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where a and b are the thermal expansion and haline contrac-

tion coefficients (evaluated for the TEOS-10 equation of state

at the AW temperature and salinity). This formula expresses

linear mixing between S1 and Si. The PW properties lie at the

intersection of the freezing temperature and the line tangent to

the isopycnal at the AW properties (see Fig. 3). This ensures

that as PW is formed from AW by cooling and freshening it

always remains less dense than AW. In any case, S2 is treated

as a parameter that varies in section 3f.

Assume that OW is formed from SW and a mixture of AW

and PW that is entrained during the overflow. The influential

Price andO’Neil Baringer (1994) model is used for this process

(their end-point model, not the streamtube model: see also

discussion in section 4). It computes the OW product properties

of the plume descending from a marginal sea and entraining

ambient water (aW). It assumes the plume is geostrophic and the

bottom stress causes the plume to grow downstream in width

due toEkman drainage. Entrainment of aW (andmixing with it)

occurs at hydraulic jumps as determined by a geostrophic

Froude number Fgeo. The entrainment strength F depends on

Fgeo and specifies the aW/SWmixing to form OW. The Froude

number is proportional to the overflow plume speed and in-

versely proportional to the (square root of) plume thickness.

The plume thickness and speed depend on the plume flux and

the plume width, and the plume width increases downstream.

The net effect of these factors is that entrainment decreases

(weakly) as the SW flux increases and entrainment increases as

the aW/SW density difference increases.

Specifically, linear mixing implies

T
3
5FT

a
1 (12F)T

f
heat conservation, (4)

S
3
5FS

a
1 (12F)S

s
salt conservation, (5)

where (Tf, Ss) are the SW properties and (Ta, Sa) are the aW

properties (i.e., the water that is entrained; see Fig. 3). The

entrainment parameter 0 # F # 1 is the mass fraction that

determines the mixing between aW and SW to form OW:

F5 12
r
s
u
s

r
3
U

3

mixing mass fraction. (6)

Price and O’Neil Baringer (1994) parameterize the entrain-

ment as

F5max(0, 12F22/3
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for geostrophic Froude number
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where g5 r2/30 fg22/3a21
max(Ws 1 2Kgeox)

21/3
is a constant and

the parameters have conventional meanings (see Table 1 and

section 3g).

Additionally, the aW properties (entrained into the plume)

are set by a mixing mass fraction, 0 # f # 1, between surface

PW and AW (see Fig. 3):

T
a
5fT

f
1 (12f)T

1
heat conservation, (10)

S
a
5fS

2
1 (12f)S

1
salt conservation: (11)

Observations show the OW is cooler and fresher than AW

indicating f . 0 (Fig. 1) [this is also true in the Antarctic

case: see Fig. 3 in Nicholls et al. (2009)]. The mixture frac-

tion f is formally another parameter in the conceptual

model. It is constrained, however, and it is initially held fixed

(see section S4 in the online supplemental material).

Model solution

The full system consists of equations for mass, salt, and heat

conservation (1), (2); linear mixing (4), (5), (10), (11); and

plume entrainment (6), (9). Inequalities enforce static stability

with the densities ordered from SW (densest) to OW to AW to

PW (least dense). Inequalities also enforce physically relevant

solutions, namely, sign constraints on the transports. This is a

system of six equations in six unknowns, namely, {U2, U3, Ui,

u1, ui, Ss} (see also supplemental material section S1). There

are five flux parameters: fU1, U1T1, U1S1, Q, Fg, and the

overflow mixing fraction f.

The model consists of coupled nonlinear algebraic equa-

tions. The most important nonlinearity is due to the pa-

rameterization of entrainment (6) and (9), although there

are several others due to the advective product of variables

and seawater functions of state. Therefore, we expect

multiple solutions, possibly an infinite number, for some

parameter ranges, and no solutions for others. For the case

of an infinite number of solutions we expect tradeoffs be-

tween variables and bounds on variables within limits. One

goal is to diagnose and understand these different types of

solution. The system is solved iteratively using a procedure

explained in supplement section S1. Solutions satisfy the

equations exactly except for (9), which is satisfied within a

tolerance dF because this is likely the most uncertain part

of the model.
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3. Results

a. Arctic reference solutions and sensitivity to Q
Figure 4 shows results from experiment 1 using parameters

roughly appropriate to the Fram Strait and Barents Sea

Opening. The parameters (Table 2) are taken from Tsubouchi

et al. (2012, 2018). The temperature–salinity diagram in

Fig. 4 shows the properties of the various water masses. The

OW properties T3, S3 range over different values, which

correspond to a range of SW salinities Ss. Notice that the OW

and PW properties are moderately realistic compared to the

data shown in Fig. 1. The SW salinities are high, however,

and the OW properties cluster close to the aW. This fact

indicates that the entrainment is high for this solution, and

indeed, the mean value is F 5 0.94. Therefore, the shelf

circulation is relatively weak and most OW is formed by AW

being entrained into the overflowing SW. Hence, the OW

temperature T3 is relatively high and the system balances the

heat budget by exporting warm OW. Indeed, experiment 1

has a strong thermal overturning cell compared to the estu-

arine cell, U3/U2 ’ 3.4, which is moderately realistic (see

Fig. 1 and section 1). The ice export flux, jUij/U1 ’ 0.040, is

also moderately realistic.

The blue error bars in Fig. 4 indicate the range of possible

solutions for the fixed parameters in experiment 1 (the 0th and

100th percentiles). The bars themselves indicate the solution

with entrainment closest to the mean entrainment (other

choices are possible). There are two reasons that a range of

solutions exists (see supplement section S1). First, for the

fluxes in and out of the system as a whole (across section A; left

column in Fig. 4), multiple solutions exist for {U2, U3, Ui, Ss},

and hence {us, T3, S3, F}. This multiplicity reflects a trade-off

between shelf salinity Ss and entrainmentF and is discussed in

section 3c. Second, for the fluxes across the shelf break (across

section B; right column in Fig. 4), multiple solutions exist for u1
and ui (for every value of Ss; the bars show the mean values).

This multiplicity reflects a trade-off between the ocean surface

fluxes Qs and F s on the shelf [it is linear, see (S5)]. Physically,

this second trade-off means that the shelf heat budget can be

satisfied with relatively large Qs (which is positive), large ui,

large F s (negative), and small us; or vice versa. The system can

lose more or less heat over the shelf relative to the basin, and

thereby form more or less sea ice, without disturbing the bal-

ance across section A.

Next consider Fig. 5, which shows results from experiment 2.

This experiment is the same as experiment 1, except that the

total ocean heat loss Q is one-third higher (Table 2). The mass

fluxes across section A, U2 and U3, are similar, U3/U2 ’ 3.8.

The ice export flux for experiment 2 is also similar, jUij/U1 ’
0.036, to experiment 1. Nevertheless, the solution is qualita-

tively different because it shows strong shelf circulation, cold

OW, and weak entrainment (mean F 5 0.13). In this experi-

ment, to satisfy the heat budget across section A, the OW is

cold. That is achieved by the AW flowing onto the shelf, where

it is cooled to freezing, and then flowing off the shelf to form

OWwith little entrainment. The system cannot satisfy the heat

budget with a weak shelf circulation, warm OW, and strong

entrainment, like in experiment 1. By switching to this other

mode of solution (strong shelf circulation), the system ac-

commodates the greater ocean heat loss.

Now consider experiment 3, which extends experiments 1

and 2 to cover a wide range of Q values (Table 2). Figure 6

shows the key solution variables as functions of Q. In each

panel, the thick lines show the solution with entrainment

closest to the mean entrainment (like the bars in Figs. 4 and

5). The colored patches show the range of possible solutions

(like the error bars in Figs. 4 and 5). Experiments 1 and 2 are

shown with solid and dashed lines, respectively. Notice first

that the entrainment F (bottom panel of Fig. 6) reflects the

shelf circulation switching on (small F) and off (large F)

according to Q. Large Q demands strong shelf circulation to

supply a large heat flux from the AW to SW to OW conver-

sion process. Notice next that the range of possible solutions

is relatively small for experiments 1 and 2, but between them,

at Q/(riL
0U1)’ 0:09, it is large. (Normalizing Q by riL

0U1 is

natural because it compares the total ocean heat loss to the

total heat that must be extracted to freeze the inflowing AW.)

In this case, the relative strengths of the shelf circulation and

of the PW/OW mass flux ratio are essentially unconstrained

(see section 3d). Finally, notice that the range of possible

solutions shrinks to zero for small and largeQ (to the left and

right of experiments 1 and 2 in Fig. 6, respectively). At these

limits U2 approaches zero and for Q/(riL
0U1)& 0:07 or

Q/(riL
0U1)* 0:11, no negative U2 solutions are possible. The

system no longer makes PW—the hatched regions in Fig. 6—and

the estuarine circulation collapses.

b. Collapse of the estuarine overturning cell:
Heat and salt crises

Collapse of the estuarine circulation can occur for two rea-

sons. For small Q, similar to experiment 1, the shelf circu-

lation is switched off, entrainment is high, and the OW is

warm. This state allows maximum export of heat with large

OW heat export 2U3T3 to compensate for the weak ocean

heat loss Q. Export of PW or sea ice effectively carries away

negative heat, or equivalently imports positive heat to the

system (because PW is at the freezing temperature and sea

ice is deficient in heat; recall the heat budget is constructed

relative to 08C). Hence, the only way to increase heat export

is to increase 2U3T3. An upper limit to OW temperature T3

exists, however, which is set by aW temperature Ta (sup-

plemental material sections S4–S6). Near this limit (large F)

the system must compensate for decreased Q by increased

OW export 2U3. This compensation can only continue as

long as the OWmass flux does not exceed the AW mass flux,

2U3/U1 & 1, otherwise the PW flux vanishes. This failure

mode (meaning loss of viable solutions) is referred to as heat

crisis because the system can no longer export enough heat

and also maintain the estuarine circulation.

The second reason for collapse of estuarine circulation

concerns largeQ, similar to experiment 2. In this case, the shelf

circulation is switched on, entrainment is low, and OW is near

the freezing temperature. This state restricts the export of heat

in the thermal cell to supply the large surface heat lossQ’Qs.

Restricting the export of heat might instead be accomplished

by large PW flux U2 and small OW flux U3 (OW is also at the
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FIG. 4. Results for experiment 1, with parameters appropriate for the Arctic (Fram Strait and Barents Sea

Opening, BSO). (top) Temperature–salinity properties, as in Fig. 3. Curved black contours are the density anomaly

r(T, S) 2 1000 kgm23, and the thick black line is the freezing temperature. (bottom) The left (right) column of

panels show mass, salt, and heat fluxes crossing section A (B) in Fig. 2. The individual terms in (S1) and (S2) are

shown with the horizontal bars. The blue error bars indicate the range of possible solutions (see text). This solution

is entrainment dominated with F ’ 0.94, warm OW, and a weak shelf circulation.
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freezing temperature). But OW is saltier than PW S3 . S2, so

large U3 and small U2 is more efficient at exporting salt. In this

state (U3�U2), greater ocean heat lossQ can be accommodated

by more freezing ui. More freezing necessarily reduces us and

henceU3, however, which chokes the export of salt (because sea

ice carries very little salt Si � S3). In trying to meet these com-

peting constraints as Q increases, the system is pushed to van-

ishing U2 and collapse of the estuarine circulation. This failure

mode is referred to as salt crisis because the system can no longer

export enough salt and also maintain the estuarine circulation.

c. Trade-off between entrainment and shelf circulation

In Figs. 4 and 5 (experiments 1 and 2) we see solutions with

similar thermal and estuarine circulations. In both of them, the

OW flux dominates the PW flux by a factor of U3/U2 ’ 3.5,

which is moderately realistic. The shelf circulation strength us
differs by a factor of about 14 between the experiments,

however. Understanding how experiments 1 and 2 maintain

the same OW/PW ratio despite the large shelf circulation dif-

ference illuminates the model.

Figure 7 shows entrainment F against shelf salinity Ss for

experiments 1 and 2. The solid curve comes from a theoretical

argument about the trade-off between these F and Ss (see

supplemental material section S2). For constant U3,

F’ 12
g3/2

r
0
bDS

s

jU
3
j1/2 , (12)

which says that the shelf salinity anomaly DSs and (one minus

the) entrainment are inversely proportional to each other. This

gives a good fit to the trade-off betweenF and Ss at fixedU3 (see

Fig. 7). Physically, it reflects the fact that the AW to OW con-

version pathway can either occur by strong entrainment and

weak shelf circulation (experiment 1) or vice versa (experiment

2). AWcan either flow directly intoOW through entrainment or

it can circulate on the shelf before becoming OW. As experi-

ments 1 and 2 show, this trade-off is important for the heat

budget, however. Small (large)Q requires export of warm (cold)

OW and therefore a weak (strong) shelf circulation.

d. Unconstrained OW/PW fluxes: OW emergency

A variation of this idea explains the wide range of possible

solutions for intermediate Q, between experiments 1 and 2 in

Fig. 6 (see supplemental material section S5 for the theory).

For Q/(riL
0U1)’ 0:09, the ratio of OW/PW fluxes U3/U2 is

essentially unconstrained. In this case, solutions exist with

strongOWflux and weak PWflux that have weak entrainment,

strong shelf circulation and cold OW. These solutions are far

from the solid curves in Fig. 6, although still within the colored

patches (to balance mass, U2 is anticorrelated with U3 at fixed

Q, as seen from the solid lines). This shelf-dominated mode

efficiently supplies AW heat to the shelf and hence to the at-

mosphere via Qs, like experiment 2. But the system also sup-

ports solutions with weak OW flux and strong PW flux (unlike

experiments 1 and 2). This intermediate-Q mode balances the

heat budget by converting AW mainly to PW (which is cold)

and suppressing the export of warm OW. It can have either

strong or weak entrainment and shelf circulation: the differ-

ence between them is unimportant because little AW is con-

verted to OW in the intermediate mode. This type of solution

allows vanishing of theOW thermal overturning cell,U35 0, as

the solid curve shows forQ/(riL
0U1)’ 0:09. It is called anOW

emergency: the thermal cell can disappear, but it does not have

to disappear (in contrast, recall that the heat and salt crises

require collapse of the estuarine cell). See ahead to section 3g

and Fig. 9 for an example of an intermediate-Q solution and

OW emergency.

e. Sensitivity to other system parameters

Experiments 1, 2, and 3 differ only inQ, the ocean heat loss flux.

What about sensitivity to other system parameters? Experiment 4

(Table 2) systematically varies fQ, F , U1, T1, S1g in 1 769472

different combinations (f 5 0.33 is held constant: see section 3f

and supplemental material section S4). Experiment 4 spans the

space of parameters for the Fram Strait and Barents Sea Opening,

arising from uncertainty or secular variability. Figure 8 shows the

results for the export volume fluxes. The figure shows histograms

of the volume fluxes plotted against

N *[ (12S
i
/S

1
)Q1L

0F 1 c
p
r
1
(S

i
/S

1
2 1)T

1
U

1
, (13)

’Q1LF 2 c
p
r
0
U

1
T
1
, (14)

’ r
i
L

0
(U

1
1U

2
1U

3
) . (15)

The origin of N * is explained in supplement section S3 and its

physical interpretation is discussed below. This compound

forcing parameter is a function of (mainly)Q, F , andU1T1. It

collapses the five-dimensional fQ, F , U1, T1, S1g parameter

space onto a line. Distance along this line, N *, is proportional

to Q, but it also depends on the other parameters. In this way,

N * in experiment 4 and Fig. 8 generalizes Q in experiment 3

and Fig. 6. The histograms are constructed from the mean

TABLE 2. Experiments. The mixing fraction f 5 0.33; see section 3f for a discussion. For all experiments dF 5 0.01 (see supplemental

material section S1), Ti 5 2108C, Si 5 4 g kg21.

Experiment Description U1 (Sv) T1 (8C) S1 (g kg21) Q (TW) 2F (kt s21)

1 Fram Strait 1 BSO 4.75 3.40 35.00 115 180

2 Fram Strait 1 BSO high Q 4.75 3.40 35.00 153 180

3 Fram Strait 1 BSO various Q 4.75 3.40 35.00 87–195 180

4 Fram Strait 1 BSO various parameters 3.17–7.13 2.55–4.53 34.30–35.70 70–280 75–300

5 Fram Strait 1 BSO various S2 4.75 3.40 35.00 115 180

6 Antarctic 26.0 0.50 34.84 300 240
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entrainment solutions, like the bars in Fig. 4, and the results

from experiment 3 are shown with white curves on Fig. 8 for

reference. Most of the variation in U2 among the solutions

is controlled by N *, indicating that this parameter domi-

nates these variations. Equivalently, for a fixed N * value, the

distribution of U2 values is relatively tight, especially for U2 / 0

approaching the heat and salt crises. For example, the range

of U2 values for fixed N * is typically smaller than the range of

U2 values about the mean entrainment solution seen in Fig. 4.

Similar remarks apply to the distribution of U3.

FIG. 5. As in Fig. 4, but for experiment 2. This solution has similar mass and salt fluxes to experiment 1 shown in

Fig. 4, but weak entrainment (F ’ 0.13), strong shelf circulation, and cold OW. The total ocean heat loss fluxQ is

33% larger than for experiment 1. Notice the heat flux abscissa limits differ from Fig. 4.
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Physically, N * generalizes the ocean heat loss flux parameter

Q. In particular, N */(riL
0U1) is the fractional anomaly in the

volume budget U1 1U2 1U3 ’N */(riL), meaning that N *

measures the (small) difference between the AW transport and

the OW and PW transports. This difference is approximately

the meteoric freshwater flux F /ri plus the sea ice export Ui.

Supplemental material section S3 shows theoretical support [see

(S12)], but themain evidence is that the results of experiment 4 in

Fig. 8 plotted against N * resemble those from experiment 3 in

Fig. 6 plotted against Q. In particular, the types of solution and

failure mode are the same in experiments 3 and 4.

f. Sensitivity to PW salinity S2 and mixing fraction f:

Entrainment emergency

Recall, that theAW to PW conversionmodel (section 2) sets

an upper limit for the PW salinity. In all experiments shown so

far, the PW salinity S2 equals this limit from (3). This as-

sumption is now relaxed, as is the related assumption that aW

has a fixed mixing fraction f.

Experiment 5 varies S2 with all other parameters fixed as for

experiment 1 (Table 2, Fig. S2 in the online supplemental

material). There exists a range of possible solutions at mod-

erate entrainment values. As S2 decreases, the estuarine cell

strengthU2 weakens as for the salt and heat crises. For a certain

S2 ’ 33.5 g kg21,U2 vanishes and the estuarine cell disappears.

This crisis differs from the salt and heat crises, however, be-

cause entrainment F ’ 0.63 (not zero or one). It is called an

entrainment emergency. Approaching the entrainment emer-

gency, the aW salinity Sa decreases because the PW salinity S2
is decreasing. The OW salinity S3 therefore also decreases. The

OW salinity can only decrease until the OW density r3 equals

the AW density r1, however, otherwise the stable stratification

ofAWaboveOW fails. Therefore, a crisis occurs beyondwhich

entrainment of aW into overflowing shelf water to form OW is

no longer possible. The aW becomes too light (fresh) for so-

lutions to the entrainment model to exist. This entrainment

emergency also occurs for large f values that make the aW too

fresh, for the same reason (see Fig. S3d).

The model specifies the mixing fraction f. An objection to

this choice is that fmight more realistically depend on the PW

salinity. Entrainment of PW into the descending SW plume

might be less likely if PW is less dense (fresher) than AW, for

example. That argues for f to depend on r1 2 r2. This possi-

bility is not pursued here because the function f(r1 2 r2) is

unknown. Instead, consider the choice f 5 0 so that aW and

AW properties are the same: Because the aW properties are

independent of SW salinity for f 5 0, the entrainment emer-

gency disappears. The route for meteoric freshwater and sea

ice melt to enter the thermal overturning is also eliminated.

However, there is no qualitative effect on experiments 1–3 (not

shown). There is negligible effect on shelf-dominated solutions

FIG. 7. Trade-off between entrainmentF and shelf salinity Ss for

fixed OW flux. Strong (weak) entrainment implies weak (strong)

shelf circulation us from (6). Results from experiments 1 and 2,

including the range of possible solutions, are shown. The theory

curve is from (12).

FIG. 6. Results for experiment 3 for the Arctic. (top) The nor-

malized volume fluxesU2,U3, andUi. (middle) TheOWproperties

T3 and S3. (bottom) The entrainmentF. In each case, the abscissa is

the normalized ocean heat loss flux Q. The solid and dashed ver-

tical lines indicate experiments 1 and 2, shown in Figs. 4 and 5,

respectively. The hatched regions indicate no solutions are possible

because U2>0; see text for details.
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(like experiment 2) because entrainment is unimportant for

them. For entrainment-dominated solutions (experiment 1),

the OW temperature and salinity increase somewhat (which is

less realistic) with marginal changes in transport fluxes.

g. Antarctic reference solution and choice of g

Figure 9 shows a canonical Antarctic solution (experiment

6). The parameters (Table 2) are taken from Abernathey et al.

(2016), Price and O’Neil Baringer (1994) and Volkov et al.

(2010). They represent (crudely) the meridional overturning

circulation at all longitudes, consistent with the paradigm of

zonal-average overturning in the SouthernOcean (Talley 2013;

Abernathey et al. 2016; Pellichero et al. 2018). The solution

in Fig. 9 has a wide range of OW water properties, entrain-

ment values, and shelf salinities. The canonical solution has

U2 ’ 216 Sv, U3 ’ 210 Sv, and ui ’ 20.27 Sv, which are

moderately realistic values (Abernathey et al. 2016; Pellichero

et al. 2018). The PW flux nearly always exceeds the OW flux

and the system is close to OW emergency. In this sense, the

system is more loosely constrained than experiments 1 and 2

and further from heat and salt crises. It is close to switching

between strong and weak shelf circulation (Fig. 6).

The values for the parameters in the Antarctic reference

case are uncertain. For example, it is unclear what AW tem-

perature to pick. The value used in experiment 6 is 0.58C, which
reflects the temperature adjacent to the Antarctic shelf in the

Weddell Sea. The temperature at the Polar Front is warmer, by

about a degree Celsius (Smedsrud 2005). The present model

cannot handle latitudinal variations in AW temperature,

however. Increasing T1 from 0.58 to 1.58C moves the Antarctic

solution toward an entrainment-dominated solution like ex-

periment 1. The transports are about the same, but with slightly

stronger (weaker) OW (PW). The possibility of OW emer-

gency is less, entrainment is higher, and the OW is warmer.

The Antarctic reference solution reveals an important issue,

namely, the choice of entrainment parameter g from (9).

Recall from section 2a that g sets the sensitivity of entrainment

to changes in overflowing SW flux and density difference. For

the Arctic experiments 1–5, g 5 2.2 3 1023 kg2/3 s1/3m23,

which derives from Price and O’Neil Baringer (1994, their

Table 1). Themain g uncertainty is inWs1 2Kgeox, whereWs is

the overflow plume width, Kgeo is the geostrophic Ekman

number, and x is downstream distance. This sum is dominated

by the plumewidthWs for the cases shown here, so focus onWs.

How should Ws vary with the inflow flux U1, which sets the

circulation scale for the problem? The simplest choice, adop-

ted here, is to make Ws proportional to U1. Physically, that

means the shelf system can accommodate arbitrarily broad

overflow plumes (technically, it means the problem is linear in

U1). This choice cannot be true for all possible U1 fluxes be-

cause the shelf break length is limited. But for experiments 1

and 6, Ws 5 100 and 550 km, respectively, which are short

compared to the lengths of the Siberian and Antarctic shelves

so the choice appears plausible. In any case, g has little effect

on salt crises because entrainment vanishes for them, or on the

possibility of OW emergencies.

4. Discussion

The model constructed here combines well-established

principles. The main principles are (i) conservation of mass,

salt, and heat; (ii) the Price and O’Neil Baringer (1994) over-

flow plume model, which is frictional-geostrophic and mixes at

hydraulic jumps; and (iii) linear mixing. The ancillary prin-

ciples are (iv) static stability of PW, AW, OW, and SW and

(v) constraints on the sense of circulation, for example, to ensure

the system exports sea ice and does not import it. Conservation

laws on their own are not enough to close the system (Eldevik

and Nilsen 2013). The Price and O’Neil Baringer (1994)

FIG. 8. Results for experiment 4 for the Arctic. Normalized dis-

tributions of U2, U3, and Ui against the forcing parameter

N *5Q1L0F 1 (12Si/S1)1 cpr1(Si/S1 2 1)T1U1 for many solu-

tions with different parameters fF , Q, U1, T1, S1g (see Table 2). In
each case, the distribution is taken of the solutions with entrain-

ment closest to the mean entrainment, like the bars in Fig. 4. The

solid and dashed vertical lines indicate experiments 1 and 2, shown

in Figs. 4 and 5, respectively. The white curves show the results

from experiment 3, as in Fig. 6, which are a subset of the results

from experiment 4. There are 525 199 valid solutions in experi-

ment 4.
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overflow plume model requires as input parameters the aW

properties and SW properties and flux, so it is also not closed.

Conservation laws and the plume model together give a closed

system. The parameterization of mixing at hydraulic jumps

in the plume model is nonlinear, which means that either no

solutions are possible, or an infinite number. The ancillary

principles exclude physically unrealistic solutions. The model

solutions consist of fluxes of PW, OW, SW, and sea ice, and

OW properties (plus related variables). The model princi-

ples are plausible, but many variants are possible for

future study.

Figure 10 shows a schematic of the main solution modes for

this model. The quantitative details of the experiments depend

on specific parameter choices, but the qualitative solution

FIG. 9. As in Fig. 4, but for experiment 6 for the Antarctic.
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modes do not. These modes are organized by PW collapse (loss

of the estuarine cell) in heat and salt crises; by unconstrained

trade-off between PW and OW in OW emergency (possible

loss of the overturning cell); and by entrainment emergency

(loss of the estuarine cell). The sign of the solution sensitivity to

forcing parameters depends on the solution location with re-

spect to the crises and emergencies. For example, the estuarine

PW cell strengthens as Q increases if entrainment dominates

andOW is warm (like experiment 1 in Fig. 6). But the estuarine

cell weakens as Q increases if shelf circulation dominates and

OW is cold (like experiment 2). The sensitivity of the sea ice

export flux toQ also changes sign like this (Figs. 6 and 8). OW

thermohaline properties are insensitive to forcing parameters,

except when the system switches between strong and weak

shelf circulation near the OW emergency. Then, the OW

temperature (but not salinity) is very sensitive to forcing

changes, which leads to a bimodal distribution of OW tem-

perature (Fig. 6). The OW properties are buffered to

changes in shelf salinity in this way. The corollary is that the

shelf salinity is relatively unconstrained by the OW prop-

erties reflecting the trade-off between entrainment and shelf

circulation (Fig. 7).

The transition between modes is mainly controlled by the

compound forcing parameter N * [section 3e, Eqs. (13)–(15)],

which generalizes the effect of the ocean heat loss rate Q. The

N * parameter estimates the departure from the closed volume

budget between AW, OW, and PW. It shows that heat and

freshwater flux changes are interchangeable: greater ocean

heat loss compensates greater ocean freshwater gain, and

vice versa. If the changes are due to ice melt (or freezing)

then there is no net change in N *. That means that greater

(or less) ocean heat loss to Antarctic land ice, for example,

makes (almost) no change to the solution. Similarly, only

the difference between Q and AW heat flux matters, not the

individual magnitudes, and the AW salt flux is unimportant.

These results emerge from the mass, salt, and heat budgets

so they are robust.

The main approximation in this model is the Price and

O’Neil Baringer (1994) entrainment parameterization. In

particular, uncertainty surrounds the functional form (9),

the entrainment sensitivity parameter g, and the aW prop-

erties (from PW salinity S2 and mixing fraction f). Still, the

entrainment model is based on firm physical principles.

Price and O’Neil Baringer (1994) couple entrainment to the

dynamics of the overflow plume, which is the key ingredient

in the present model. They are guided by the laboratory

experiments of Ellison and Turner (1959) and Turner

(1986). These studies suggest that mixing during entrain-

ment events is so efficient that the Froude number cannot

exceed one. The assumption of geostrophic flow, and thus a

geostrophic Froude number in (8), implies the two-thirds

exponent in the Froude number scaling (7) (J. Price 2020,

personal communication). A different exponent would change

the details of the switch between strong and weak shelf circu-

lationmagnitudes, but not the existence of the switching. Other

studies on overflow entrainment point to the importance of

FIG. 10. Schematics of the four main solutionmodes: (a) heat crisis for smallQ (like experiment 1), (b) OWemergency for intermediate

Q (like experiment 6 and the middle of experiment 3), (c) salt crisis for large Q (like experiment 2), and (d) entrainment emergency for

fresh PWand/or aW (like the small PW salinity end of experiment 5). Thesemain solutions are determined by the forcing, indicated by the

ocean heat loss flux Q (Figs. 6 and 8), and by the aW salinity (Fig. S2). See also Fig. S3.
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entrainment for subcritical flows (Froude number , 1,

Cenedese and Adduce 2010), especially over rough bot-

toms (Ottolenghi et al. 2017). Boosting of entrainment by tidal

currents is also thought to be important in some situations, such

as for AABW in the Ross Sea (Padman et al. 2009). These

additional effects are worth exploring, but appear unlikely to

make a qualitative difference because few solutions have

subcritical flow and vanishing entrainment (Figs. 6 and 8).

Likely more important is to revisit the assumption of efficient

entrainment controlled by the Froude number. For example,

Akimova et al. (2011) constructed a model for the Storfjorden

plume, which is one of the better-documented Arctic shelf

overflows. They found that the entrainment assumptions of

Ellison and Turner (1959) and Price and O’Neil Baringer

(1994) put too much entrainment at the shelf break. Better

results were obtained by relating entrainment to the plume

volume transport, which puts most of the entrainment in the

deeper layers.

Consider now the maximum SW salinity Smax
s (see supple-

ment sections S1 and S4). This parameter is unavoidable in

the numerical method because the entrainment parameteri-

zation (9) involves a power law of the aW/SW density (hence

salinity) difference. Therefore, no characteristic maximum

shelf salinity exists. The upper limit on SW salinity is controlled

in reality by other processes. Most important is exchange across

the shelf break jet unrelated to dense overflows, like baroclinic

instability (Lambert et al. 2018; Stewart et al. 2018). This ex-

change augments dense overflows in exporting salt from the

shelf (and importing heat on to the shelf). The relative im-

portance of these shelf break exchange mechanisms and

their interaction are unclear and worth exploring. The key

question is how they control (in order of priority) the OW

temperature, OW salinity, and PW salinity because once

these variables are known, the budget equations (S1) specify

the transports. Despite the uncertainty in what sets Smax
s , the

results from experiment 5 with a wide range of forcing pa-

rameters show that the value chosen here is unimportant:

The mean, median, and modal excess SW salinities over AW

salinities are just 0.67, 0.04, and 20.06 g kg21, respectively.

These are reasonable values compared to the observations

mentioned in section 1.

Several other potentially important processes are ex-

cluded. Among them are pressure-dependent effects in

seawater density, such as thermobaricity (Killworth 1977;

Stewart and Haine 2016). Correcting for thermobaricity

would increase the SW density relative to the aW density

(because SW is colder and more compressible). That effect

enhances entrainment although it is probably small as the

entrainment does not occur at great depths. Cabbeling is

also ignored, which is important for mixing at strong ther-

mohaline fronts (Stewart et al. 2017) and potentially for

upwelling of CDW in the Southern Ocean (Evans et al.

2018). The linear mixing formulae [like (10) and (11)] in-

clude cabbeling, but the impact on stratifying the water

column is beyond the scope of this model. Interaction with

ice sheets is also potentially important, especially in the

Antarctic where glacial melt is significant (Jenkins et al.

2016; Abernathey et al. 2016; Dinniman et al. 2016). This

source of freshwater depends on the ocean heat flux to the

ice sheet, but the freshwater flux is specified here, regardless

of the shelf circulation. Indeed, both the freshwater flux and

the ocean heat loss flux Q are specified independently of the

system state. They are also allowed to freely vary between

shelf and basin, with only their sums constrained (supple-

ment section S1). These assumptions are unrealistic because

Q, for instance, depends on sea ice cover. Only steady so-

lutions are shown, but in the real system time-dependent

solutions may be important too, and they are intrinsically

interesting. For time dependence the model equations must

be expanded to include water mass reservoir volumes, which

will control the characteristic time scales for transient ad-

justment. One possibility is to couple the shelf and basin so

they can exchange heat and salt anomalies. This coupling

may resolve the degeneracy near the OW emergency into

periodic solutions.

5. Conclusions

This paper reports a conceptual model that specifies the

strengths and thermohaline properties of polar estuarine and

thermal overturning cells. The model satisfies mass, salt, and

heat budgets plus physical parameterizations for PW and OW

formation.We explore themodel characteristics and apply it to

the Arctic and Antarctic termini of the global ocean over-

turning circulation. At best, the conceptual model is a carica-

ture of a piece of the real system. It is most useful where it

suggests characteristics of the estuarine and thermal over-

turning cells that are robust in more realistic models. Then it

guides further research. The salient model characteristics are

as follows:

d The system is controlled by five flux parameters, namely, the

inflowing mass, heat, and freshwater fluxes, and the air–sea–

ice heat and freshwater fluxes. However, the state is domi-

nated by a single forcing parameter [Eq. (13)] that is a linear

combination of ocean heat loss flux, inflowing heat flux and

ocean freshwater flux. This parameter measures the depar-

ture from a balanced volume budget between the estuarine

and thermal overturning cells.
d A one-parameter infinity of solutions typically exists but the

range of possible solutions can be tight. The solutions have

different circulations onto and off the continental shelf,

which links to overflow entrainment. This trade-off permits

switching between two states: the states exhibit strong

(weak) shelf circulation, weak (strong) overflow entrain-

ment, and large (small) heat flux from the ocean to the at-

mosphere. Switching allows the system to accommodate a

wide range of inflow and air–sea–ice exchange fluxes and

gives a bimodal distribution of OW temperature with a

narrow range of OW salinity.
d Solutions exist for limited flux parameters. Solutions disap-

pear if the heat (salt) budget fails to balance because the

system cannot export enough heat (salt). These heat (salt)

crises collapse the estuarine cell. The thermal overturning

cell can collapse in a so-called OW emergency, but it does

not have to.
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d For theArctic, specifically the transfer across the Fram Strait

and Barents Sea Opening, the real system appears vulnera-

ble to heat crisis (Fig. 10a). The estuarine cell vanishes for

increased meteoric freshwater flux to the ocean, or increased

AWheat flux, or decreased ocean heat loss flux. The first two

factors are anticipated under global warming (Rawlins et al.

2010; Vavrus et al. 2012; Collins et al. 2013), pushing the

Arctic closer to heat crisis and collapse of the estuarine cell.

This may relate to Arctic Ocean ‘‘Atlantification’’ (Polyakov

et al. 2017).
d For the Antarctic, the real system appears close to OW

emergency (Fig. 10b) with weak constraints on the strengths

of the estuarine and thermal cells, although most solutions

show a stronger estuarine cell. This result suggests that the

Antarctic system is more susceptible to unforced varia-

tions than the Arctic. The sensitivity of the Antarctic

solutions to changes in flux parameters is unclear because

the system appears close to switching between strong and

weak shelf circulation modes. Loss of parts of the estua-

rine cell may relate to loss of sea ice and PW in Weddell

Sea polynyas (Comiso and Gordon 1987; Gordon 2014).

Such offshore polynyas are linked to climate variations

that are projected to strengthen with anthropogenic cli-

mate change (Campbell et al. 2019). Loss of the thermal

cell may relate to loss of AABW formation due to in-

creased land ice melt in future climate projections

(Lago and England 2019). Warming CDW (Smedsrud

2005) pushes the Antarctic system toward the entrainment-

dominated solution with warm OW and weak shelf circula-

tion (Fig. 10a).

The most important lessons from this conceptual polar

overturning model are probably these: The model Arctic

regime is being driven toward heat crisis and collapse of the

estuarine overturning cell by flux changes associated with

anthropogenic climate change. Approaching the heat crisis,

entrainment and shelf salinity are high, shelf circulation is

weak, and variability in OW flux and temperature is small.

Sea ice does not disappear prior to the heat crisis. The model

Antarctic regime shows large intrinsic variability between

OW and PW fluxes and between strong and weak shelf cir-

culations. The magnitude and sign of the sensitivity to

changes in ocean heat loss, freshwater gain, and CDW heat

flux are uncertain. But sensitivity is weak to changes due to

oceanic melting of glacial ice.

Future work should vary the model principles, and there are

many ways to do so. Most important will be to modify the as-

sumptions on sea ice, for example, to allow sea ice to control

the ocean heat loss rate, to allow freezing in the basin, and to

add a seasonal cycle. Allowing for PW to gain density by brine

rejection from freezing admits the possibility of a new circu-

lation mode: namely, deep convection through the AW.
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