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ABSTRACT: Fresh Arctic waters flowing into the Atlantic are thought to have two primary fates. They may be mixed into the

deep ocean as part of the overturning circulation, or flow alongside regions of deep water formation without impacting over-

turning. Climate models suggest that as increasing amounts of freshwater enter the Atlantic, the overturning circulation will be

disrupted, yet we lack an understanding of how much freshwater is mixed into the overturning circulation’s deep limb in the

present day. To constrain these freshwater pathways, we build steady-state volume, salt, and heat budgets east of Greenland that

are initializedwith observations and closed using inversemethods. Freshwater sources are split into oceanic PolarWaters from the

Arctic and surface freshwater fluxes, which include net precipitation, runoff, and ice melt, to examine how they imprint the

circulation differently. We find that 65 mSv (1 Sv[ 106 m3 s21) of the total 110 mSv of surface freshwater fluxes that enter our

domain participate in the overturning circulation, as do 0.6 Sv of the total 1.2 Sv of Polar Waters that flow through Fram Strait.

Based on these results, we hypothesize that the overturning circulation is more sensitive to future changes in Arctic freshwater

outflow and precipitation, while Greenland runoff and iceberg melt are more likely to stay along the coast of Greenland.

SIGNIFICANCE STATEMENT: The Atlantic’s overturning circulation is a vast system of currents that redistributes

heat, salt, and carbon, stabilizing Earth’s climate. Thewater in this circulation system cools and sinks into the deep ocean

in the high-latitude North Atlantic, where freshwater is also introduced to the system through river runoff from the

Arctic, precipitation, and ice melt. We use new observations to quantify how this freshwater moves through the ocean.

As Earth warms due to anthropogenic climate change, freshwater flows will increase, potentially triggering a funda-

mental shift in the overturning circulation and climate system. Our results suggest that the overturning circulation is

more sensitive to changes in Arctic freshwater and precipitation than Greenland melt.

KEYWORDS: Arctic; North Atlantic Ocean; Conservation equations; Meridional overturning circulation; Ocean

circulation; Inverse methods

1. Introduction

As Earth warms due to anthropogenic climate change, in-

puts of freshwater to the subpolar North Atlantic are expected

to increase. TheGreenland ice sheet ismelting at an accelerating

rate, the hydrological cycle is intensifying, andArctic permafrost

and sea ice melt are projected to continue (Shepherd et al. 2020;

Stroeve and Notz 2018; IPCC 2019). It has long been thought

that the Atlantic meridional overturning circulation (AMOC),

which stabilizes Earth’s climate, is critically sensitive to in-

creasing high-latitude freshwater sources (Weijer et al. 2019),

yet our understanding of how freshwater moves through the

Atlantic circulation in our present climate is limited.

We know that freshwater participates in the overturning

circulation because the AMOC’s lower limb is fresher than its

upper limb (Stommel 1961). At the same time, it is clear that

some freshwater is not mixed into the deep ocean, as fresh

boundary currents flow along the shelves of Greenland and

Labrador (de Steur et al. 2017; Le Bras et al. 2018; Myers et al.

2009; Florindo-López et al. 2020). This partitioning, and how it

may change, has been explored in numerical ocean models

(e.g., Böning et al. 2016; Dukhovskoy et al. 2016; Wang et al.

2018). However, the baseline of these freshwater pathways has

not been comprehensively established from observations.

In this study, we seek to quantify the amount of freshwater

that participates in the subpolar overturning circulation by

closing budgets of volume, salt, and heat. Our budget domain

includes the eastern subpolar North Atlantic and the Nordic

Seas (Fig. 1), regions where the bulk of the waters carried in the

AMOC lower limb are formed (Chafik and Rossby 2019;

Lozier et al. 2019; Huang et al. 2020). The southern boundary

of our domain is the Overturning in the Subpolar North

Atlantic Program (OSNAP) East array, which spans from

southern Greenland to northern Scotland at approximately

608N (Lozier et al. 2017). The domain is closed in the north at

Fram Strait and the Barents Sea Opening, where long-term
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observations are also available (Ingvaldsen et al. 2004; Budéus
et al. 2008; Beszczynska-Möller et al. 2012; de Steur et al. 2014;
Tsubouchi et al. 2012, 2018).

Freshwater enters this region through multiple avenues. Fresh

Polar Waters and sea ice flow into the Nordic Seas through Fram

Strait (de Steur et al. 2017). Freshwater flux from the Greenland

ice sheet enters the region through glacial fjords as runoff and

icebergs (Bamber et al. 2018). Finally, precipitation and evapo-

ration over the North Atlantic also alter the water cycle in this

critical deep water formation region. Our budget domain was

chosen to better understand how fresh Arctic water masses,

freshwater fluxes from Greenland, and sub-Arctic air–sea fluxes

have imprinted the circulation differently in the last two decades.

This will informhow changes in each freshwater sourcemay affect

the circulation in the future.

To quantitatively compare oceanic freshwater transports

and near-zero salinity freshwater sources, such as ice melt and

precipitation, a closed budget must be formed (e.g., Bacon

et al. 2015; Schauer and Losch 2019). Without a closed budget,

it can be misleading to compare oceanic freshwater transports,

which depend on a reference salinity, to zero salinity fresh-

water sources, which are independent of reference salinity. In

this study, we identify near-zero salinity freshwater sources as

surface freshwater fluxes (SFW) to distinguish them from the

term ‘‘fresh water,’’ which is used ambiguously in the ocean-

ographic literature. SFW includes runoff from Greenland ice

sheet melt and rivers, iceberg melt, net precipitation, and sea

ice melt.

A useful way to conceptualize thewatermass transformation in

this region is to divide it into overturning and estuarine circula-

tions. The overturning circulation describes the transformation of

northward flowingwarm, saltyAtlanticWaters into denser, colder

and less saline deep waters. The estuarine circulation is the

transformation of Atlantic Waters into the cold, fresh, light sur-

face outflows from the Arctic. The overturning circulation is a

vertical circulation cell associated with densification through

cooling, while the estuarine circulation is a horizontal circulation

cell associatedwith lightening through freshening (Fig. 2). Though

it is not commonly referenced in climate model based studies of

the AMOC, the idea that the Arctic and Nordic Seas exhibit this

‘‘double estuary’’ behavior is not new (e.g., Stigebrandt 1985;

Carmack 2007; Hansen et al. 2008; Rudels 2010; Eldevik and

Nilsen 2013; Lambert et al. 2016; Østerhus et al. 2019).

Eldevik and Nilsen (2013) apply this framework at the

Greenland–Scotland ridge, where the circulation is confined to

narrow straits. They estimate that the roughly 8.5 Sv (1 Sv [
106 m3 s21) of Atlantic Waters flowing northward at the ridge

are converted to about 6 Sv of denser Overflow Water (over-

turning transformation) and 2.5 Sv of cold, fresh, lighter Polar

Water (estuarine transformation). Eldevik and Nilsen (2013)

test the sensitivity of these transformations in an analytical

model based on volume, salt, and heat budgets and find that the

FIG. 1. Schematic of the study region with a cutout at the OSNAP East section. The locations of the Fram Strait and Barents Sea

Opening northern boundaries are indicated. Red/orange arrows depict warm, salty Atlantic Water; the light blue arrows depict cold, less

salty, dense Deep Waters; and the purple/green arrows depict cold, fresh, light Polar Waters.
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presence of the estuarine circulation stabilizes the overturning

circulation.

Here, we apply a similar framework to the circulation

measured by OSNAP in the eastern subpolar gyre. We are

motivated by the fact that the circulation at this latitude is more

representative of the large-scale Atlantic meridional over-

turning circulation than the circulation at the Greenland–

Scotland ridge (Dickson et al. 1990; Pickart et al. 2003;

Yashayaev and Dickson 2008; Lozier et al. 2019; Petit et al.

2020). In contrast to Eldevik and Nilsen (2013), our goal is not

to diagnose the sensitivity of the circulation, but to constrain

how freshwater moves through the overturning and estuarine

components of the circulation in a closed budget system. To

account for the net flow into the Arctic north of our domain, as

well as some Arctic transformations of Atlantic Waters, we

also include an Atlantic Water throughflow in our framework.

We decompose the circulation into the overturning, estuarine,

andAtlanticWater throughflow components in such a way that

summing them together yields the net circulation.

Wedefinewatermasses that reflect these three components of

the circulation and build volume, salt, and heat budgets for each

component. Our budgets are initialized using observations and

closed using linear inverse methods, which are tools for diag-

nosing oceanic transports and transformations given a set of

constraints and unknowns (Wunsch 1978). Recent applications

of inverse methods near our study region include Tsubouchi

et al. (2012, 2018, 2020), who apply inverse methods to investi-

gateArctic mass and salt budgets, andMackay et al. (2020), who

diagnose water mass transformations north of the OSNAP line.

Tsubouchi et al. (2012, 2018, 2020) andMackay et al. (2020) treat

reference velocities and mixing terms as principal unknowns,

whereas our approach is similar to that of Mauritzen (1996),

who treats water mass transports as unknowns in diagnosing

detailed water mass transformation pathways in the Nordic

Seas. As our focus is on the participation of freshwater in the

large-scale, steady-state circulation, we use a much simpler

set of water masses than Mauritzen (1996).

Our overarching aim is to quantify howmuchArctic freshwater

participates in the subpolar overturning circulation. To this end,

we build steady-state volume, salt, and heat budgets, which are

split into water masses that represent the primary components of

the circulation, including the overturning circulation.We examine

which sources of freshwater likely participate in the overturning

circulation by identifying how fresh PolarWaters from the Arctic

and surface freshwater fluxes are partitioned between the com-

ponents of the circulation in our closed budget system. By im-

proving our understanding of themean state,we hope to provide a

baseline for predictions of what climate change will bring.

This manuscript is organized as follows: in section 2 we

document the datasets used in this study; in section 3 we outline

our methods, including the water mass decomposition, inverse

method, and budget partitioning; in section 4 we detail the

initial conditions of our budgets of volume, salt, and heat; in

section 5 we present our inverse model budget results, in-

cluding the partitioning of freshwater between the overturning

and estuarine circulations; and in section 6 we discuss the im-

plications of this work in a broader context. The sensitivities to

our primary uncertainties are documented in the appendix.

2. Data

Our budget domain is bounded by two different observation-

based datasets: the Fram Strait and Barents Sea Opening dataset

(October 2004–May 2010; Tsubouchi et al. 2019) and theOSNAP

East dataset (September 2014–May 2018; Lozier et al. 2019).

Though these records are not contemporaneous, we find that their

mean values provide a relevant approximation of the steady state,

as discussed in the appendix.

a. OSNAP East

The OSNAP East dataset consists of monthly mean property

(temperature and salinity) and velocity fields extending from

Greenland to Scotland (September 2014–May 2018; Lozier et al.

2019). Properties and velocity were measured directly by moored

FIG. 2. Schematic of the freshwater budget decomposition into the three components of the circulation. The listed transports are the

inverse model solutions (Table 1, stars in Fig. 7). The water masses are Atlantic Water (AW), PolarWater (PW), and DeepWater (DW);

the suffixes ‘‘S’’ and ‘‘N’’ refer to the southern and northern boundaries of the domain, respectively. Surface freshwater (SFW) includes

net precipitation, sea ice melt, runoff, and iceberg melt.
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arrays on the continental boundaries, in the Iceland Basin

and in the Rockall Trough. Between mooring arrays, grid-

ded property fields were synthesized from Argo profile data,

OSNAP gliders, the World Ocean Atlas 2018 climatology,

and shipboard hydrographic data using objective analysis.

Geostrophic velocities were calculated from the property

fields away from the moorings; these were referenced to the

topmost measurement of deep moorings where available,

and time mean surface velocities from satellite altimetry

otherwise. The unmeasured flow above the Labrador Shelf

was filled with an ensemble-mean velocity climatology from

ocean or ocean–sea ice models and ocean reanalysis (Li et

al. 2020, manuscript submitted to Nat. Commun.). Ekman

velocities, which are very small along this line, were calcu-

lated from ERA5 winds. The net transport across OSNAP East

was adjusted to total 1.6 Sv at each time step to compensate for the

estimated southward flow throughDavis Strait west of Greenland

(Li et al. 2017). The adjustment was made by adding a constant

velocity to areas that are referenced to time mean surface veloc-

ities, so that the adjustment can be thought of as a time-varying

barotropic velocity. The Bering Strait throughflow, which ac-

counts for about 1Sv of the southward 1.6 Sv flowing through

Davis Strait (Woodgate 2018), is not included in the OSNAP

product and has been found not to impact overturning variability

(Lozier et al. 2019). Li et al. (2017) discuss the methodology and

uncertainty of this product in the context of Observing System

Simulation Experiments. In this study, we use the published

OSNAP East dataset as an initial condition and enforce overall

volume balance in our domain, which allows for a net northward

throughflow. The initial conditions at the northern boundary ac-

count for the Bering Strait throughflow as they are based on a

closed Arctic budget and the OSNAP East initial conditions are

adjusted to accommodate this in our inverse budget framework

(section 5). Hence, the Bering Strait throughflow is accounted for

in our results.

b. Fram Strait and Barents Sea Opening

The Fram Strait and Barents Sea Opening monthly mean

property and velocity fields are inverse model solutions

generated in the context of volume and salt budgets for the

Arctic Ocean to the north of these passages as well as

the Davis and Bering Straits (October 2004–April 2010;

Tsubouchi et al. 2012, 2018, 2019). The fields are based

primarily on moored arrays which measure properties and

velocity directly (de Steur et al. 2014; Beszczynska-Möller
et al. 2012; Ingvaldsen et al. 2004). Repeat CTD section data

are also used in the Barents Sea Opening. Data gaps longer

than 30 days are filled using the climatological seasonal cy-

cle, and the unobserved portions of the continental shelves

are filled with zero velocity. It is assumed that there is no

stratification above each shallowest mooring instrument.

Limited observations indicate that there is some northward

flow on the western shelf of Fram Strait in the summer (de

Steur et al. 2009). However, this may be compensated for by

the fact that salinity is likely overestimated by the subsur-

face observations, and the net error is unclear (Tsubouchi

et al. 2018). The box inverse model is set up to solve for

reference velocities, sea ice speeds, freshwater fluxes, and

diapycnal velocities between prescribed isopycnal layers, as

detailed in Tsubouchi et al. (2012, 2018).

c. NorESM climate model

We use model monthly mean fields of velocity, salinity and

temperature from January 2000 toDecember 2018 to examine the

impact of interannual changes in water mass transport and

properties on our results. These fields are from the forced global

ice–ocean configuration of the second version of the Norwegian

Earth System Model (NorESM2-LM, referred to as NorESM in

this study; Bentsen et al. 2019). The general description of the

model predecessor, NorESM1, is provided by Bentsen et al.

(2013), while the updated version of the model in a fully coupled

configuration is presented by Seland et al. (2020). The ocean

model, Bergen Layered Ocean Model (BLOM), is an updated

version of the Miami Isopycnic Coordinate Ocean Model

(MICOM) used in NorESM1. BLOM consists of 53 near-

isopycnic interior layers and variable density layers in the sur-

face well-mixed boundary layer. A tripolar grid is used, which

allows for higher spatial resolution in the high latitudes. At the

equator, the grid resolution is 18 zonally and 1/48 meridionally.

The grid gradually becomes more isotropic as latitude increases:

the typical horizontal resolution in the Nordic Seas is 40 km. The

sea ice model is version 5.1.2 of the Los Alamos Sea Ice Model

(CICE5.1.2; Hunke et al. 2015) configured with eight layers of ice

and three of snow, using the same horizontal grid as the ocean

model. A NorESM2-specific change to CICE is the inclusion of

the effect of wind drift of snow into ocean followingLecomte et al.

(2013). NorESM1 was evaluated relative to hydrographic obser-

vations in the Nordic Seas over the last century by Muilwijk et al.

(2018). Note that NorESM1 was forced by an adjusted version of

the twentieth-century atmospheric reanalysis forcing (Compo

et al. 2011), whereas the updated NorESM2-LM is forced by the

Japanese 55-yearReanalysis (Tsujino et al. 2018). The simulations

are provided as part of the CMIP6 contribution for the OMIP

experiments (Ocean Model Intercomparison Project; Griffies

et al. 2016).

d. Reanalysis products

We examine net precipitation and heat fluxes from several

reanalysis products: the Japanese 55-year Reanalysis for driv-

ing ocean–sea ice models (JRA55-do; Tsujino et al. 2018),

the European Centre for Medium-Range Weather Forecasts

(ECMWF) fifth generation reanalysis (ERA5; Dee et al. 2011;

Copernicus Climate Change Service 2017), and the National

Centers for Environmental Prediction Climate Forecast System

(NCEP-CFS) version 2 (Saha et al. 2014) and reanalysis version 1

(Saha et al. 2010b). We extracted monthly mean evaporation,

precipitation, and heat flux data from each of these products from

January 2000 to December 2018. We do not consider the differ-

ence between liquid and solid precipitation. Heat flux was calcu-

lated as the sum of latent, sensible, shortwave, and longwave

fluxes. Fluxes from the atmosphere into the ocean are defined as

positive.

JRA55-do version 1.4.0 is the reanalysis product used to force

NorESM; it extends from 1958 to present, is updated annually,

and implemented widely in ocean–sea ice models (Tsujino et al.

2018). JRA55 (Kobayashi et al. 2015), which is at the core of
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JRA55-do, is adapted from the second Japanese global atmo-

spheric reanalysis produced by the Japanese Meteorological

Society, and is available on a refined ’55-km grid. In this study,

we estimate the total surface freshwater fluxes, which include net

precipitation, sea ice melt, iceberg melt, and runoff, from JRA55-

do and its implementation in NorESM (section 4b). The re-

maining reanalysis products are used for comparison.

ERA5 has nominal 31-km resolution; we accessed 0.258 grid-
ded fields. NCEP-CFS reanalysis version 1 is available until 2011

(Saha et al. 2010b).NCEP-CFS version 2 is the current forecasting

model updated in real time. The differences between the versions

are detailed in Saha et al. (2014).We combine version 1 from 2000

to 2010with version 2 from2011 to 2018 in our analysis. Bothwere

accessed as monthly products gridded to 0.58 resolution.

3. Methods

To diagnose freshwater pathways in the subpolar and Nordic

Seas, we partition the circulation into water masses which rep-

resent the primary large-scale transformations in the region

(Figs. 1 and 2). At the southern boundary of our domain,

OSNAPEast, the circulation is divided into three water masses:

Atlantic Water South (AWS) is the warm, salty water mass

flowing northward at the surface; it is compensated by a deep,

cold, less salty flow of Deep Water South (DWS, overturning

transformation), and a cold, fresh surface flow of Polar Water

South just east of Greenland (PWS, estuarine transformation).

At the northern boundary, the waters are separated into warm,

salty Atlantic Water North (AWN), which has a net northward

flow, and cold, fresh Polar Water North (PWN), which flows

southward along the western edge of Fram Strait.

We determine the salinity, temperature, and volume

transport of each water mass and use these as initial condi-

tions in an inverse model framework (sections 3a and 3b).

The remaining elements of our budgets are heat flux Q and

surface freshwater flux (SFW), which includes runoff, ice-

berg melt, net precipitation and sea ice melt. Finally, start-

ing from the inverse model solution, we solve for the

portions of the two primary freshwater sources (SFW and

PWN) which participate in each component of the circula-

tion (section 3c).

a. Water mass budget framework

We define water masses at the boundaries of our domain,

and write budgets of volume, salt, and heat in terms of repre-

sentative transports, salinities, and temperatures for each wa-

ter mass. The transport for a water mass Ui is the boundary

normal velocity, u � n, integrated over the area that defines a

given water mass i:

U
i
5

ðð
i

u � n dA .

The transport-weighted salinities and temperatures are

S
i
5

ðð
i

S u � ndAðð
i

u � n dA
,

T
i
5

ðð
i

T u � ndAðð
i

u � n dA
,

where S is Absolute Salinity and T is Conservative Temperature,

derived using the TEOS-10 Gibbs Seawater (GSW) toolbox

(McDougall and Barker 2011). Surface freshwater fluxes (SFW)

are treated as a water mass with S5 0 and T5 0. The water mass

salinities and temperatures are constructed in this way so that the

steady-state budgets of volume, salt and heat can be written:

�
i

U
i
5 0, (1)

�
i

S
i
U

i
5 0, (2)

�
i

T
i
U

i
5

Q

r
o
c
p

, (3)

whereQ is the area integrated heat flux; we assume a constant for

the density of seawater, ro 5 1025 kg m23; and the specific heat

capacity of seawater is cp 5 3850 J kg21 8C21. Storage terms

have been neglected because we are assuming a steady state.

b. Inverse model

We use an inverse model framework to solve for the water

mass transports, net surface freshwater flux into, and net heat

flux out of our budget domain, and represent each of these as xi
in this section. We separate each unknown xi into an initial es-

timate and deviations from that estimate, xi 5xi 1x0
i; the de-

viations from the initial estimates x0
i are the unknowns in our

systems of equations. Thoughwe test the sensitivity of themodel

to water mass properties (see appendix), in each model run the

water mass salinities and temperatures are kept constant.

Following Wunsch (1996), the weighted inverse model

equations are represented in matrix form:

(W21AE)(E21x)5W21d , (4)

where A is M 3 N and contains the conservation equation op-

erators. Here,M5 3, the number of conservation equations [Eqs.

(1)–(3)]; N 5 7, the number of unknowns (five water masses,

surface freshwater fluxes, and heat fluxes); x is N 3 1 and is the

vector of unknowns (made up of all x0
i); d5Ax isM3 1, where x

is the N 3 1 vector of initial estimates (made up of all xi).

The constraints are weighted using a square row weighting

matrix W (M 3 M), and the unknowns are weighted using a

square column weighting matrix E (N 3 N). The weighting

matrix W normalizes the budget equations so that they are on

the same order; we chooseW to be a diagonal matrix so that the

salt conservation equation [Eq. (2)] is normalized by 1/Snorm
and the heat conservation equation [Eq. (3)] is normalized by

1/Tnorm. We choose representative scaling values of Snorm 5
35 g kg21 and Tnorm 5 108C.

Matrix E allows each unknown to be weighted differ-

ently. Each unknown is weighted by its standard error:

the standard deviation of the time series divided by the

square root of the effective degrees of freedom. We as-

sume that there are four degrees of freedom per year, as
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the seasonal cycle is the shortest resolved time scale in our

monthly data.

The weighted equations can be simplified by substituting
~A5W21AE, ~x5E21x, and ~x5W21d to form a new set of

equations,

~A~x5 ~d .

We solve this using singular value decomposition, i.e.,
~A5ULVT, where U and V are square eigenvector matrices, L

is a rectangular matrix with eigenvalues on the diagonal, and

the pseudoinverse of ~A is ~A21 5VL21UT. The solution to the

weighted equations can hence be written,

x5EVL21UTW21d .

Though we solve for deviations from the initial conditions, we

present the total solutions including the initial conditions

throughout, i.e., xi 5xi 1x0
i. We present the solution uncer-

tainties, or a posteriori uncertainties, as the diagonal compo-

nent of the error covariance matrix (Wunsch 1996):

P5E2EAT(AEAT 1W)
21
AE .

c. Splitting the budget into circulation components

The three water mass products we define, PWS, DWS, and

AWN, correspond to the three primary components of the

circulation in our study region: the estuarine, overturning, and

Atlantic Water throughflow circulations (Fig. 2). We assume

that a portion of the inflowing AWS and SFW flows into each,

while PWN only participates in the estuarine and overturning

components. This choice is based on geographical consider-

ations: Polar Water flows along the eastern boundary of

Greenland and can be stirred into deep water formation re-

gions, but is not thought to interact with the Atlantic Water

throughflow (de Steur et al. 2017; Schauer et al. 2008). The

following volume and salt conservation equations illustrate this

partitioning.

1) The estuarine circulation, which produces PWS:

(12 �)U
PWN

1aU
AWS

1 dU
SFW

52U
PWS

,

(12 �)S
PWN

U
PWN

1aS
AWS

U
AWS

52S
PWS

U
PWS

.

2) The overturning circulation, which produces DWS:

�U
PWN

1bU
AWS

1gU
SFW

52U
DWS

,

�S
PWN

U
PWN

1bS
AWS

U
AWS

52S
DWS

U
DWS

.

3) The Atlantic Water throughflow, which produces AWN:

(12a2b)U
AWS

1 (12 d2g)U
SFW

52U
AWN

,

(12a2b)S
AWS

U
AWS

52S
AWN

U
AWN

.

All Greek letters represent a unitless fraction. Summing the

above volume conservation equations and salt conservation

equations yields Eqs. (1) and (2). Solving for the fractions of

SFW that participates in each component (d, g) in terms of the

partitioning of PWN between the estuarine and overturning

circulation components (�) yields:

dU
SFW

5 (12 �)U
PWN

�
S
PWN

S
AWS

2 1

�
1U

PWS

�
S
PWS

S
AWS

2 1

�
,

(5)

gU
SFW

5 �U
PWN

�
S
PWN

S
AWS

2 1

�
1U

DWS

�
S
DWS

S
AWS

2 1

�
. (6)

The fraction of SFW contributing to the formation of AWN

(1 2 d 2 g) is not impacted by the way that PWN is split be-

tween the overturning and estuarine circulation components �,

as PWN does not participate in the AW throughflow.

4. Budget components

a. Water mass decompositions

The oceanic water mass components of our budget are defined

using isopycnal surfaces and geographic boundaries (Fig. 3). The

isopycnal used to separate water masses at OSNAP East is the

timemean isopycnal ofmaximumoverturning,su5 27.56 kgm23

(Lozier et al. 2019; Li et al. 2020, manuscript submitted to Nat.

Commun.). This isopycnal is defined as that which maximizes the

compensating flow in the upper and lower limbs in density space.

In studies reporting on the overturning measured by OSNAP

(e.g., Lozier et al. 2019), this isopycnal changes at each time step.

In this study, we use the time mean isopycnal of maximum

overturning to eliminate changes in this dividing isopycnal as a

source of watermass density changes.Our results are not critically

sensitive to this choice; the OSNAP East isopycnal of maximum

overturning has a standard deviation of 0.05 kg m23.

The waters below the isopycnal of maximum overturning at

OSNAP East are defined as DWS (Fig. 3). DWS is composed of

overflow waters formed in the Nordic Seas, which are modified

by entrainment, as well as intermediate waters formed by con-

vection in the Labrador, Irminger, and Iceland Basins (Petit

et al. 2020). These intermediate waters, some of which are

formed to the south of the OSNAP East line, recirculate

throughout the eastern subpolar gyre (Fig. 3). The DWS water

mass can be thought of as a single water mass which flows

southward with the net volume transport below the isopycnal of

maximum overturning. This water mass has an associated sa-

linity and temperature such that when multiplied by the net

volume transport they equal the net salinity and temperature

transports, respectively (section 3a). Any recirculations of wa-

ters with the same properties will cancel out and any water mass

transformationwill be reflected in the net watermass properties.

The waters above the isopycnal of maximum overturning at

OSNAP East are separated into AWS and PWS at 408W, which

corresponds to the mean zero velocity contour (Fig. 3). West of

408W, theEastGreenlandCurrent system carries cold, fresh PWS

southward. East of 408W, the flow is a complicated set of cyclonic

recirculations within each subbasin of the eastern subpolar North

Atlantic. AWS can be thought of as a single northward flowing

water mass with water mass properties that take recirculations

into account, as explained above. For example, the net AWS

water mass is fresher than Atlantic Water in the eastern subpolar
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gyre due to lateral stirring and potentially spill jet entrainment

(Lozier et al. 2019; von Appen et al. 2014).

At the northern boundary, we define PWN as the cold and

fresh surface waters flowing southward on the western boundary of

Fram Strait, and the remaining waters, including all waters in the

Barents Sea Opening, as AWN. We use the 08C isotherm above

500 m to define PWN in Fram Strait (Rudels et al. 2008; de Steur

et al. 2014). Interestingly, the position of this isotherm coincides

with the OSNAPEast isopycnal of maximum overturning (Fig. 3).

As a consequence, PWN and PWS have similar densities (Fig. 4).

Many other water masses have been identified in Fram

Strait, such as transformed Atlantic Waters, Intermediate

Waters, and Deep Waters (e.g., Mauritzen 1996; Beszczynska-

Möller et al. 2012; Tsubouchi et al. 2018), which we include in

our AWN water mass for simplicity. As it is not a focus of this

study, the overturning circulation to the north of our domain is

hence somewhat artificially included in this circulation com-

ponent. Note that this overturning cell is much weaker and

involves denser waters than the overturning at OSNAP East

(Fig. 3). A recent study has found that the densest overflow

waters form in the Greenland Sea (Huang et al. 2020), which is

within our domain, though dense Arctic outflows likely con-

tribute to preconditioning. Some of the overturning to the

north of our domain consists of the 2.3 Sv of warm AW inflow

to the Barents Sea that partly returns southward in Fram Strait

as cooled water masses (Smedsrud et al. 2013). Because our

AWN is composed of cold waters flowing southward in Fram

Strait as well as northward flowing warmer and saltier waters, it

has large northward temperature and salinity transports. The

net AWNwater mass has a high temperature, high salinity, and

low net volume transport that reflects this circulation. This can

be contrasted with the waters flowing north through the shal-

low Barents Sea Opening, which are significantly cooler and

fresher: 2.18 Sv at 8.48C and 34.7 g kg21.

Our water mass partitioning reflects the simplified three-

component circulation. To remove seasonal bias, we average

transports and properties from each month together before

taking the overall mean. From the observations (section 2),

we calculate that 19.1 Sv of warm, salty AWS and 1.2 Sv of

cold, fresh PWN flow into the budget domain (Fig. 4). These

are transformed into 3.9 Sv of PWS in the estuarine circu-

lation, 13.6 Sv of DWS in the overturning circulation, and

2 Sv in the AWN throughflow. These observed transports

are the initial conditions to our inverse model. All water

mass transports are quoted with their standard errors, which

are also their inverse model weights, in Table 1. We describe

FIG. 3. Observed annual mean streamfunctions in (top left) density space and cross-track velocity sections at (top right) OSNAP East

(August 2014–May 2018), (bottom left) Fram Strait, and (bottom right) Barents SeaOpening (October 2004–April 2010). The geographic

distributions of each water mass are labeled. Thick black lines denote the mean position of the isopycnal of maximum overturning

determined at the OSNAP East Section (su 5 27.56 kg m23); the thick red line shown in the Fram Strait panel is the mean position of the

T 5 08C isotherm above 500 m. Note that the y axis is stretched near the surface of each panel, as indicated by the thin horizontal line.
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the remaining components of the budget next: surface

freshwater and heat fluxes.

b. Surface freshwater fluxes

Freshwater enters the study volume through the surface as sea

ice melt, runoff from rivers and Greenland’s glaciers, iceberg

melt, and precipitation, which is countered by evaporation

(Fig. 5). The sum of all these surface freshwater fluxes (SFW) is

treated as one component of our budget. The JRA55-do SFW,

totaling 106 6 12 mSv, is used as the inverse model initial con-

dition as it includes all sources and provides a self-consistent

spatial distribution. We refer to the near-zero salinity sources to

the budget domain as surface freshwater fluxes, but note that

runoff from Greenland and iceberg melt can enter below the

surface. In this section we describe each freshwater source and

compare JRA55-do to other reanalysis products.

We find that precipitation minus evaporation from JRA55-do

andERA5agree reasonablywell: they both exhibit weak seasonal

cycles which peak in September and their annualmeans are 12 and

38 mSv, respectively (Fig. 5a). The NCEP-CFS annual mean pre-

cipitation minus evaporation is much larger at 132 mSv and its

seasonal cycle peaks inFebruary. Precipitation andevaporation are

not well constrained in this region, both because of a lack of re-

liable in situ data, and because sea ice complicates remote sensing.

Boisvert et al. (2018) also document that NCEP-CFS has higher

precipitation than JRA55-do and ERA5, and find that variability

between products is particularly high in this region. We use the

JRA55-do precipitation minus evaporation value for consistency,

and investigate uncertainty related to SFW in the appendix.

Solid sea ice is imported through Fram Strait and melts be-

fore exiting the domain. The sea ice freshwater flux we use is

the NorESM sea ice model estimate of net sea ice melt and

freeze based on JRA55-do, which is implemented as an influx

of freshwater with zero salinity (Fig. 5b). Note that in reality

sea ice has a nonzero salinity, particularly young sea ice: Fram

Strait sea ice salinity is approximated as 4 (Spreen et al. 2020).

Accounting for sea ice salinity does not greatly impact our

results (appendix). The NorESM annual mean sea ice melt in

the domain, 74 mSv, agrees well with the Kwok et al. (2004)

Fram Strait solid sea ice flux estimate of 70 mSv (1991–98) and

the Spreen et al. (2020) estimate of 76 mSv (1992–2014). The

NorESM value is on the same order as the Tsubouchi et al.

(2018) solution of 51mSv of solid sea ice export through Fram

Strait, which compares favorably with the Spreen et al. (2009)

and Ricker et al. (2018) estimates from October to April.

The JRA55-do river runoff fields are based on the Suzuki et al.

(2018) dataset. Runoff and iceberg flux from Greenland is added

from theBamber et al. (2018) dataset (1958–2016).After 2016, the

2012–16 climatology from Bamber et al. (2018) is used. Runoff

and iceberg melt are distributed over a broad area near the coasts

to ensure model stability (Figs. 5c and 8). In nature, runoff enters

the water column through subsurface plumes at the base of East

TABLE 1. Observation based steady-state inversemodel watermass Absolute Salinities S, Conservative TemperaturesT, initial conditions,

and mean solution. The inverse model unknowns are the transports of the oceanic water masses: Atlantic Water (North and South: AWN,

AWS), Polar Water (North and South: PWN, PWS), and Deep Water South (DWS), surface freshwater (SFW), and heat fluxes Q. Initial

conditions are quoted with a priori uncertainties (standard error), and solutions are quoted with a posteriori uncertainties (section 3).

AWS DWS PWS PWN AWN SFW Q

S (g kg21) 35.35 35.12 34.61 33.79 35.51 0

T (8C) 8.7 3.2 4.1 21.0 17.1 0

Initial conditions (Sv) 19.1 6 0.8 213.6 6 0.7 23.9 6 0.5 1.2 6 0.1 22.0 6 0.2 106 6 12 mSv 2252 6 49 TW

Mean solution (Sv) 18.6 6 0.7 213.9 6 0.6 23.9 6 0.6 1.2 6 0.3 22.1 6 0.3 108 6 10 mSv 2250 6 12 TW

FIG. 4. Observed transport-weighted water mass properties. Colorful circles are January–December single year

means, and nearby black dots are full observational record annual mean values. The size of each point is scaled by

its transport and full mean transports are labeled. White positive (negative) signs indicate that the water mass is

flowing into (out of) the budget domain. The overturning and estuarine transformations at OSNAP East are

highlighted. Black contours denote the su isopycnal of maximum overturning, and gray su contours are separated

by 0.4 kg m23. The black box in the left panel indicates the axis range of the right panel.
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Greenland tidewater glaciers, and about half of all icebergs are

thought to melt within these glacial fjords (Moon et al. 2018). The

NORESM product does not account for icebergs that may drift

further afield before melting (e.g., Marson et al. 2018), but our

results are not sensitive to this as total iceberg melt accounts for 6

mSv of the total 106 mSv of surface freshwater entering our do-

main (Table 1).

c. Heat flux

Heat flux Q is the final component of our budget. We use the

JRA55-do/NorESM net heat flux,22526 49 TW, as our inverse

model initial condition. The JRA55-do heat flux estimate agrees

well with the other reanalysis products outside the summer

months (Fig. 5d). The differences in summer are likely due to the

presence or absence of sea ice, which modulates the atmosphere–

ocean heat flux by reflecting solar radiation. Where there is sea

ice, the JRA55-do/NorESM heat flux reported here is at the sea

ice–ocean interface, whereas the other reanalysis products report

a heat flux at the sea ice–atmosphere interface.Hence the JRA55-

do/NorESM heat flux is more consistent with our budget, which

only includes sea ice as it melts into the oceanic domain. We

consider an inverse model run with solid sea ice in the appendix.

5. Inverse model results

In the observed initial conditions described in section 4, there

is a small excess of volume, salt, and heat entering the domain: the

budgets are 0.9, 0.9, and 1.1 Sv out of balance, respectively (after

normalizing so that they have the same units using the row

weighting described in section 3b). These imbalances are not

significant given the uncertainties (Table 1), but in order to par-

tition the circulation into its components meaningfully, the bud-

gets must close exactly.

The primary difference between the initial conditions and the

inverse model solution is that the inflowing AWS transport de-

creases from 19.1 to 18.6 Sv (Table 1 and Fig. 6). The decrease in

AWS transport counters the excesses of volume, salinity, and heat

in the initial conditions. The heat flux magnitude also decreases

from2252 to2250 TW, the inflowing SFW increases from 106 to

108 mSv, and the amount of outflowing DWS increases from 13.6

to 13.9 Sv.

TheAWS transport is adjusted by the inversemodel because

it is a warm, salty water mass with a large standard error, and

the standard error is used to weight the inverse model un-

knowns. The budgets could also be closed by changes in AWN

or PWN, which have more extreme representative tempera-

tures and salinities than AWS, but their standard errors are

smaller (Table 1). Changes in PWS and DWS transports are

less effective in balancing the budgets because their tempera-

tures and salinities lie between the warm, salty Atlantic Water

masses and the cold, fresh PWN (Fig. 4).

Because the inverse model solution satisfies the budget

conditions, we can partition the two inflowing sources of fresh-

ening, SFW and PWN, between the estuarine and overturning

FIG. 5. Reanalysis based seasonal estimates of freshwater sources and heat flux (January 2000–December 2018).

Shading shows 61 standard deviation, and diamonds indicate the mean. JRA55-do/NorESM mean values are

reported in brown font in each panel. The sign convention is relative to the study volume: positive indicates a net

flow of freshwater into the domain, and negative heat flux means a removal of heat from the domain.
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components of the circulation. As stated in section 3c, we assume

that PWNdoes not participate in theAtlanticWater throughflow.

As the netAWNwatermass is saltier than the inflowingAWS,we

find that 9 mSv of SFW evaporates from the AW throughflow

(Fig. 2). This evaporation may be thought of as freshwater which

enters outside of the domain and flows southward in the AW

throughflow component, to account for Arctic transformations of

Atlantic Waters: we discuss this further in section 6. This leaves

117mSv of SFW that participates in the overturning and estuarine

components of the circulation.

In both the overturning and estuarine circulations, salty

inflowing AWS can be freshened by both SFW and PWN. The

dependence between their participation in each circulation

component is given by Eqs. (5) and (6). If all the PWN stays in

the estuarine circulation and becomes PWS (�5 0), for example,

then an additional 24 mSv of SFW is required to balance the salt

budget of the estuarine circulation and the remaining 93 mSv of

SFW would freshen the overturning circulation (circles, Fig. 7).

At the opposite extreme, if all PWN is mixed into the overturning

circulation and becomes DWS (�5 1), then an additional 38 mSv

of SFW would be required to balance the salt budget of the

overturning circulation, while the remaining 78 mSv of SFW

would freshen the estuarine circulation (squares, Fig. 7). Between

these extremes, SFWandPWNare split more evenly between the

overturning and estuarine circulations.

We can further constrain the relevant parameter space by ex-

amining the spatial distribution of the SFW sources (Fig. 8). In

JRA55-do/NorESM, 52 mSv of the total 105 mSv of SFW enters

the domain on the continental slope east of Greenland, which is

associated with the estuarine circulation (Fig. 8). Suppose that

49%of theSFW(54mSvof the total 108mSv in the inversemodel

solution) enters the estuarine circulation (Fig. 2). Then 0.6 Sv of

the total 1.2 Sv of PWN must participate in the estuarine circu-

lation to close the salinity budget of the estuarine circulation (star,

Fig. 7a). This leaves 65 mSv of SFW and 0.6 Sv of PWN that

participate in the overturning circulation (star, Fig. 7b). Hence,

our budgets imply that about half of the PWN that enters the

domain stays along the coast of Greenland and participates in the

estuarine circulation,while the other half is stirred into the interior

and transformed in the overturning circulation.

FIG. 6. Closed steady-state budget from observations. Bars are the inverse model initial conditions for each unknown: each water mass,

surface freshwater (SFW), and heat flux (Q). SFW includes precipitation2 evaporation, runoff, iceberg melt, and sea ice melt. Error bars

show 6 the column weighting applied to each unknown, which is the standard error in each estimate. Black points indicate the inverse

model solution. The initial condition and solution values are listed in Table 1.

FIG. 7. Surface freshwater contributions to the (a) estuarine and (b) overturning circulations as a function of the

amount of PWN that participates in each component. Circles indicate the solution in which all PWN flows into the

estuarine circulation, squares indicate the solution in which all PWNflows into the overturning circulation and stars

indicate the best guess solution with the SFW partitioned as in Fig. 8.
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This partitioning of PWN between the estuarine and over-

turning components is consistent with thewatermass distribution

and flow on the western shelf and slope of Fram Strait. In the

Tsubouchi et al. (2019) product, 0.6 Sv of the southward PWN

flow in Fram Strait is inshore of 58W, on the shelfbreak (Fig. 3).

Hence, our analysis suggests that the majority of PWN on the

shelf at Fram Strait remains on the shelf as it flows southward

along theGreenland coast.As this PolarWater travels southward

in the estuarine circulation, it is mixed with about 54 mSv of

freshwater from sea ice melt, iceberg melt, and runoff as well as

about 3.2 Sv Atlantic Water (Fig. 2). Polar Water on the conti-

nental slope of Fram Strait is more likely to be stirred into the

interior, where it will mix with 13.3 Sv of Atlantic Water and 65

mSv of sea ice melt and precipitation, and be vigorously cooled

by heat fluxes into the deep limb of the overturning circulation.

6. Discussion

In this study, we presented steady-state budgets of volume,

heat, and salt for the Nordic and eastern subpolar Seas. We

used new observations from the Overturning in the Subpolar

NorthAtlantic Program (OSNAP) East at approximately 608N
(Lozier et al. 2019), an ocean observation based product from

Fram Strait and the Barents Sea Opening (Tsubouchi et al.

2019), atmospheric reanalyses (Tsujino et al. 2018), and sim-

ulations from the Norwegian Earth System Model (Bentsen

et al. 2019) to constrain these budgets, and have avoided using

ambiguous reference salinities entirely (Schauer and Losch

2019). Our budgets were split into a simple set of water masses

reflecting the overturning and estuarine circulations (Fig. 2)

with the aim of quantifying how much freshwater participates

in each circulation component.

Using initial conditions based on observations, we closed

budgets of volume, salt, and heat using an inverse model

framework (Table 1). We found that at the southern boundary

of the domain (OSNAP East), 18.6 Sv of warm and salty

Atlantic Water (AWS) flows northward and is transformed to

13.9 Sv of cooled and freshened outflowingDeepWater (DWS;

overturning circulation) and 3.9 Sv of Polar Water (PWS; es-

tuarine circulation). This transformation requires a heat loss of

250 TW and an addition of 108 mSv of surface freshwater over

the domain. At the northern boundary (Fram Strait and the

Barents Sea Opening) there is an outflow of 2.1 Sv Atlantic

Water (AWN; AW throughflow), and an inflow of 1.2 Sv cold,

fresh Polar Water (PWN).

Based on the geographical distribution of flow features as-

sociated with the overturning and estuarine circulations, we

estimated that surface freshwater fluxes are roughly evenly

split between the two components (Fig. 8). In order for the

volume and salt budgets to be consistent with this split, we

found that about half of the inflowing PWN participates in the

overturning circulation, and the other half in the estuarine

circulation (Fig. 2).

Our result that a significant amount of Polar Water is

diverted into the interior of the Nordic Seas is broadly con-

sistent with the few existing observations from this region.

Foukal et al. (2020) use ice-mounted buoys to support their

finding that waters on the shelf at Fram Strait flow southward

along the full coast of eastern Greenland, while those on the

slope are likely to be stirred into the interior. Håvik et al.

(2017) describe the evolution of the circulation from Fram

Strait to Denmark Strait and find a reduction in freshwater

transport as the East Greenland shelfbreak current travels

southward, and identify two outer limbs of the East Greenland

Current system that are stirred into the Nordic Seas interior.

Both observation- and model-based studies find that there is

less stirring of Polar Waters into the interior from Denmark

Strait to Cape Farewell (Le Bras et al. 2018; Pennelly et al.

FIG. 8. Distribution of surface freshwater sources in the JRA55-do/NorESMproduct (2000–18). The budget volume is split into western

and eastern regions (black lines) which relate to the estuarine and overturning components of the circulation, respectively. The mean sum

of each source in the western (white) and eastern (black) regions are labeled in each panel. The 400-m isobath is shown in gray. Note the

distinct color bar ranges.
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2019). The amount of Polar Water that we estimate partici-

pates in the overturning circulation is also consistent with the

transport of Polar Water offshore of the shelfbreak in Fram

Strait (section 5).

Our estimate of the present-day sources of freshening in the

overturning circulation is a critical first step to diagnosing how

the North Atlantic–Arctic circulation may change as fresh-

water fluxes increase in the future. We estimate that a signifi-

cant portion of the fresh Polar Waters flowing southward

through Fram Strait are stirred into the overturning circula-

tion’s lower limb, so that changes in PolarWater properties are

likely to impact the overturning circulation. Because of their

geographical distribution, we suggest that icebergs and runoff

from the Greenland ice sheet are more likely to participate in

the estuarine circulation, whereas precipitation changes may

impact the overturning circulation. This is consistent with

modeling studies, which find little impact of Greenlandmelt on

the overturning circulation (Lenaerts et al. 2015; Böning et al.

2016; Dukhovskoy et al. 2016). The impacts of river runoff

from Iceland and Norway, which only amount to about 6 mSv

combined, are less clear because of their proximity to the

Atlantic Water throughflow.

Our water mass framework was constructed to separate

fresh boundary currents from the overturning circulation. To

close the volume budget we also included an Atlantic Water

throughflow component, which accounts for the net northward

flux of waters east of Greenland and transformations in the

Barents and Arctic Seas that do not fit into the estuarine-

overturning circulation paradigm (Fig. 3). The interpretation

of this component is therefore somewhat counterintuitive; the

net volume transport is much smaller than the northward and

southward flows, which makes the ‘‘net’’ temperature and sa-

linity artificially high. The fact that our AWN water mass is

warmer and saltier than the inflowingAWS does not mean that

the Atlantic Waters flowing northward get warmer and saltier

along the way, but is an artifact which stems from our imperfect

water mass framework. By the same token, the fact that we

require 9 mSv of evaporation from this circulation component

likely indicates freshening of deep waters to the north of our

domain. This transformation is much smaller than the over-

turning and estuarine transformations that are our focus but

warrants future study.

Statistical uncertainties are accounted for in our inverse

model framework, but there are significant uncertainties in

both the ocean observations and reanalysis products that are

not accounted for. We explore the impact of two key uncer-

tainties, the Polar Water salinity and the amount of surface

freshwater flux, in the appendix. Note that these sensitivity

tests are not predictive, as our model includes no dynamical

constraints, but rather illustrate how our steady-state inverse

results are sensitive to these uncertainties. Our result that a

significant portion of Fram Strait Polar Waters participates in

the overturning circulation is robust throughout these sensi-

tivity tests (stars in Fig. A1b).

Our estimate of how the budget is split into circulation

components is based on the geographic distribution of surface

freshwater fluxes, which is also relatively uncertain. Though

JRA55-do is implemented widely in ocean–sea ice models, its

uncertainties are unknown, particularly in the NorESM sea ice

model implementation. If in reality more sea ice is advected

into the Nordic Seas interior, for example, less Polar Water

would be required to participate in the overturning circulation.

Furthermore, we do not account for the possibility that surface

freshwater fluxes may be stirred across the boundaries we de-

fine. Our analysis is meant as a best guess given the current

observations, and our framework will remain a useful means of

interpretation as observations improve.

Particularly because the ocean observations we used as the

starting point for our budget are not contemporaneous, we

investigated the impact of interannual variability on our

steady-state budget solution using the NorESM climate model

(appendix). We found that, while noncontemporaneous ob-

servations at the northern and southern boundaries can result

in significant errors, the length of the observational records is

more important in approximating the steady-state, as the time-

mean is better approximated by a longer record.

Recent studies have reported water mass property changes

that would impact the Deep Water and Atlantic Water com-

ponents of our budget (Brakstad et al. 2019; Holliday et al.

2020; Tsubouchi et al. 2020). The variability they report is

within the range considered in the NorESMmodel analysis, so

we do not expect that it would impact the overall steady-state

closure. In future work we intend to expand this framework to

account for water mass property variations and include storage

terms explicitly. Another important future step is investigating

the dynamics that underlie the freshwater pathways we have

identified.

The uncertainties in high-latitude observations, particularly

with regards to freshwater, complicate model–observation com-

parisons. We have presented a self-consistent framework for di-

agnosing the pathways of oceanic and surface freshwater sources

from observations, which we hope will provide a means to

ground-truthmodels and increase confidence in their predictions.
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available at www.o-snap.org (https://doi.org/10.35090/wa93-

m688). The Fram Strait and Barents Sea Opening Tsubouchi

et al. (2019) dataset can be accessed at https://doi.pangaea.de/

10.1594/PANGAEA.909966.

Most reanalysis data was downloaded from the Research Data

Archive (RDA): https://rda.ucar.edu. JRA55-do was accessed

on 5 April 2020 (JMA 2013). NCEP CFS was accessed on

2 April 2020 (Saha et al. 2010a). NCEP CFSv2 was accessed on

7 February 2020 (Saha et al. 2012). ERA5 was accessed on

2 April 2020 from the Copernicus Climate Change Service

(C3S) Climate Data Store: https://cds.climate.copernicus.eu

(Copernicus Climate Change Service 2017).

Monthly fields from the NorESM2-LM (Bentsen et al.,

2019) have been provided through the Ocean Model

Intercomparison Project Phase 2 (OMIP2) experiment as part

of the Coupled Model Intercomparison Project Phase 6

(CMIP6), and are available for download on the Earth System

Grid Federation (ESGF) website: https://esgf-node.llnl.gov/

search/cmip6/. An extracted set of the NorESM simulations is

made available on the Bjerknes Climate Data Center (https://

www.bcdc.no/).

APPENDIX

Inverse Model Uncertainty and Sensitivity

Here we explore additional uncertainties that are outside of

the primary focus of the study. In sections a, b, and c, we

provide examples of budget sensitivities to the primary un-

certainties and illustrate the detailed mechanics of the inverse

model. The partitioning of Polar Water and surface freshwater

fluxes (SFW) between circulation components in these exam-

ples is shown in Fig. A1. In section d, we examine the uncer-

tainty due to interannual variability based on aNorESMmodel

analysis.

a. Uncertainty due to polar water salinity

In our inverse model framework, we assume that each water

mass has a constant salinity and temperature that is well rep-

resented by the mean fields. The PWN and PWS are the most

uncertain of all inflowing and outflowing water masses. This is

because mooring instruments cannot be placed near the sur-

face in these ice-riddled regions and do notmeasure the salinity

stratified near-surface layer (de Steur et al. 2014; Le Bras et al.

2018). These Polar Water salinities are central to our inter-

pretation of how freshwater moves through the system, so we

consider how this uncertainty impacts the budget by evaluating

the inverse model solution for a range of PWS and PWN sa-

linities. We use the inverse model solution as the initial con-

dition in each case, and the column weights of each water mass

are set to 1 Sv.

When the PWN salinity is reduced with the PWS salinity

held constant (Fig. A2a), the most significant water mass ad-

justment is a reduction of the inflowing PWN transport. This is

compensated by an additional transport of all saltier water

masses: AWS, AWN, and DWS. In other words, as PWN is

made fresher, the budget adjusts by replacing PWN inflowwith

saltier AWS inflow, and by producing less of the saltier DWS

and AWN. SFW also decreases to balance the salt budget, and

the heat flux decreases (more heat is extracted) to counter the

fact that cold PWNhas been replaced by warmer water masses.

When the PWS salinity is reduced with PWN salinity held

constant (Fig. A2b), the response is almost exactly the opposite

of the response to freshening PWN, but the adjustments are

FIG. A1. Surface freshwater contributions to the (a) estuarine and (b) overturning components of the circulation

as a function of the amount of PWN that participates in each. The magenta line shows the partitioning of SFW and

PWN for the base case (repeated fromFig. 7), the yellow line shows this partitioning for the case in which both Polar

Waters are 0.5 fresher, and the green line shows the solution when 20 mSv of freshwater are added to the budget.

Circles highlight the solutions in which all PWNflows into the estuarine circulation, squares indicate the solutions in

which all PWN flows into the overturning circulation, and stars indicate the best guess solutions with the SFW

partitioned as in Fig. 8. Note that in each case, a different amount of SFW participates in the AW throughflow.
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larger because PWS has a larger steady-state transport than

PWN. In this case, the most significant water mass adjustment

is a positive transport anomaly in PWS, or a weaker outflow of

PWS. This is accompanied by an increase in PWN inflow, and a

decrease in transport of the saltier water masses. So, if PWS

salinity is reduced while PWN salinity is held constant, the

system adjusts by increasing the inflow of the fresh PWN,

decreasing the inflow of salty AWS, producing less fresh

PWS, and producing more relatively salty DWS and AWN.

Additionally, SFW is added and there is a positive heat flux

anomaly: less heat needs to be removed from the system as

warm AWS and AWN are replaced by cold PWN. When both

FIG. A2. Steady-state inversemodel solution sensitivity to PolarWater salinities.Water mass transport anomalies, color-coded as in the

legend, are scaled as in the leftmost y axis. Freshwater transport and heat flux anomalies are color-coded and scaled as in the right y axes.

Anomalies are taken from the inverse model solutions shown in Fig. 6 and Table 1. (a) Sensitivity to changing PWN salinity, with PWS

salinity held constant. (b) Sensitivity to changing PWS salinity, with PWNheld constant. (c) Sensitivity to changing both PWNand PWSby

the same amount.

FIG. A3. NorESM 19-yr mean streamfunctions and cross-track velocity fields shown as in Fig. 3. Note that the

isopycnal of maximum overturning (black lines) is su 5 27.58 kg m23, and that AWS and PWS are separated

at 388W.
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Polar Water masses are freshened by the same amount

(Fig. A2c), the response resembles the sensitivity to freshening

PWS, as PWS has a larger transport than PWN.

The relative sensitivities of the inverse model unknowns are

dependent on the column-weighting value chosen, hence our

choice of equal 1 Sv weighting for each water mass in this

sensitivity test. Because of the difference in their magnitudes,

however, we cannot use the water mass transport weighting for

the freshwater flux or heat flux; instead we use 20% of their

initial value. If we instead choose a 0.1-Sv columnweighting for

each water mass, freshwater transport is a more available lever

in the inverse model relative to water mass transports. Using

0.1 Sv for the oceanic water mass weights in the case in which

both PWN and PWS are fresher by 0.5, SFWwould increase by

34 mSv (relative to 7 mSv for 1-Sv water mass weights),

whereas all water mass transports respond by less than 0.03 Sv,

and the heat flux changes by less than 3 TW. In other words,

the column weighting significantly affects the inverse model

solution.

b. Uncertainty due to surface freshwater fluxes

The surface freshwater flux initial condition is based on the

JRA55-do reanalysis product and its implementation in the

NorESM model (section 4b). This SFW value could be an

underestimate as there is higher net precipitation minus

evaporation in the two other reanalysis products. To test how

the steady-state budgets could close for a larger freshwater

input, we add 20 mSv of freshwater to our inverse model

solution, so that the total freshwater flux is 128 mSv. As for our

test of sensitivity to the Polar Water salinity, the initial con-

ditions are set to the inverse model solution otherwise. The

column weights are set to 1 Sv per water mass, 20% of its initial

value for the heat flux, and to 10210 Sv for the SFW, so that it is

not adjusted.

In order for the salt budget to close with 20mSv of additional

freshwater, theAWS inflow is increased by 0.8 Sv and the PWN

inflow is decreased by 0.8 Sv as additional salt is required

(Fig. A1). Due to the additional inflow of warm AWS, an ad-

ditional 19 TW must be extracted to balance the heat budget.

This example illustrates the significant impact that the fresh-

water flux can have on budget closure despite its relatively

small transport.

c. Considering solid sea ice in the budget

To estimate how considering solid sea ice would impact the

budget, we add sea ice volume transport to the inverse model

as an unknown. We assume a sea ice salinity of 6 g kg21 and a

temperature of 2308C, which implies that about one-third of

the heat for melting sea ice comes from the ocean (e.g., Jenkins

1999). As in the PW salinity tests, the column weights are set to

1 Sv per water mass and 20% of their initial value for the

surface freshwater flux, sea ice flux, and heat flux. The budget is

closed by increasing the sea ice volume transport by 2 mSv,

increasing the PWN inflow by 0.2 Sv, and decreasing the AWS

and DWS transports by about 0.15 Sv each. The heat flux in-

creases by 15 TW: about 10 TW of this heat is extracted from

FIG. A4. (top) NorESM transport-weighted water mass properties, presented as in Fig. 4. Black dots represent

19-yr averages (2000–18), and colorful dots are annual means. The black box in the left panel indicates the axis

range of the right panel. The red and gray empty circles show the observational annual mean AWS and DWS

properties for comparison. (bottom) NorESM water mass transport time series.
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the ocean to melt the sea ice, while the rest compensates for

water mass changes related to the sea ice salinity of 6. Overall,

the budget is relatively unchanged by considering solid sea ice

separately.

d. Uncertainty due to interannual variability

To assess the impact of interannual variability on our budget

results, we analyzed monthly mean NorESM climate model

fields from January 2000 toDecember 2018. This is particularly

relevant because our steady-state budget analysis does not

include storage terms and the observations at the northern and

southern boundaries of our domain are not contemporaneous.

The transport-weighted water masses in NorESM are de-

fined as described for the observations in section 4, but we

identify a different isopycnal of maximum overturning at

OSNAP East in the model (su 5 27.58 kg m23) and we use

388W as the boundary between AWS and PWS (Fig. A3). We

also consider all waters on the shelf of Greenland at OSNAP

East to be PWS (some are denser than the isopycnal of maxi-

mum overturning in NorESM). The water mass properties in

NorESM are warmer and saltier than in the observations, but

show similar relationships to one another (Fig. A4). Our in-

tention is not to directly compare the model and observations,

but to use the model to gain insight into how interannual var-

iability and storage may manifest in our steady-state inverse

model framework.

First, we diagnose the steady-state budgets in NorESM by

running the inverse model using the 19-yr mean water mass

properties and transports (Fig. A4), SFW, and Q as initial

conditions. Note that the 19-yr mean SFW and Q are also the

initial conditions in our observation-based budgets (Table 1).

The differences between the NorESM 19-yr mean initial con-

ditions and inverse model solutions are due to submonthly

eddy fluxes.

Next, we run the inverse model using sequential 4-yr means

as the initial conditions to approximatelymatch the length of our

observational records (45 months at the southern boundary and

68 months at the southern boundary). To test how the fact that

our observations are not contemporaneous may impact our re-

sults, we also run the inversemodel using offset 4-yrmean initial

conditions at the northern and southern boundaries.

Finally, we test how the length of the time series impacts how

representative they are of the steady-state solution, we run the

inverse model using each of the 19 one-year means as initial

conditions. As for the 4-yr means, we run the model using both

contemporaneous and offset 1-yr means.

To quantify how our 1- and 4-yr mean inverse model results

differ from the full 19-yr mean solution, we calculate the mean

absolute percent error for the inverse model solutions, that is

the mean of the absolute value of the percent error for each

component of the model solution (the five water mass trans-

ports, SFW, and Q). We also show the mean absolute percent

error for the salinity and temperature transports as the water

mass salinities and temperatures change with time. The salinity

and temperature transports are normalized by 35 g kg21 and

108C as they are for the inverse model weighting.

Overall, we find that the inverse model solutions based on

4-yr means have lower percent error than the solutions based

on 1-yr means (Fig. A5). The difference is not as great when

comparing solutions using contemporaneous versus offset ini-

tial conditions. We do find, however, that there are more

outliers with high percentage error when offset initial condi-

tions are used, particularly in temperature transport. In sum,

our NorESM analysis suggests that 4-yr mean budgets will

better approximate the steady-state than 1-yr mean budgets,

even if the initial conditions are not contemporaneous at the

northern and southern boundaries.
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