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Abstract The Arctic Ocean double estuary is a “three-legged” overturning system in which inflowing
waters are converted into both lighter and denser waters before being exported equatorwards. As the northern
terminus of the Atlantic Meridional Overturning Circulation (MOC), it thus both affects, and is affected by, the
Atlantic MOC. Here we quantify the magnitudes of the two overturning cells in density space, and then
decompose the water mass transformation rates into net pan-Arctic contributions from surface forcing and
diapycnal mixing. We use a high-resolution, quasi-synoptic ice and ocean hydrographic data set spanning the
four main Arctic Ocean gateways—Fram, Davis and Bering Straits, and the Barents Sea Opening. Two surface
flux reanalyses and a hydrographic climatology are used to generate estimates of surface water mass
transformation rates by density class. A box model then determines the profiles of turbulent mixing
transformation rates, and associated turbulent diffusivities. We show that turbulent mixing and surface forcing
drive transformations of similar magnitudes, while mixing dominates in the upper cell and surface fluxes in the
lower cell. Consideration of uncertainties and timescales leads to the tentative suggestion that our results might
be representative of recent decades. We discuss the possible significance of tides and sea ice brine rejection as
energy sources driving turbulent mixing. Finally, we speculate as to whether water mass transformation rates
may change in future as ocean heat transport into the Arctic increases. As sea ice declines and the efficiency of
atmosphere-to-ocean momentum transfer increases, the Arctic Ocean is expected to “spin up,” causing more
intense turbulent mixing, with uncertain consequences.

Plain Language Summary The Arctic Ocean has been covered by sea ice year-round for much of the
past, inhibiting the impact of wind on the ocean, with the consequence that Arctic Ocean currents are generally
slow and turbulent mixing weak. However, recent decades have seen accelerated warming of the Arctic
atmosphere and a reduction in sea ice cover, and more recently, an expansion of warm Atlantic waters in the
region is beginning to be observed. Motivated by these changes, here we use observations from the Arctic
Ocean's boundaries to investigate its vertical circulation, in which inflowing Atlantic waters are transformed
into both lighter (upwelling) and denser (downwelling) waters. We find that the Arctic Ocean's upwelling limb
is mainly driven by turbulent mixing, while the downwelling limb is primarily forced by loss of oceanic heat to
the atmosphere in the ice-free Barents Sea. We build on these new insights to discuss how the vertical circulation
of the Arctic Ocean may change in future as sea ice retreats and the wind's influence on the ocean increases,
leading to speeding up of Arctic currents and more intense turbulent mixing.

1. Introduction

Our motivation for this study is the idea of the Arctic Ocean as a double estuary. Inflowing waters, mainly of
Atlantic origin, enter the Arctic Ocean via Fram Strait and the Barents Sea Opening (Figure 1). These waters are
converted both to lighter waters (the positive estuary), mainly by freshwater addition, and to denser waters (the
negative estuary), mainly via heat loss. The double estuary is important outside the Arctic because both lighter and
denser waters are ultimately exported back into the northern North Atlantic. The denser component then forms
part of the deep, south-going limb of the Atlantic Meridional Overturning Circulation (MOC), while the lighter
component becomes a major part of the North Atlantic Subpolar Gyre's western boundary current system. The
lighter component can then increase the Subpolar Gyre's stratification and decrease its rate of dense water for-
mation, in turn affecting the MOC itself. However, changes in the Atlantic MOC can also affect the double
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Figure 1. Control volume domain showing the locations of the four ocean gateways (red), 200 and 500 m depth contours
(green), and mean sea ice extent defined as the limit of 15% ice cover, from ERA-Interim for September 2004 and April 2005
(dashed and dotted blue lines respectively).

estuary: for instance, changes in the volume and/or the temperature of the north-going Atlantic waters will chang!
the ocean heat supply to the Arctic. Weijer et al. (2022) provide a recent review of interactions between the Arcti
Ocean and the Atlantic MOC.
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Stigebrandt (1981) introduced the idea that the Arctic Ocean may possess properties of both positive and negativ:
estuaries, in considering the processes influencing the thickness and salinity of the Arctic Ocean upper laye
(effectively the upper 200 m, i.e. the halocline), and found a relationship between sea ice thickness and freshwate:
supply. E. Carmack and Wassmann (2006) extended this idea to describe the Arctic Ocean double estuary couple
to the meridional thermohaline circulation (i.e., the MOC). In so doing, they provided a schematic description o
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the progress of Atlantic waters through the Nordic Seas and into the Arctic Ocean, and noted the cooling an

suo

freshening that are the main contributors to the formation of the denser and lighter waters (respectively). E. C;
Carmack (2007) then used the double estuary description as part of his assessment of the geographical separatio
of stratification (predominantly) by temperature from that by salinity in the World Ocean.

asualf]

Increasingly complex representations of the double estuary were subsequently developed. Rudels (2010) applied
a theoretical approach constrained by measurements to describe (in a narrative sense, and amongst other things)
the oceanographic conditions that lead to the separation of lighter and denser estuarine loops. Eldevik and Nil-
sen (2013) applied an approach based on measurements and budgets to constrain the strength and structure of the
double estuary. They found that the strength of the Atlantic inflow is largely insensitive to anomalous freshwater
input and mainly reflects changes in Nordic Seas and Arctic Ocean heat loss. Lambert et al. (2016) used a three-
box model to represent the double estuary in terms of inflows and the two varieties (lighter and denser) of
outflows. They found that the net inflow into the double estuary is more sensitive to a change in the distribution of
freshwater than to a change in the total freshwater input. Haine (2021) applied a conceptual model to both polar
oceans. For the Arctic, he found that the negative estuarine circulation (the dense water loop) is probably robust,
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Figure 2. Total (gauged plus ungauged) Arctic river runoff volume flux from the Arctic Ocean Model Intercomparison
Project data set by calendar month.
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but that the positive circulation (the lighter loop) may be vulnerable to collapse via a “heat crisis,” entailed eithe;

& A

by increasing oceanic (Atlantic water) heat flux, increasing surface freshwater flux, and/or decreasing heat lo:
from ocean to atmosphere. While these conceptual studies explored the forcing and sensitivities of the Arcti
Ocean double estuary, Rudels and Carmack (2022) observed that these “models ignore, as do most conceptu:
models ... the inflow over the Barents Sea. The Barents Sea inflow is largely barotropic and mainly forced b

&
'se|ﬁ>4 bl

sitjo

wind and sea level slope and cannot easily be incorporated in the baroclinic description used for double estuary?
exchanges through Fram Strait.” The importance of the Barents Sea is emphasized by the coupled model study o
Oldenburg et al. (2024), who found future Arctic warming to be driven primarily by increased ocean he:

e
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transport through the Barents Sea Opening.

Meanwhile, in an attempt to approach a more realistic description of the water mass transformations inherent i
the Arctic Ocean double estuary, Pemberton et al. (2015) used a temperature/salinity framework applied to

mefcbﬁ

coarse-resolution (1°) general circulation model to diagnose transformation rates across isothermal and isohalin:
surfaces. They found that water mass transformation in “the temperature direction” is mainly accomplished b,

Hifpa

surface heat fluxes, while the surface freshwater flux only plays a small role in the transformation of water towar

&oy

lower salinities, which is mainly driven by a downgradient mixing of salt in the interior ocean. Their study i
compromised, however, by “model deficiencies,” which include the coarse resolution, the unrealistically-wea
inflows and outflows through Fram Strait, and the model's lack of a halocline.

35 s|qeoydd

The first attempt to quantify the Arctic Ocean double estuary from measurements is seen in Tsubouchi et a

o,

(2012; T2012 hereafter). They applied an inverse model to quasi-synoptic ice and ocean measurements across th
four Arctic Ocean gateways of Fram, Davis and Bering Straits and the Barents Sea Opening (Figure 1). The
diagnosed volume exchanges between density layers (their Figure 11) but their uncertainties precluded an

CRUUTO) DAl

definitive statements at the time. However, the subsequent analysis of Tsubouchi et al. (2024) employed a muc
larger quantity of measurements in the same locations, leading to a statistically-significant quantification of th

178u
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double estuary in terms of volume exchanges between density layers. Results from both papers will be describe
in detail below. Between these two papers, Tsubouchi et al. (2021) applied the same inverse method to the Nordi

Ru

Seas.

Turning to turbulent (vertical/diapycnal) mixing in the Arctic Ocean, a notable early review is provided by
Padman (1995). He divided Arctic Ocean mixing processes into two categories—those resulting from contact
with an ocean boundary (i.e., the atmosphere, the base of the sea ice, or the sea bed), and those occurring in the
pycnocline (away from the direct influence of boundaries). His Figure 2 summarizes significant mixing processes,
and his Figure 9 is a flow chart that relates forcings to an array of physical ice and ocean phenomena. Winds and
tides are noted as sources of mechanical energy to drive mixing, while thermal energy can also drive mixing via
the rejection of dense brines consequent on the freezing-out of sea ice. In the course of reviewing the state of
knowledge and understanding of the array of relevant physical processes, he also noted the high spatial (vertical
and horizontal) and temporal (seasonal) variability allied to these processes. In more recent years, novel
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measurements and improved numerical models have advanced understanding of the energy pathways leading to
mixing, as reviewed by Lenn et al. (2022) and Ripperth and Fine (2022). New physical pathways of energy that
lead to turbulent mixing have been identified, including via the development of unsteady lee waves (Rippeth
et al., 2017).

However, perhaps the most important development in this context has been the appreciation of the significance of
the changing Arctic for the Arctic Ocean. Quoting Lenn et al. (2022), “we observe notable changes in sea-ice
volume, ocean heat and fresh water content, the strength and distribution of vertical stratification and the dis-
tribution of the warm [Atlantic water] ... Overall, these changes will affect wind forcing, near-inertial wavg

utuo'sqndnbe//:sdyy wouy papeojumoq ‘9 ‘'s20Z 'X#099.52

radiation, baroclinic tide generation and radiation, double-diffusive processes, and the ultimate dissipation and’g 3

vertical mixing in the water column.”

Suonipu

For the Arctic Ocean double estuary, the main development has been its quantification by T2012 and Tsubouch
et al. (2024). Microstructure measurements have been made in many locations, as exemplified by the multi-ye:

|Mu%(

upper-ocean survey in mainly ice-free waters of pan-Arctic turbulent mixing rates by Rippeth et al. (2015)

Ro|

However, there exists no pan-Arctic quantification of net turbulent mixing rates, nor of their role alongsid

\tlo]

surface forcing to water mass transformation. Therefore we aim to fill these gaps in our knowledge. The structur:
of this paper is as follows. Section 2 describes our approach (our reasons for our choice of methods) and outline®

=
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our methods and data, and Section 3 presents our results and uncertainties. In Section 4, we discuss the signi

Aie.

icance of the results both in present terms and against likely future changes in the Arctic.

2. Data and Methods
2.1. Approach

Our aim is to diagnose net Arctic Ocean water mass transformation rates, meaning the rate of change of a wateg

VO ‘8sn Jo sa|nJ 1o}

parcel's density. Density can be changed in two main ways: by fluxes of density at the surface, and by turbulen

re

diapycnal mixing in the ocean interior. We choose to use the term “density flux”: although it has units of kg s ™ (a

sopn

described in Sections 2.2 and 2.3), and while most processes are physical movements of mass (ocean boundar
advection, surface freshwater addition from river runoff, or the work done by turbulent mixing forcing light:

J)-2

ﬁ%

waters downwards and denser waters upwards), the key process of heat loss entails no such movement of mass. A

RO

a consequence, we will present profiles of pan-Arctic water mass transformation rates resolved by density. Dept
is not appropriate as a coordinate because different densities are found across similar depths. In addition, we avoi
the term “buoyancy,” which is (effectively) the opposite of den31ty Buoyancy loss is densny gain, and vice-vers:
Note also that we will abbreviate “turbulent diapycnal mixing” to “turbulent mixing” in what follows.

dde ayy A@paﬁ:

The present study is an extension of T2012, whereby the Arctic Ocean is treated as a control volume, in which th

Stqes|

top and bottom boundaries are the sea ice or ocean surface and the seabed, respectively; the side boundaries ar
the four ocean gateways of Fram, Davis and Bering Straits and the Barents Sea Opening, and land (Figure 1)%

EYe)

Here, density levels form internal ocean boundaries, and we choose a set of 30 density levels to span the wateg-
column (Table 1), so that adjacent pairs of levels form density layers. Key density levels are chosen to match th%
water mass definitions of T2012, which are also noted in Table 1. T2012 also provide a concordance (their Tabl§

1) between the chosen water masses and other naming conventions employed in the literature.

suow

Our ambition is to calculate representative, annual-mean water mass transformation rates within the controf:
volume and for each density layer, and we discuss the interpretation of timescales in Section 4. First, we calculat&
water mass transformation rates at the surface and for each layer within the control volume caused by surface
fluxes of heat and freshwater (Section 2.2), which requires sub-annual resolution of surface fluxes, because winter

surface forcing creates high-density waters, while density reduction happens in summer. The amplitudes of Arctic

surface seasonal cycles (e.g., Bacon et al., 2015; Mayer et al., 2019; Serreze et al., 2007) mean that application of

annual-mean forcing to annual-mean surface properties would mislead. Second, having calculated surface-forced

water transformation rates, we apply a box model to each layer bounded by the control volume to calculate a

profile of net interior turbulent mixing rates (Section 2.3) versus density. Note that we will use p for density in

what follows, but all calculations employ ocean potential density referenced to the surface, o,
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Table 1
Box Model Density (o,) Levels, Their Mean Depths, the Water Masses as Described by T2012 With Abbreviations Subsurf (Subsurface), Intermed (Intermediate), and Atl
(Atlantic); Other Columns Are Described in Section 3

Density level o, (kg m73) Mean depth (m) Water mass D¢ (><104 kg sfl) Dg,.¢ (><104 kg sfl) Advective flux (kg sfl) Diffusivity (x107° m? sfl)

30 24.7 20 Surface 52.14 15.38 3.68E+5 1.16
29 25.1 27 83.80 37.13 4.67E+5 1.81
28 25.5 37 107.87 53.60 5.43E+5 2.57
27 26.0 53 131.95 69.43 6.25E+5 4.41
26 26.4 71 Subsurf 159.35 80.47 7.89E+5 6.65
25 26.7 83 180.67 94.05 8.66E+5 8.89
24 26.9 93 180.58 99.63 8.10E+5 10.44
23 27.0 98 176.59 102.23 7.44E+5 11.08
22 27.1 106 Upper Atl 171.12 106.77 6.44E+5 11.64
21 27.3 121 146.52 107.84 3.87E+5 12.14
20 275 145 Atlantic 99.82 93.05 6.77TE+4 11.80
19 27.55 153 85.39 87.59 —2.20E+4 11.62
18 27.58 158 77.42 84.65 —7.23E+4 11.67
17 27.6 161 7122 81.52 —1.03E+5 11.60
16 27.7 196 42.73 63.12 —2.04E+5 10.90
15 27.8 194 17.96 38.72 —2.08E+5 8.65
14 27.84 213 9.10 27.10 —1.80E+5 5.74
13 27.88 239 3.37 16.82 —1.35E+5 3.15
12 279 259 3.24 13.98 —1.07E+5 3.90
11 27.921 284 Intermed 3.07 10.82 —7.75E+4 4.88
10 27.948 337 3.27 7.31 —4.04E+4 8.13
9 27.962 382 Deep 2.83 5.29 —2.45E+4 9.09
8 27.986 493 1.97 2.31 —3.37E+3 9.01
7 28.010 630 1.19 0.36 8.31E+3 7.43
6 28.037 863 1.33 0.34 9.91E+3 12.71
5 28.050 1,067 1.06 0.34 7.15E+3 12.84
4 28.060 1,262 0.74 0.33 4.12E+3 11.34
3 28.070 1,490 0.36 0.29 7.55E+2 7.17
2 28.076 1,580 0.23 0.30 —7.05E+2 5.01
1 28.087 1,958 0.34 0.34 —3.89E—1 13.68
0 Seabed Variable

2.2. Surface Density Fluxes

3SUBDIT suowwo)) anneas) ajqedijdde ayy Aq pausanob aie sapile YO Bsh Jo sajni 1oy Aeiqr] auljuQ A3]ip\ Uo (suonipuod-pue
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The profile of diffusive surface density flux, Dy, is calculated using the formulation of Jullion et al. (2010)1
Between each pair of densities that define layer n, D, (kg s~ is given by:

13 aQ; —j il
Datn =505 [ (2= [Plutn BEIS)]) (1)
Jj=1 Aiurf,n p

where A is horizontal area. Each outcropping layer n is delimited by each pair of densities. Then A, , is the
outcrop area of layer n, a is the thermal expansion coefficient for seawater (°c™Y, Q, is the air-sea net heat flux
per unit area (W m™2, +ve into the ocean) for the outcrop, ¢, is the specific heat capacity of seawater (J kg~'eCc™),
Psurt.n 1s the outcrop's mean surface density, 3 is the haline contraction coefficient for seawater, F,, is the surface

BROWN ET AL. Sof22
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Figure 3. Sea surface densities (o,,) calculated from PHC 3.0 temperature and salinity fields for (a) September and (b) March.
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freshwater flux per unit area into the outcrop (m® s™!, 4+ve into the ocean) that arises from the net of precipitatio

0}

(P), evaporation (E) and river runoff (R), and S, is the outcrop's mean surface salinity. The calculation is per
formed for each layer for the 12 months of the year (superscript j) and then summed and averaged. Finally Dy i
then the density-resolved annual-mean profile of surface density flux within the control volume.

‘asn jo se|m 1

We choose two reanalysis products, ERA-Interim (provided by the European Center for Medium-Range Weathe}
Forecasts; Dee et al., 2011) and Modern-Era Retrospective Analysis for Research and Applications (the MERRAC
provided by NASA; Rienecker et al., 2011) for components of surface forcing and for sensitivity testing. Lindsa;

pnre

et al. (2014) identified both products as being consistent with independent observations. Monthly average field&

29

for surface net solar radiation, surface net thermal radiation, surface latent heat flux and surface sensible heat flu
at 1.0° resolution are summed to obtain estimates of total heat flux per unit area (Q). The annual-mean surface he

ofoBo1

flux within the control volume is ca. 200 TW (ocean to atmosphere), compared to the sea ice freeze/melt heat flu
ca. 25 TW (Bacon et al., 2015; Serreze et al., 2007), because the majority of surface heat fluxes occur over th
warmer, ice-free waters of Atlantic origin in the eastern part of Fram Strait and the Barents Sea (Serrez
et al., 2007). To simplify, therefore, we choose to apply heat fluxes directly to the liquid ocean surface. Howeve

ur APpu

this disregard of sea ice introduces an uncertainty in our calculations, so we consider it further in Section 3.2.

9||dde E)

To generate the surface freshwater flux F, monthly ERA-Interim and MERRA fields for E and P are combined t:
give the P-E component of freshwater flux F. In each case, fluxes are scaled by the ERA-Interim field fo
proportion of ice-free water, although this might lead to some under-counting of freshwater input to the uppe

ear) J[ge

4

layers, if precipitation—that is not included in the flux estimates because it falls over ice-covered ocean
subsequently thaws and enters the ocean during the late summer melt period. The Arctic Ocean Model Inter:

'al\l

comparison Project (AOMIP) river runoff data set provides monthly total (gauged plus ungauged) values of Ig
(Figure 2; Prange and Lohmann, 2004). River outflow is assumed to be distributed by advection across thé
continental shelves (defined as having water depth less than 400 m). The monthly average AOMIP fluxes are"i
distributed evenly by area to surface grid cells on the Canadian shelf west of 120°W and the Siberian shelf east o§
Novaya Zemlya (ca. 60°E). The rate of land-to-ocean mass loss from the Greenland Ice Sheet is negligible for ou§
study period, at a total of a few tens of km® yr~' (IMBIE Team, 2020).

Monthly surface density and salinity data are calculated and obtained from the monthly temperature and salinity
fields of the Polar Science Center Hydrographic Climatology (PHC) v. 3.0 (updated by the originators from Steele
et al., 2001). The areas of integration of surface fluxes in Equation 1 are calculated from monthly sea surface
densities, illustrated for September and March (Figure 3). The horizontal resolution of PHC data is 1.0°, so some
areas up to ca. 100 km from the coast are excluded as a result. However, with the exception of coastal waters to the
north and west of Svalbard and around Franz Josef Land, these are limited to regions where only the surface water
classes outcrop (Figure 3).
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Figure 4. Box model sketch for the nth density layer within the control
volume. Shown are the sea surface (horizontal line), the ice-ocean boundary
(dashed vertical line) and two adjacent density levels, p, and p,_, as curved
dashed lines. The components of the layer volume budget are the horizontal
flux V, at the ice-ocean boundary, the surface freshwater flux F,, and the
diapycnal fluxes W,_; and W, calculated at the ice-ocean boundary and
resulting from water mass transformations. Density fluxes due to diapycnal
mixing are shown as D for each density level. The layer's surface density
flux, D, is calculated from F, and the surface heat flux, Q,,. The layer's
total density budget is calculated from all terms.

For each density layer n, the boundary volume flux V,, is:

where v = v(x,z) is velocity normal to the boundary, x is the along-boundary coordinate, z is depth, and the circui
integral is taken around the full boundary (x). The limits of integration are z,, = z(p,,), the depth of the relevan
density level, with density p = p(x,z). The lower limit is either the isopycnal depth, or the seabed, if the densit
layer grounds. The upper limit is the either the relevant isopycnal depth, or the sea surface, if the density laye
outcrops. The bottom layer is the sea bed, assigned n = 0 and where W, = 0, so that the profile of values of W i
calculated from the bottom (most dense layer) upwards. Note that W values are the net rate of volume transfe:
between density layers as observed at the ice-ocean boundary of the control volume and as the net result of wate
mass transformations caused by surface fluxes and mixing in the interior of the control volume. W values do no
represent interior vertical velocities.

To calculate the diapycnal mixing rates needed to maintain the Arctic Ocean stratification, we calculate densit;
budgets for each density layer. We use the formulation of Walin (1982) as adapted for density transformations b
Large and Nurser (2001), whereby (in the steady state) diapycnal water mass transformations at (or near) th
surface must be balanced by water mass transformations deeper in the water column, while these two forcings o
density must be represented by their the net impacts on diapycnal mass (volume) transfers between layers a
measured around the faces of the box. Our calculations produce, within the control volume, area-mean diapycna
diffusive density fluxes, Dgy;s, as a functions of density class. Large and Nurser (2001) derive the density budget
(kg s™1) for each density layer as:

Zn
Dyitt,n — Dgift 1 = 55 f pvdzdx — (pn

where Dy, is the diffusive flux of density into or out of layer n, over the whole of the density level within the
control volume. The first term on the RHS is the boundary mass budget for density layer n, and where the limits of
integration are as for Equation 3. The second term is the layer's net change of mass caused by exchanges with
adjacent layers of greater or lesser density. The third term is the surface mass flux due to freshwater input, with

ERA-Interim reanalysis fluxes and AOMIP river runoff estimates are inte-
grated by month over the outcropping area of each density layer as derived
from the PHC climatology. The principal calculations use data for the months
from September 2004 to August 2005, the year leading up to the period in
which the boundary observations used for the derivation of the velocity es-
timates were made (Section 2.3). To test sensitivity of variability in heat
fluxes, the calculations are repeated with data for the previous year,

September 2003 to August 2004. A further sensitivity test is conducted fog
2004-2005 using MERRA reanalysis data in place of ERA-Interim. 2
o
2
2.3. Diffusive Density Fluxes §'
To calculate the profile of rates of net Arctic Ocean turbulent mixing, §

apply a box model (Figure 4) to the control volume of Figure 1. We firsg§

%I'M

calculate the volume budget for layers defined by a density level as the upp:

e}

surface and the sea bed as its lower surface. For each layer n, the net diapycna:;
volume flux, W, into or out of the layer is then:

W,—W, ,=V,+F,

~
R 10y Axeiqi auy

where V, is the net layer volume flux through the side boundary and F,, is th

surface volume flux to the layer's surface outcrop from input of freshwate

and where F = P-E + R. All terms are in m> s~

‘asn Jo 59

~
(%)
s8p1Je Yo

Zn
V,= 35/ vdzdx
Z,

n—1

qeotidde s Kﬁ p&uiaRob aie

73|

ueolﬁ-’su’aui&lo‘j aAjeal

=N

Wn - [pn—IW —1]) + ﬁsurf,n Fn + Dsurf,n +A (4)
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Figure 5. Arctic Ocean boundary section. (a) Velocity (cm s7!), inflows to Arctic are positive (red), outflows negative (blue); (b) density as o, (kg m~>); see Table 1 for
full list of density levels.
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ST

Psurt.n the layer's mean density at the sea surface. Dy is obtained as above in Equation 1. Interior sources o

fidd

density, such as cabbeling, are represented by A. The bottom layer is the sea bed, assigned n = 0 and wher&
Dgigro = 0, so that the profile of values of Dy is calculated from the bottom (most dense layer) upwards. Wi
comment further on the formulation of Equation 4 toward the end of Section 3.1.

&eol

Ayeal) 9|

Turning now to data sources, the boundary velocities used in the calculation of boundary volume fluxes and*
boundary densities are obtained from T2012, which they derive using an inverse model applied to quasi-synopti

L)

ocean and sea ice observations made across the four main gateways to the Arctic Ocean (Bering, Davis and Fra
Straits and the Barents Sea Opening). The utility of the data set has been demonstrated in several previous studieg
(reviewed in Bacon et al., 2022). We choose to use it here because it is the only existing high-quality, high{
resolution (in both vertical and horizontal) source of coast-to-coast and surface-to-sea-bed Arctic Ocea@
boundary density data. Measurements were collected by ship-borne and mooring-based instruments over th®
period 9 August to 10 September 2005. To fill in short distances at the landward ends of the Barents Sea Opening

where observational data were not available, these were supplemented with output from a high-resolution coupled

wého
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ice-ocean general circulation model. The inverse model was constrained to conserve volume and salinity
anomaly, and the resulting velocities were interpolated onto a 10 dbar vertical grid. The horizontal circulation is
reasonable, as discussed in T2012. The longer-term (but lower spatial resolution) studies of Tsubouchi et al.
(2018, 1 year; 2024, 5 years) enable consideration of uncertainties resulting from this choice of data set in
Section 3.2. Density and velocity fields are shown in Figure 5; see T2012 (their Figure 5) for temperature and
salinity fields.

BROWN ET AL. 8 of 22
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While surface freshwater fluxes were a diagnostic output from the T2012 inverse model, in the present study, we
impose surface fluxes F as calculated in Section 2.2. Therefore to re-impose full-depth volume conservation, we
apply a uniform, barotropic correction to ocean velocities, of order 1 X 107* m s~!. These adjustments have
negligible effects on all calculations: for example for a layer 100 m thick and 500 km wide, the resulting transport
uncertainty is 5 X 10° m® s™' (0.005 Sv). Horizontal transports into and out of the ice-ocean boundary are
therefore effectively the same as in T2012.

Cabbeling results from the mixing of water masses of the same density but differing temperatures and salinities,
and is caused by nonlinearities in the equation of state. Isachsen et al. (2007) note that interior sources of densitg_

|u0'sqndnﬁe//:sdnu woJy papeojumoq ‘9 ‘202 ‘*¥099.52

are of secondary importance in high-latitude dense water production regions. Lobb et al. (2003) examined a frong 8
in Baffin Bay where Atlantic-sourced Waters encounter cold, fresh Polar waters, and found a maximum increas

1Bu

uoiM

in density from cabbeling of ~0.01 kg m™ 3 around density 27.5kgm™ 3. The effect is small, so we do not include i
in our water mass transformation calculations.

The diffusive flux of density is expressed as a net, basin-mean diffusivity,

Aajip uo (s

_ D diff,n
n = A P,

n gz

o
Utuo

Faeaqr o

where, for each layer n, A,, is the surface area of the relevant density level forming the layer's upper boundary an

%oy

dp,/0z the mean density gradient across the density level. Both parameters are calculated over the interior of th
control volume using the PHC data set. Monthly PHC temperature and salinity fields are available for depth

s

18's

down to 1,500 m. For greater depths, we use summer (July, August, September) means, which is acceptabl
because seasonal signals are not known to penetrate to these depths (Lique & Steele, 2012). Areas and densit

1e‘§1

gradients are shown in Figure 6. Calculation of diffusivities constitutes our only use of ocean-interior data.

Results are presented with the following sign conventions. For volume transports, Vis positive for transports intog,
and negative out of, the control volume; W is positive-upwards; and F is positive into the surface. For densit
fluxes, Dy, is positive for addition of density at the surface, that is heat loss, and negative for removal of densit

birie vO

0‘5935 s‘ﬁ

that is for heat and freshwater gain. Dy is the mixing term; with dp/dz always negative (decreasing upwards

1SN

mixing always causes a positive flux of density upwards (equivalent to a downwards flux of lighter water), so tha
the upwards density flux due to mixing is signed positive. With allowance for sign conventions, Equation 4 state

A4 péu

(a) that for any layer, the density budget is quantified by the net of inflows to and outflows from the layer, at th
sides (V), surface (F) and from layer to layer (W)—these terms are called “advective”—and (b) that the causes o

m

these changes to density fluxes are quantified in part by surface fluxes (Dy,y), finally enabling calculation
interior turbulent mixing rates (D gs)-

3. Results
3.1. Overturning, Surface Forcing and Interior Mixing

Net Arctic Ocean diapycnal volume transports (W) express the net transfers of volume between density layer:

UOWII0) aAleal) 3|qed|

caused by water mass transformation processes, and are shown in Figure 7. Divergent diapycnal transport
(dWldz > 0) are seen at densities 27.5 < ¢y < 27.9 kg m~3, that is throughout the Atlantic Water layer. Th
strongest upward transport is 1.8 Sv, which occurs across 6, = 27.5 kg m™", the boundary between Atlanti

sd’aol?s

=4
®

Water and Upper Atlantic Water, and the strongest downward transport is 1.5 Sv, across o, = 27.9 kg m—,
base of the Atlantic Water layer. The net effect is to transform nearly half of the inflowing Atlantic Water
layer into lighter and denser classes. Convergent diapycnal transports (dW/dz < 0) are seen above and below
the Atlantic Water layer, where 26.4 < o, < 27.5 kg m~> and where 27.92 < ¢, < 28.06 kg m (respectively).
These layers gain water and export more than they import. The lightest Surface Waters, where <26.4 kg m™>,
are near-non-divergent (dW/dz ~ 0), with downward transports reflecting positive surface volume fluxes from
net freshwater addition (F). The resulting dominant impression centers on the fate of the inflowing Atlantic
Water: part is transformed into lighter water and part into denser water, demonstrating the existence of the
two-cell overturning circulation—the double estuary. The change from convergence to divergence occurs in

the Atlantic Water layer at o, = 27.75 kg m™.

BROWN ET AL.
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Figure 6. (a) Isopycnal surface areas (A) and (b) basin-mean density gradients (dp/dz), both as ¢ calculated from the PHC 3.0
climatology.

1|d@le ay3 Aq pautanob ale sapiie YO

We next inspect the contribution of surface forcing to these water mass transformations, beginning with th
annual-mean heat and freshwater contributions to surface density fluxes for the period September 2004 to Augu

8tqe3

2005 (Figure 8). In the annual mean, the dominant process is densification due to heat loss, which is concentrate
in the south-western Barents Sea where warm, inflowing Atlantic Water is present at the surface throughout th

edd)

year. Smaller and weaker areas of annual-mean density gain and loss are minority contributors. There is arg:
annual-mean density loss due to net freshwater input that reflects the distribution adopted for river runoff, and i

o

dominated by river input on the Siberian shelves.

SBowwo

Considering the seasonal cycle of surface density fluxes (Figure 9), heat loss affects only the lightest densit

$h

classes in September 2004, but as the winter progresses, the loss of heat from the surface increases the volum
converted to increasingly dense layers, which begin to outcrop. The densest waters (s, ~ 28.0 kg m™) gai

9t

volume at the surface in March 2005. From January until the end of winter, Surface Waters experience limited
surface fluxes because the ice cover inhibits transfer of heat between atmosphere and ocean. From May through
the remainder of the summer, heat is gained by the ocean and density lost, with the waters in contact with the
atmosphere becoming progressively less dense. Averaged over the year, the bulk of the effect of surface heat
fluxes is a densification of part of the inflowing Atlantic Waters—with some densification also affecting Upper
Atlantic Waters—so that they are transformed into Intermediate and Deep Waters.

Spring melting causes a rapid increase in river runoff through May to its maximum in June, followed by a steady
decrease through to the following winter (Figure 2). Monthly mean surface density fluxes due to freshwater are
consistently smaller in magnitude than those due to heat flux for all layers apart from the lightest surface water,
but because they remove density from the ocean (i.e., they add buoyancy), averaged over the year they give rise to

BROWN ET AL.
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w_(mds™ density fluxes of similar magnitude to those produced by heat fluxes in the
24.5 Surface Water layer. For Atlantic and Upper Atlantic Waters, however, the
effect of freshwater fluxes is negligible, because they are exposed to the
25 surface in the Barents Sea and eastern Fram Strait, remote from the major
255 Surface Water riverine sources of freshwater.
96 Lo The final step is to calculate the profile of interior diffusive fluxes of density
(Dggr) as the sum of the three advective terms in Equation 4 and the surface
26.5 density flux (Dg,s), shown in Figure 10a, with the calculated turbulent dif3
— o7 Subsurface Water fusivities (Equation 5) in Figure 10b; all values are presented in Table 1. Not@
e that the sign of D, is a consequence of our formulation of Equation 4; it:
g sign would be reversed had Equation 4 been written thus: total water mas
& 272y . transformation rate = Dy, plus Dy = the sum of advective terms. Th
Upper Atlantic Water density budget requires diffusive density fluxes that are very small (caZ
27.4¢ 1 X 10*kg s™!) in the Deep and Intermediate Water layers. They then increas
through the Atlantic and Upper Atlantic Water layers to reach a maximum o
27.61 . 1.8 x 10°kg s~ ' at oy ~ 26.7-26.9 kg m™ in the Surface Water layer. Value§
Atlantic Water then decline toward the surface, reaching ~5 X 10° kg s~!. Diffusivities (x
27.8+ are ~1 X 107> m* s™! throughout much of the water column but decline to

o Intermediate Water

Deep Water

Figure 7. Diapycnal volume transports (W) across each isopycnal layer

boundary (blue). Transports

are positive. The density scale changes at 6, = 27.0 kg m

from denser to less dense layers (i.e., upwards)
-3

Figure 10a shows that turbulent mixing is the dominant mechanism whereby less dense ocean waters and th
surface input of freshwater (F) are mixed downwards, and equivalently, denser waters are mixed upwards
where “upwards” and “downwards” also mean toward less or more dense waters (respectively)—so that vol
ume is transferred from denser to less-dense layers. Dy becomes significant for densities where o, > ¢

Figure 8. Annual mean surface density flux per unit area due to (a) net heat flux and (b) net freshwater flux. Positive values
indicate addition of density to the ocean.

21 15 -09 03 03 09 15 21 27

o

d'(suempu

ASH1 M

e.lqﬁrelmu

ward the surface for densities o, < 27.0 kg m™, reaching ~1 x 107% m? s~

There is a drop in diffusivity at the base of the Atlantic Water layer i
Figure 10b. We attribute this to localized convection in the Barents Se:

SSWPJO} KJ

P

which would have the effect of reducing the basin-mean values of diffusivit;
for these potential densities, but confirmation of this hypothesis is beyond th¢
scope of this control volume-based study. The diffusivity variability in the
deepest layers (o, > 28.0 kg m™>) is an artifact of resolution: density fluxe

e

(Figure 10a) and gradients (Figure 6b) are both small in this region.
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Figure 9. Monthly mean and annual area-integrated surface density fluxes, Dy, for each isopycnal layer due to surface heat and freshwater fluxes. % S
0=
3 . . . oS
27.7 kg m™", the middle of the Atlantic Water layer, and it becomes larger than D, around o, = 27.508 <
— . . . <N
27.55 kg m™>, the top of the Atlantic Water layer and into the base of the Upper Atlantic Water layer. Overall Q
[k

therefore, the loss of volume from the Atlantic Waters, quantified above in the profile of W, is seen to be mainl
due to (a) surface forcing increasing the volumes of denser waters by removing heat from Atlantic Waters and (b
turbulent mixing increasing the volumes of lighter waters by adding freshwater and less-dense ocean waters, t
Atlantic Waters.

otu

asuadI7 Su

3.2. Robustness

Here we discuss (a) the vertical and horizontal transports (W and V), (b) inputs to the calculation of Dy, (c) the
sea ice freeze/melt cycle, and (d) net uncertainties for D+ and D .

First, for vertical fluxes (W), our maximum upward and downward transports out of the Atlantic Water layer are
1.8 and 1.5 Sv respectively. We compare these individual values with those of Tsubouchi et al. (2024), who
generated a 5-year time series of monthly transports for the same control volume between October 2004 and May
2010 using sparser data from moorings, and who, thereby, generated uncertainty estimates expressed as the
standard deviation (sd) of their monthly values about the mean. Their equivalent vertical transports are
1.4 £ 0.8 Sv upwards and 2.9 + 1.2 Sv downwards. Our values of W are 0.5 sd higher (upwards) and 1.2 sd lower

BROWN ET AL.
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Figure 10. (a) the sum of advective density fluxes (blue), diffusive surface density fluxes (purple, as Figure 9), the interior
diffusive flux of density, Dy, (red). (b) Diffusivity (x).
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(downwards) than theirs. However, as Tsubouchi et al. (2024) observe, their “downwards” estimate is likely to b
~1.5 Sv too high: deep moored instruments in the west of Fram Strait capture the deep outflows, but the absenc
of deep measurements in the east of Fram Strait means that the outflows are not balanced by inflows. The invers:

-

o Fannead stae!

model's volume conservation constraints then force compensatory downwards flow from the overlying layerz.
Correcting for this unrealistic diapycnal transport means that their “downwards” value becomes ca. 1.4 Sv. As
consequence, our values of W are reasonable, that is within the observed range, and can be taken as characteristi
of (at least) a 5-year mean. The Tsubouchi et al. (2024) W standard errors are ca. 0.1 and 0.2 Sv, so we use é
conservative value of 0.4 Sv (ca. 25%) for our uncertainty in W. In addition, typical transport variability iff

horizontal volume transports V through the four gateways is ca. 50% (1 sd; Tsubouchi et al., 2024, their Table 2)3
as for W, we use a conservative 25% standard error uncertainty in V.

u

su

Second, we consider inputs to the calculation of surface density fluxes. The use of reanalyses to provide surface
fluxes in the Arctic is known to be problematic because surface measurements to produce model constraints are
sparse (Cowtan & Way, 2014), so that further exploration of reanalysis variability would ultimately confront this
limitation. Mayer et al. (2019) show that rates of atmospheric energy convergence over the Arctic are similar, to
within a few %, and for the period 2001-2015/2017 (their Table 2) for three reanalyses, ERA-Interim, the updated
ECMWEF product ERAS and also for a Japan Meteorological Agency product (JRA-55), so that use of ERA-
Interim as our primary reanalysis is reasonable.

Sensitivity of surface density fluxes to choice of reanalysis data set is shown in Figure 11. Repeating the reference
calculations of Section 3.1 using (a) data from the same ERA-Interim product but a year earlier, and (b) a different

BROWN ET AL.
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Figure 11. Comparison of surface density fluxes (kg s') calculated using ERA-Interim reanalysis data for the years September 2004 to August 2005 (solid line) and &

September 2003 to August 2004 (dashed line), and MERRA reanalysis data for the year September 2004 to August 2005 (dotted line).

reanalysis product (MERRA) for the same year, results in heat flux contributions to density fluxes that are (a
lower and (b) higher than the reference values. The freshwater contributions are little changed because the net o
P-E (obtained from the reanalyzes) is smaller than river runoff. The total density flux response is an approximat
scaling of ca. +£20% (respectively) for densities greater than 6, = 27.0 kg m >, while uncertainties become large

perhaps 70%, for densities lower than 6, = 27.0 kg m~> (roughly the upper 100 m—Table 1).

JEsapPnIe YO

E)

Mayer et al. (2019) constrain their improved Arctic energy budget with an early version of the ocean surface he
fluxes calculated by Tsubouchi et al. (2024), so that our results intersect with theirs. Mayer et al. (2019) also sho
variability in Arctic ice and ocean heat storage for several reanalysis products over the period 2001-2018 (the
Figure 2). Given that Arctic Ocean advection timescales (from entry to exit within the control volume) are year

i{l k"q paus

Sijdde

e

to-decades, the heat storage signal reflects surface heat flux and warm (Atlantic) water inflow variability. Th
trend illustrated by Mayer et al. (2019) equates to Arctic Ocean heat accumulation at ~7 TW (4 X 10*' J ove
18 years), with interannual (to intra-decadal) variability up to half that at ~3 TW, and with comparable difference
between products. The trend and variability are significant for ice and ocean behavior, but they are small i

Jeald

U0 ) BA

comparison to the mean surface heat flux of 180 TW (Tsubouchi et al., 2024) and the large seasonal surface hea;
flux cycle (e.g., Bacon et al., 2015). Overall, therefore, we take our uncertainties (above) to be a reasonabl
expression of structural (inter-model) and environmental uncertainty.

D17 sudtu

C)

The PHC climatology is used to calculate monthly fields of Arctic Ocean surface densities and the surface areag
contained within each surface density contour. We use PHC because it comprises data sourced from severaf’
decades prior to our measurement period in 2005, so there is some congruence between Atlantic Water circulation
timescales (also decades: Wefing et al., 2021) and the PHC fields. However, it has no associated uncertainty
estimates. We crudely estimate variability in surface areas using the (well-known) decline in sea ice extent (Cai
et al., 2021; Stroeve & Notz, 2018) to represent change in surface ocean exposure to heat fluxes. The long-term
rate of decline in sea ice is measured as 11.7% per decade for the summer minimum (September) and the winter
rate (March) is 2.4% per decade. We choose a value of 10% to represent PHC surface area uncertainty as a result.
Considering AOMIP, we estimate an additional river runoff (R) uncertainty of 10% from the interannual vari-
ability of the Shiklomanov et al. (2021) multi-decadal Arctic river discharge records. River inputs of sensible heat
are negligible in the pan-Arctic context (e.g., Bacon et al., 2015).
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Third, we do not consider explicitly the sea ice freeze/melt cycle in terms of its impact on heat fluxes between the &

atmosphere and the (liquid) ocean. As noted in Section 2.2, there is an order of magnitude difference between the 3

annual-mean surface heat flux within the control volume versus the contribution from the rate of change of stored 2_

sea ice latent heat (freezing and melting)—ca. 200 TW versus 25 TW (Bacon et al., 2015; Mayer et al., 2019; 2

Serreze et al., 2007). There is an interesting correspondence between the net sea ice latent heat production rate (the g

mean of 25 TW) compared with the same value of 25 TW for the mean latent heat exported by sea ice, which may %

be reasonable assuming the steady state. Considering the two seasonal surface heat flux cycles (about the mean), _§_

there is also a similar order of magnitude difference: seasonal amplitudes are ca.300 TW (range —10% P

to + 500 TW, total surface heat flux) and —15 to 35 TW (range 10-60 TW, asymmetrical rate of change of sea ic: §- ?—,

stored latent heat). °2

o g

=3

It is reasonable to neglect to first order the sea ice component of surface heat fluxes, and we can estimate 1tg~'<2‘

impact from the heat content of the Arctic Ocean sea ice export rate of ~25 TW (Bacon et al., 2015; Tsubouchf 5

et al., 2024). This is <15% of the total annual-mean surface heat flux, and is heat used in freezing that is noEE

available for water mass transformation. Therefore, our surface-forced water mass transformation rates may bg 3

< g

over-estimated in the net by ~15%, but this uncertainty is probably confined to the central Arctic Ocean becausey e

=) -—

the denser Atlantic-sourced waters in the Barents Sea are ice-free (Figure 8). It is possible that the higher uns: ©

25

certainty of the impact on upper-ocean (6, < 27.0 kg m™ B density fluxes of surface heat fluxes (Figure 11) is a E

reflection of this, if the bulk of the uncertainty is confined to the lower-density, mainly ice-covered upper-ocearg E

waters of the central Arctic Ocean. =R

o>

<

Finally, we estimate net uncertainties. We aggregate the uncertainties described above (root-sum-square). Fog 8

.. . . . . o5

Dy, combining uncertainties for PHC surface area (10%), river runoff (10%) and reanalysis (20%, with 70% fof §

lighter waters) gives totals of 25% and 75%. For Dy, combining uncertainties for V (25%), W (25%), surfacg @

<

densities from PHC (10%) and D¢ (25%, with 75% for lighter waters) yields totals of 50% and 80% (hghtei(’3 %)

Q

waters). We find that density budgets derived from advective fluxes and surface density fluxes produce estlmate%)> B

3

for turbulent diffusivity « that appear realistic, excepting the varlablhty 1n the densest layers. Given that th§ s

primary signal in k is of an order-of-magnitude increase, from 10~ S m?s™! in the 10west-dens1ty layers near th& %

_ - _ . . o

surface to 10™> m? s™! near oo =27.0kgm 3. then decreasing again below o, = 27.8 kg m™~~, we consider th% 3.

. .. - . . . . . . . 3

diffusivity profile in Figure 10b to be robust, in that it is representative of the integrated, pan-Arctic impact 0§ ©
<

turbulent mixing on water mass transformation. These are new results and direct comparators are not avallable‘sﬁ E

@D

However, existing microstructure measurements (reviewed in Lenn et al., 2022) agree on the weaknes@_‘é

(k ~ 107° m? s™!) of diapycnal turbulent mixing for upper-ocean Arctic waters away from boundaries. g3

X

]

4. Discussion 3

S o

a5<

In this Section, we first summarize our results, and consider timescales and uncertainties. We then examine two of- 9

the energy sources for turbulent mixing. We next broaden our perspective to include the Nordic Seas and thé’;'g

northern Atlantic MOC. To conclude, we place our results in the context of the recent past and of the changlng 3

future climate, and speculate on how future Arctic Ocean evolution might impact turbulent mixing. 5 §

0%

[d

4.1. Summary g @

. . . =

We started from net water mass transformation rates observed around the ice-ocean boundary and manifested aS’"_ E

changes in volumes transported by density layers. We then decomposed those rates into contributions fron§ %

surface forcing and diapycnal mixing, and generated a pan-Arctic quantification of turbulent diffusivity fron$ 2

measurements. These results should be useful as baseline comparators against which model performance can be 3.

assessed, and they could provide integral constraints for Arctic Ocean state estimates. §'

Q.

The dominant process that forms Arctic Ocean dense waters is net heat loss to the atmosphere, which mainly 3

happens to inflowing Atlantic waters in the central and southern Barents Sea. In contrast, inflowing waters are i

made less dense via the addition of freshwater at the surface, mainly by Siberian (and other) river runoff but also _g

by the net of P—FE and by ocean processes—the inflow of fresher, shallow ocean waters (through Bering Strait, and é

also off the coast of Norway), and the melting of sea ice where it encounters warmer Atlantic waters at the surface, :°_,

near Svalbard and in the northern Barents Sea. The fresh waters then modify (by making lighter) inflowing denser 3

waters mainly by turbulent mixing. It is likely that what makes the double estuary possible is geographical 5',"

separation. The large surface heat fluxes that form dense waters occur in the Barents Sea, while the major sources <

=

)

a
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Figure 12. Schematic of the Arctic Ocean double estuary in density space, modified from Bacon et al. (2022), showing the
consequences of water mass transformations. 1.8 Sv of the inflowing Atlantic waters are made denser by surface heat loss
(red arrows), to add downstream to the Nordic Seas intermediate waters that together overflow the Greenland-Iceland-
Scotland Ridge. 1.0 Sv of the Atlantic water inflows are made less dense by diapycnal turbulent mixing (spirals) of surface
freshwater input (blue arrows), adding to the inflowing Surface waters, to be exported as Polar waters. Roughly half of the
inflowing Atlantic waters are exported as modified Atlantic waters with little density change. The densest waters (0.7 Sv)
recirculate within the combined system.
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of freshwater input—rivers—initially impact the Siberian shelf seas. The weaker but more widely-spread surface
forced turbulent mixing that makes inflowing waters less dense then occurs in the Arctic Ocean, away from the
Barents Sea. We summarize the double estuary in density space in Figure 12. The inflows and outflows are base

P.fe-

on the calculations of T2012, noting the discussion of eddies and recirculations in Fram Strait in Baco
et al. (2022).

The impacts of the two processes—surface fluxes and turbulent mixing—are found to be of similar magnitude
For lighter waters, the impact of turbulent mixing is about double that of surface fluxes, while for denser water:

Sufondb ase sa

po

surface fluxes are stronger than turbulent mixing, with the difference increasing with increasing density. Thi
balance of processes is different in the Nordic Seas, where water mass transformation rates and the large-scal
diapycnal overturning are largely described by surface forcing, and where turbulent mixing is secondar
(Isachsen et al., 2007; Naveira Garabato et al., 2004).
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4.2. Timescales and Uncertainties

A wide range of timescales is entailed by the Arctic Ocean circulation. Within the control volume, water mas
conversion processes occur on surface forcing, circulation/advection and residence timescales that span perhap

Y@AIFeaI) 3|qedi|

five orders of magnitude. The shortest recirculation loops near the center of Fram Strait may only require weeks:

wio

otu

Trans-basin surface ocean trajectories may have a timescale ~1 year (Wilson et al., 2021), while Atlantic Wate

Qu

layer transit times from entry to exit are a few decades, and for layers intermediate between the two, they may b:

331

from years up to a decade or two (Wefing et al., 2021). The longest timescales—centuries—apply to the deepes§
waters of the Canada Basin (Kipp et al., 2019). While seasonality occurs over months, Lique and Steele (2012

35U

observe that the seasonal cycle accounts for a small or negligible part of Atlantic water temperature variability. To
account for all timescales would require a study of a complexity beyond the present scope. However, the density
transformation and diffusivity profiles likely represent increasingly longer timescales from least dense to most
dense. Several decades ago, when dense water was still formed in the Greenland Sea by open-ocean convection
that reached the sea bed (Bonisch et al., 1997; Karstensen et al., 2005), this would not have been true. Never-
theless, our interpretation is that the higher uncertainties for lower-density transformation rates result from the
higher variability entailed by shorter timescales.

BROWN ET AL. 16 of 22



~0
AGU

ADVANCING EARTH
AND SPACE SCIENCES

AGU Advances 10.1029/2024AV001529

4.3. Energy Sources

Our results are, by construction, net quantifications that say nothing about the physical mechanisms by which
mixing is accomplished. However, we can speculate on two of the sources of the energy supplied to turbulent
mixing: (a) tides, and (b) heat, using calculations detailed in Supporting Information S1.

Our exploratory analysis quantifies the potential role of baroclinic tidal waves in generating some of the tur-
bulence required to drive the Arctic Ocean basin-integrated interior mixing. We estimate the mechanical (tidal)
power supplied to the small scales of 3-D turbulence, to provide depth-integrated (2-D) production rates o

ueh

turbulent kinetic energy (TKE). We need to know how the TKE dissipation rate is distributed in the vertical, t

3‘1‘0

partition the mixing between density layers, so we examine the sensitivity of our calculation to various plausibl

olip@o!

vertical profiles of TKE dissipation rate. Further sensitivity testing uses a theoretical model for the mixing efs:

Su

ficiency; and we also consider the inclusion versus exclusion of the surface mixed layer, where wind and/o;
buoyancy forcing may dominate.

%M uo (

The total energy supply needed for mixing in the control volume is calculated (using D ;) as 2.2 GW. Restrictin

6 A

the calculation to the lighter water masses constituting the overturning's upper cell, this reduces to 1.3 GW. Thes:

UHu

values are dwarfed by the total tidal energy conversion within the Arctic, which integrates to 114 GW, althougls’

eiqif o

only up to ¥ (the characteristic mixing efficiency of ocean turbulence; see Supporting Information S1) of thi
value—19 GW—will be expected to be available to drive mixing. This basic comparison suggests that tldally

A

generated turbulence is sufficiently energetic to make a large, possibly dominant, contribution to Arctic Ocea

10.

turbulent mixing in the present climate. The sensitivity testing shows that the different vertical distributions o

§5|n

tidal energy conversion rates have little impact on mixing, while changing the mixing efficiency (i.e., changin

fo

the fraction of tidal energy available to drive mixing) has the greatest impact for water masses denser than th
Surface Water (6, > 27.0 kg m™ %). The influence of including versus excluding the surface mixed layer is of

Fsn

intermediate significance.

e vo

Overall, a consistent interpretation emerges, whereby tides supply sufficient energy to account for mixing i
water masses where o, > 27.6 kg m~> (Atlantic Water and deeper). For lighter water masses wher
27.0<0y<27.6kg m™ (Upper Atlantic Water), tides can potentially supply a majority of the energy requiremen
for basin-integrated mixing. Finally, for the lightest waters (o, < 27.0 kg m—; Surface Waters), tides make

$B|oF

are

minor contribution. This latter result accords with the greater exposure of upper-ocean waters to wind and sea ic

peu%l\éﬁ

stresses, and to thermodynamic forcings (particularly brine rejection during freezing), which could account fo
much of the required mixing there (see below).

Considering sea ice, the freezing-out of ice from seawater generates dense brines that drain from the sea ice. Bein
denser than the ambient seawater, the brine can then contribute to turbulent mixing. We infer that 0.35 GW i

Idd@eln Aq

available to drive thermally-forced mixing in the Arctic Ocean—an order of magnitude smaller than the calcu
lated 2.2 (1.3) GW total (upper-ocean) energy supply to Arctic Ocean mixing. This thermally-forced mixing i
primarily focussed on near-surface waters that are exposed to the atmosphere in winter, so it is likely a ma]o

emqueol

driver of mixing and overturning across those density classes.

tﬁ03 ENi

This speculative analysis illustrates (a) the potentially major role played by tides in driving present-day Arcti
Ocean overturning, (b) the particular importance of mixing efficiency in determining the extent of the tid

ué’w

contribution, and (c) the magnitude and potential impact of thermally-forced mixing. Elucidating the magnitude"'_
of, and physics governing, mixing efficiency in the Arctic Ocean stands as a significant challenge for futur§
research. ®

4.4. Nordic Seas and Northern North Atlantic MOC

The Arctic Ocean and the Nordic Seas both contribute to the formation of the dense “headwaters” of the Atlantic
MOC. The well-known cartoon of the global MOC due to Broecker (1991) illustrates the northern Atlantic sector
overturning (from shallow to deep water) with a single loop. Subsequent illustrations of the MOC have aimed for
greater realism; for example Rahmstorf (2002) shows two descending loops. It is clear now that there are three
loops when the Arctic Ocean dense water production is included with the northern North Atlantic and the Nordic
Seas processes, in accordance with Zhang and Thomas (2021), who suggest that “the Arctic Ocean ... is the
northern terminus of the mean Atlantic Overturning Circulation.” The net dense water production rate in both the
Arctic Ocean and Nordic Seas is ~6 Sv, from knowledge of the rate at which these waters overflow the shallow

BROWN ET AL.

17 of 22

-swial/wodAsimAieiqipuljuo//:sdiy) suonipuo) pue SLuJa_L ay3 @3S '[§z02z/LL/LL] uo Aieiqry sunuQ A3 ‘Butupaiag sualels Ag "62SL00AVY202/620L° 01/|op/mo:'ﬂa||m ‘R1eaqijaurjuosqndnbe//:sdiy wouy papeojumod ‘9 'SZ0Z 'X#099/52



~0
AGU

ADVANCING EARTH
AND SPACE SCIENCES

AGU Advances 10.1029/2024AV001529

(maximum depths 600-800 m) ridge between Greenland, Iceland and Scotland (@sterhus et al., 2019). Combining
our results with those of Tsubouchi et al. (2021), the majority of this total of 6 Sv is generated in the Nordic Seas
(~75%), and the remainder in the Arctic Ocean (~25%).

Broecker's single-cell or “two-legged” MOC does not apply to the Arctic, the Nordic Seas or Subpolar North 7§
Atlantic, by reason of the two-cell or “three-legged” circulation that results from the conversion to lower as well
as to higher densities. The third leg is the export of cold, fresh waters from the Arctic and Nordic Seas into the
northern North Atlantic to form the East and West Greenland Currents and the Labrador Current (and their allie
Coastal Currents). These are all western boundary currents that are separate from the north-going, upper-ocea

dd-pue ~

Atlantic waters in the eastern North Atlantic, and from the deep, dense, equatorward return flow at depth. Th
Subpolar North Atlantic is the subject of ongoing research in the OSNAP program (Lozier et al., 2017, 2019), bug.
as noted in Section 1, changes in parts of the MOC in the Arctic and Nordic Seas can change the Subpolar MOCg’

uoIpu

4.5. Recent Past and Future Climate Context

6° Ao uo (s

Our results derive from measurements made in 2005 at a time when the whole Arctic climate had begun to chang
For most of recorded history, the Arctic Ocean has been covered by ice, winter and summer. As a result, th
efficiency of atmosphere-to-ocean momentum transfer has been low, so that Arctic Ocean circulation has bee

Paufu

1eTq!

sluggish, with typical speeds of a few cm s !, and turbulence has been quiescent, with upper-ocean diffusivities o
order 107 m? s™'. We cannot know whether our results are representative of previous ocean conditions, but w
can tentatively infer that they might be, by considering long-term measurements of lighter and denser seawate:

export rates. First, Florindo-Lopez et al. (2020) analyze measurements of Arctic freshwater export west o

n jo semno;

Greenland spanning seven decades. While they identify significant decadal variability, they find no clear trend
Next, east of Greenland in Fram Strait, ca. two decades of freshwater fluxes show high variability with only &
small (and recent) downwards trend (Karpouzoglou et al., 2022). Finally, the dense water export rate is know:

from the overflows across the Greenland—-Iceland—Scotland Ridge. @sterhus et al. (2019) find no significant tren

EIRIY

over more than two decades (and probably longer). Any significant change in Arctic Ocean water mass trans

&

formation rates should appear most clearly in the lighter water transports (once allowance is made for changes i
meltwater runoff from the Greenland ice cap), because the overflows also include dense water formed in th
Nordic Seas.

FduIanob®L

Regarding the future, sea ice is declining year-round in area, thickness and concentration (Cai et al., 2021; Stroev

dtfe 3ty Aq

& Notz, 2018), and is confidently forecast to disappear in summer during the present century (Jahn et al., 2024
while near-surface temperatures are increasing faster than the global mean, by nearly a factor of four (Rantane
et al., 2022). The ocean heat supply into the Arctic is increasing, both via the Barents Sea Opening (Wan
etal., 2019) and Fram Strait (Wang et al., 2020). Oldenburg et al. (2024) find the Barents Sea ocean heat transpo
to be most important for future Arctic Ocean warming, while Barton et al. (2022) show that sea ice conditions 1%
the Barents Sea may have crossed a threshold in the last decade. The most significant ongoing changes to th%\
Arctic Ocean are described under the term “atlantification” by Polyakov et al. (2017). They define atlantificatior,

jest

<
as the manifestation of a linked group of processes: the increased eastwards penetration into the Arctic Ocean, vi;%

volume transport and/or heat content, of the surface signature of Atlantic waters, the reduction in ice coveg
resulting in increased surface heat and moisture fluxes, and the increased depth of winter convection, bringiné
additional heat from Atlantic waters into the Arctic surface water and transformation of the permanent haloclme"_
to a seasonal halocline. Part of the upper Arctic Ocean downstream from two gateways—Fram Strait and th&'
Barents Sea Opening—is experiencing decreased stratification and increased mixing. 8

In the light of atlantification, future climate changes are likely to impact light and dense water formation, in terms
of rates, locations and product water densities, and different regions may respond differently. We can speculate
further, in the form of a chain of hypotheses, on the future evolution of the Arctic sea ice and ocean system, as the
climate warms. Sea ice concentration, thickness and extent are expected to decrease through the present century.
Sea ice reduction will increase the efficiency of atmosphere-to-ocean momentum transfer. One ocean response
will be an increase in the strength of wind-driven turbulent mixing. However, measurements made by Lincoln
et al. (2016) in ice-free Canadian Basin waters during a strong Arctic storm showed no penetration of energy
associated with wind-driven near-inertial oscillations into Atlantic waters. It should also be noted that the
combination of high latitude (low meridional gradient of the Coriolis parameter) and shallow mixed layers can
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result in a six-fold reduction in near-inertial band energy in the Arctic Ocean as compared to similar mid-latitude ﬁ

scenarios (Guthrie & Morison, 2020): if the surface mixed layer is shoaling, then less energy will be transferred. 3

3

A second ocean response will entail increased momentum transfer accelerating the ocean circulation—in other =

words, the Arctic Ocean will “spin up”—a postulate expressed first by Giles et al. (2012), and subsequently by 3

>

Rippeth et al. (2015) and Bacon (2023). Spin-up in turn will increase turbulence and mixing above its present E

widespread, weak baseline, so that Arctic currents and turbulence will tend toward open-ocean intensities else- -§

where in the world ocean. Increased turbulence will increase the upwards flux of heat out of the sub-surface %

Atlantic Water toward the surface. These are all logical, physical consequences of sea ice reduction. At th%_ s

same time, atmospheric warming will increase land ice melt (including from the Greenland and other smaller ic& %'

caps), and will also further accelerate the hydrological cycle, causing increased river runoff, and will probabl B 3 g

increase sea surface temperatures. g ~'<E‘

If (more likely when) Arctic Ocean currents become faster and also more variable, and they are manifested aroun® E

the boundary over the rough topography of the shelf edge, then the balance of physical processes that generate_E g

turbulent mixing will change. For instance, Rippeth et al. (2015) identify turbulent mixing “hotspots” allied witk §_

localized but strong tidal currents causing strong upwards heat fluxes. Subsequent studies (Baumann & Fer, 2023_2 é

Fer et al., 2020; Rippeth et al., 2017) associate these mixing hotspots with dissipation of unsteady lee wave® 3

processes, which are not presently included in model mixing parameterizations. Unsteady lee waves can form 1Ig-§

response to any significant subinertial downslope flow, as shown by Schulz et al. (2021), who report enhance& §

mid-water TKE dissipation across the continental slope north of the Laptev Sea, a region of weak tidal flow. Iig’ %

this case, the downslope barotropic flow generating the unsteady lee wave is attributed to the passage of £ 8

=2

continental shelf wave generated by a sub-Arctic storm. Danielson et al. (2020) and Schulz et al. (2021) show thag §

the penetration of sub-Arctic-generated continental shelf waves is enhanced through reduced sea ice cover. g E
o

Unlike increases in wind-driven turbulent mixing, their significance of such processes lies in their potential t(g g

function at all depths, depending on the depths to which future increases in the strength of the inertial circulatio® g

may penetrate. Furthermore, a spun-up Arctic Ocean is expected to generate a much more eddy-rich env1r0nmeng &

(Li et al., 2024), so that property changes resulting from stronger mixing could be advected rapidly away from thé, §

boundary currents and into the ocean interior. The outstanding research questions, therefore, are: (a) where and by} 3

what mechanisms will Arctic Ocean turbulent mixing increase, (b) will the consequent increased upwards ocear% E

heat flux reach the surface, and (c) if it reaches the surface, will it impact sea surface temperatures and/or sea 1c§ E

thickness? How, therefore, will the “fight” between increased stratification and stronger turbulent mixing plag 9

out? Should it prove possible for a significant amount of sub-surface heat to reach the surface, the future Arctiex §

Ocean will likely be qualitatively different from present predictions. A supplementary hypothesis arises: thag =

atlantification represents (at least in part) the initialization of spin-up, whereby Atlantic waters are bein®. 8

“dragged” further into the Arctic Ocean. While conventional forced ice-ocean and coupled climate models calgé

examine spin-up, new turbulence and mixing parameterizations are likely to be required to accommodate nev{&g

s

processes. 2=
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ERA-Interim reanalysis data (Dee et al., 2011) can be downloaded from https://cmr.earthdata.nasa.gov/search/ =

concepts/C1214111003-SCIOPS. MERRA data (Rienecker et al., 2011) are available from https://disc.gsfc.nasa. §

gov/datasets?project=MERRA-2. The AOMIP river runoff dataset may be obtained from https://www2.whoi. %

edu/site/aomip/data/river-runoff-forcing-data/. The Arctic Ocean boundary data (Tsubouchi et al., 2012, 2018, §

2021, 2024) can be downloaded from https://doi.pangaea.de/10.1594/PANGAEA.909966. The PHC climatology =

(Steele et al., 2001) can be downloaded from http://psc.apl.washington.edu/nonwp_projects/PHC/Climatology. '.';:
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