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Abstract

Along the Atlantic water pathway, from the Gulf Stream in the south to the Arctic
Ocean in the north, variability in ocean heat content is pronounced on interannual to
decadal time scales. Ocean heat anomalies in this Arctic-Atlantic sector are known
to affect Arctic sea ice extent, marine ecosystems, and continental climate. However,
there is at present neither consensus nor any complete understanding of the mechanisms
causing such heat anomalies. This dissertation obtains a more robust understanding of
regional ocean heat content variability by assessing the mechanisms and pathways of
ocean heat anomalies in the Arctic-Atlantic region. The results are presented in three
papers.

The first paper investigates the link between a variable Nordic Seas inflow and large-
scale ocean circulation changes upstream. Using a global, eddy-permitting ocean hind-
cast together with a Lagrangian analysis tool, numerical particles are seeded at the
Iceland-Scotland Ridge and tracked backward in time. Water from the subtropics sup-
plied by the North Atlantic Current (NAC) is found to be the main component of the
Nordic Seas inflow (64%), while 26% of the inflow has a subpolar or Arctic origin.
Different atmospheric patterns are seen to affect the circulation strength along the ad-
vective pathways, as well as the supply of subtropical and Arctic-origin water to the
ridge through shifts in the NAC and the subpolar front. A robust link between a high
transport of Arctic-origin water and a cold and fresh inflow is furthermore established,
while a high transport of subtropical water leads to higher inflow salinities. The second
paper investigates the mechanisms of interannual heat content variability in the Nor-
wegian Sea downstream of the Iceland-Scotland Ridge, using a state-of-the-art ocean
state estimate and closed heat budget diagnostics. Ocean advection is found to be the
primary contributor to heat content variability in the Atlantic domain of the Norwegian
Sea, although local surface fluxes also play an active role. Anomalous heat advection
furthermore depends on the strength of the Atlantic water inflow and the conditions
upstream of the ridge. Combined, the two papers demonstrate the importance of gyre
dynamics and large-scale wind forcing in causing variability at the ridge, while high-
lighting the impacts on Norwegian Sea heat content downstream.

For the third paper, warming trends in the Barents Sea and Fram Strait are explored,
and, thus, the mechanisms underlying recent Atlantification of the Arctic Ocean. The
Barents Sea is seen to transition to a warmer state, with reduced sea ice concentrations
and Atlantic water extending further poleward. The mechanisms driving the warming
are, however, found to be regionally dependent and not stationary in time. In the ice-
free region, ocean advection is found to be a major driver of the warming trend due
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to increasing inflow temperatures in the late 1990s and early 2000s, while reduced
ocean heat loss is contributing to the warming trend from the mid-2000s and onward.
A considerable upper-ocean warming and a weakened stratification is seen in the ice-
covered northwestern Barents Sea. However, in contrast to what has been previously
hypothesized, the results do not point to increased upward heat fluxes from the Atlantic
water layer to the Arctic surface layer as the source of the upper-ocean warming.

The supply of Atlantic heat to the Nordic Seas and the Arctic Ocean has been scru-
tinized using both Lagrangian methods and heat budget diagnostics. Combined, the
three papers demonstrate the important role of ocean heat transport in causing regional
heat content variability and change in the Arctic-Atlantic region. A better understand-
ing of interannual to decadal ocean heat content variability has implications for future
prediction efforts, and for how we understand the ocean’s role in ongoing and future
climate change.
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Outline

This dissertation consists of an introductory part and three scientific papers. Chapter
1 describes the circulation in the Arctic-Atlantic region, and introduces the topic of
poleward heat transport and ocean heat content variability. Objectives are stated and
methods are described in chapter 2. A brief summary of the papers is given in chapter
3, while perspectives and outlook are provided in chapter 4. The three papers included
in the dissertation (chapter 5; Paper I–III) are listed below. Additional contributions
relevant to the presented work have been included as an addendum (chapter 6; Paper
A).
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Chapter 1

Introduction

Along the Atlantic water pathway, from the Gulf Stream in the south to the Barents Sea
and Fram Strait in the north, ocean heat content variability is pronounced on interannual
to decadal time scales. This chapter introduces the role of poleward ocean heat transport
in our climate system (section 1.1), describes the main circulation features in the Arctic-
Atlantic region (section 1.2), and discusses mechanisms of regional ocean heat content
variability (section 1.3).

1.1 Poleward ocean heat transport

The equator receives more solar radiation than the high-latitudes, creating a net radia-
tion surplus in the tropics and a net deficit at the poles. As a result, poleward transport
of heat in the atmosphere and ocean is necessary to balance the Earth’s energy budget
(Trenberth and Caron, 2001). While a large part of the poleward heat transport is car-
ried by the atmosphere, the ocean is also making a sizeable contribution (Figure 1.1).
The ocean heat transport from the tropics to the subpolar and polar regions has impli-
cations for both high-latitude marine ecosystems, marine and continental climate, and
Arctic sea ice, and is therefore an integral part of the climate system (Palter, 2015;
Rhines et al., 2008).

The temperature gradients that arise due to differential heating of the Earth’s surface
induce horizontal pressure gradients, ultimately resulting in the major wind patterns
seen in the atmosphere. The ocean circulation is, in-part, driven by winds exerting
stress on the ocean surface and thus transferring momentum to the upper-ocean (Ekman,
1905; Sverdrup, 1947). Fluxes of heat and salt are also driven by surface heat loss
at high latitudes, causing convection and ventilation of the deep ocean (e.g. Lambert
et al., 2016; Stommel, 1961). This is the buoyancy-driven circulation, also termed the
thermohaline circulation. The wind-driven and the buoyancy-driven circulation are
intertwined and not easily disentangled (Wunsch, 2002), though typically considered
to dominate oceanic variability on different time scales – wind-forcing on intra-annual
to interannual time scales, and buoyancy forcing on decadal time scales and longer
(Buckley and Marshall, 2016).

In the Atlantic Ocean there is net northward heat transport at all latitudes (Figure 1.2),
also south of the equator because cold deep water formed in the polar and subpolar
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Figure 1.1: Oceanic and atmospheric poleward heat transport. The median annual mean northward
heat transport by latitude inferred from top of the atmosphere satellite measurements (ERBE), atmo-
spheric reanalysis (NCEP-NCAR), and ocean heat content (GODAS). Total northward heat transport
is drawn in black, with atmospheric (red) and oceanic (blue) contributions (±2σ in shadings). Positive
vaules indicate northward heat transport and negative values indicate southward heat transport. 1 PW
equals 1015 J/s. From Fasullo and Trenberth (2008).

North Atlantic (SPNA) flows southward at depth (Trenberth and Caron, 2001). The
net northward heat transport is characteristic for the Atlantic circulation, which is often
viewed as an overturning cell transporting warm and saline water northward in its upper
limb, and cold, dense water southward in its lower limb (e.g. Buckley and Marshall,
2016; Frajka-Williams et al., 2019).

In the northern hemisphere, it is evident from Figure 1.2 that a large part of the total
oceanic poleward heat transport occurs in the Atlantic Ocean, particularly dominat-
ing the overall oceanic heat transport at latitudes north of 40◦N. This leaves the high-
latitude ocean regions notably warmer than its Pacific counterpart. Here, the focus
is mainly the upper-ocean circulation along the Atlantic water pathway from the sub-
tropics to the Arctic (Figure 1.3) – a region where warm and saline water masses are
transported northward down the temperature gradient seen in Figure 1.4. The Atlantic
heat is known to inhibit sea ice growth, making the Norwegian coast and the southwest-
ern Barents Sea largely ice-free, also in winter (Helland-Hansen and Nansen, 1909).
The temperate eastern North Atlantic also provides heat and moisture energizing the
Atlantic storm tracks, and is responsible for creating maritime climates downwind of
the ocean in the northwestern Europe (Palter, 2015; Rhines et al., 2008).

1.2 Circulation in the Arctic-Atlantic region

The Gulf Stream transports large amounts of warm, saline water from the tropics to
subpolar latitudes, and is a detrimental part of our climate system. As a narrow western
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Figure 1.2: Oceanic poleward heat transport. The median annual mean northward ocean heat trans-
port by latitude inferred from top of the atmosphere satellite measurements (ERBE), atmospheric re-
analysis (NCEP-NCAR), and ocean heat content (GODAS). Total oceanic northward heat transport is
drawn in black, with the contributions from the Pacific Ocean (red), Indian Ocean (green), and Atlantic
Ocean (blue) in the lower panel (±2σ in shadings). The different markers represents mean values from
a range of observational estimates. Positive vaules indicate northward heat transport and negative
values indicate southward heat transport. 1 PW equals 1015 J/s. From Trenberth and Fasullo (2008).

boundary current, the Gulf Stream flows from the Gulf of Mexico through the Florida
Straits and north along the eastern coast of the United States (Figure 1.3). After sepa-
rating from the coast at 35◦N and turning east, the Gulf Stream broadens and reaches
a maximum transport of roughly 150 Sv at 60◦W (Hogg, 1992). The North Atlantic
Current (NAC) is the northeastward extension of the Gulf Stream, and represents the
northern boundary of the Subtropical Gyre (STG) with the colder and fresher Subpo-
lar Gyre (SPG) to the north (Figure 1.3). After crossing the Mid-Atlantic Ridge, the
NAC flows via the Rockall Trough or via the Iceland Basin further north, and reaches
the Greenland-Scotland Ridge (Daniault et al., 2016).

The Greenland-Scotland Ridge has a mean sill depth of roughly 500m, and functions
as a topographic barrier for the warm Atlantic water by constricting the exchanges be-
tween the SPNA and the Nordic Seas (e.g. Hansen and Østerhus, 2000; Rheinlaender
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et al., 2020). The Nordic Seas consists of the Norwegian Sea, the Iceland Sea, and the
Greenland Sea. The inflow into the Nordic Seas largely occurs between Iceland and
Scotland over the Iceland-Faroe Ridge and through the deeper Faroe-Shetland Chan-
nel, with an average estimated transport of 3.8 Sv and 2.7 Sv into the Norwegian Sea
respectively (Østerhus et al., 2019). Exchanges across the Iceland-Scotland Ridge are
observed to occur on a broad range of time scales (Bringedal et al., 2018; Hansen
et al., 2008), and high mesoscale activity leads to particularly high transport variability
on short time scales (Sherwin et al., 2006; Zhao et al., 2018).

After crossing the Iceland-Scotland Ridge, Atlantic water enters the Norwegian Sea
and flows poleward with the Norwegian Atlantic Current (NwAC) following two main
pathways; the Norwegian Atlantic Slope Current and the Norwegian Atlantic Front
Current (Bosse and Fer, 2019; Orvik and Niiler, 2002; Orvik and Skagseth, 2003). The
Norwegian Sea acts as a transition zone between the temperate SPNA and the cold Arc-
tic Ocean. While progressing northward, the Atlantic water experiences considerable
along-path modification due to heat loss to the atmosphere and lateral eddy exchanges
with the colder and fresher Greenland and Iceland seas (Chafik et al., 2015; Furevik,
2001; Segtnan et al., 2011). The pronounced along-path cooling is apparent in Figure
1.4 from the strong temperature gradient between the eastern SPNA and the northern
Norwegian Sea.

NAC
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Barents
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Figure 1.3: North Atlantic and Nordic Seas circulation. Bathymetry with the main upper-ocean
circulation features in the North Atlantic and Nordic Seas indicated (STG; Subtropical Gyre, SPG;
Subpolar Gyre, NAC; North Atlantic Current, ISR; Iceland-Scotland Ridge, NwAC; Norwegian Atlantic
Current). Bathymetry indicated by white (shallow) to blue (deep) color scale.
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In leaving the Norwegian Sea, parts of the Atlantic water enter the Barents Sea and the
Arctic Ocean through the Barents Sea Opening (BSO) and the Fram Strait respectively
(Schauer et al., 2004; Skagseth et al., 2008), and parts will recirculate within the Nordic
Seas (Eldevik et al., 2009). In the Barents Sea, the Atlantic water continues on its
poleward journey following two main pathways – one going east into the Central Basin
before turning north and exiting through the St. Anna Trough, and one shorter pathway
turning north along the Hopen Trench (Loeng, 1991). The Barents Sea has a winter ice
cover that reaches a maximum extent in March/April, and is practically ice-free during
summer (Signorini and McClain, 2009). The ice cover is sensitive to Atlantic water
heat transport inhibiting winter ice growth to an extent that skillful prediction of the ice
extent from observed heat transport through the BSO is possible (Årthun et al., 2012;
Onarheim et al., 2015).

The long-term warming trend (Skagseth et al., 2020) and unprecedented winter sea ice
loss (Onarheim et al., 2018) observed in the Barents Sea are characteristics of what has
been termed an ’Atlantification’ of the Arctic (Årthun et al., 2012; Lind et al., 2018;
Polyakov et al., 2017; Reigstad et al., 2002). The concept of Atlantification embod-
ies both Atlantic water extending further poleward and/or occupying a larger part of
the water column – both resulting in a warming and salinification of the upper-ocean.
While pronounced internal variability in Atlantic water temperature and transport will
give rise to variability in the Barents Sea heat content and ice cover on interannual to
decadal time scales, future projections show the Barents Sea to move toward increas-
ingly ice-free conditions, with an Atlantification signal gradually extending northeast-
ward into the Kara and Laptev seas (Årthun et al., 2019; Onarheim and Årthun, 2017).

In the Eurasian Basin of the Arctic Ocean, downstream of the Barents Sea and Fram
Strait, the Atlantic water is found below a cold halocline layer that separates it from
the cold and fresh surface layer and the Arctic sea ice (e.g. Aagaard et al., 1981; Fer,
2009; Steele and Boyd, 1998). The heat loss from the Atlantic water layer (warmer
than 0◦C) to the cold surface layer is typically small due to the stable stratification.
As a consequence of ongoing climate change and the observed reductions in Arctic
sea ice area, the Arctic Ocean absorbs more heat in summer, warming the upper-ocean
(Perovich et al., 2007). While surface heating and summer ice loss receive a lot of at-
tention, an increasingly important role for oceanic heat has been proposed as the Arctic
ice volume continues to decline (Carmack et al., 2015). For instance, signs of enhanced
upward heat fluxes from the Atlantic water layer have been observed in the Eurasian
Basin due to changes in the stratification, consequently warming the surface layer from
below (Polyakov et al., 2010, 2017, 2020). Future projections show increased heat
transport through the BSO due to increasing Atlantic water temperatures in a warming
climate (Årthun et al., 2019). The Arctic Ocean is projected to warm as a result of both
increased poleward ocean heat transport and warming by surface heat fluxes, though
which mechanism will dominate future warming is still unknown (Burgard and Notz,
2017).
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Figure 1.4: North Atlantic and Nordic Seas temperatures. Climatological annual mean upper-ocean
(0–400m) temperature for the period 1976–2015 in the ORCA025 ocean hindcast simulation used in
Paper I.

1.3 Mechanisms of ocean heat content variability

The North Atlantic Ocean and Nordic Seas exhibit pronounced variability in regional
heat content on interannual, decadal, and multidecadal time scales (Deser and Black-
mon, 1993; Furevik, 2001; Holliday et al., 2008; Kushnir, 1994). From the low-
frequency variability arises a potential for predicting changes in marine ecosystem
habitats and populations (Årthun et al., 2018a; Fossheim et al., 2015; Hátún et al.,
2016), Arctic sea ice (Onarheim et al., 2015; Schlichtholz, 2019), and decadal climate
in terms of precipitation and surface air-temperatures (Årthun et al., 2018b; Keenlyside
et al., 2008; Yeager and Robson, 2017). There is, however, no consensus or com-
plete understanding of the causal mechanisms of heat content variability in the Arctic-
Atlantic sector. A better understanding of such mechanisms is therefore important for
future prediction efforts.

Changes in the heat content of an oceanic volume is a result of ocean heat transport
convergence and/or changes in the surface heat fluxes. Both horizontal and vertical
advective and diffusive processes can give rise to ocean heat transport convergence
through increased volume- or temperature fluxes. Volume transport variability can be
a local adjustment to wind forcing, or be reflective of more dynamical changes in the
ocean circulation. Temperature anomalies can be created locally due to anomalous air-
sea heat fluxes, or be advected by the ocean currents from remote regions. Interannual
variability in regional heat content often occurs on top of decadal trends, and different
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mechanisms can dominate on different time scales (e.g. Buckley et al., 2015; Deser and
Blackmon, 1993; Lozier et al., 2008). Untangling these relationships is necessary to
fully understand the underlying causes of regional heat content variability.

A common approach to assess the mechanisms causing heat content variability is to
construct a heat budget detailing the convergence of advective, diffusive, and surface
heat fluxes for the region of interest (e.g. Buckley et al., 2015; Carton et al., 2011; Mork
et al., 2014; Piecuch et al., 2017; Roberts et al., 2017). Capturing the temporal variabil-
ity is nevertheless challenging because the observational record is limited in time and
space, particularly in terms of long-term measurements of oceanic volume transport.
As a result, heat budgets constructed directly from observations usually infer the ocean
heat transport convergence as a residual (Carton et al., 2011; Mork et al., 2014; Roberts
et al., 2017). Observation-based, closed heat budget diagnostics have, however, been
made possible from the development of ocean state estimates in recent decades (Buck-
ley et al., 2015; Piecuch et al., 2017), combining the physical consistency of an ocean
model with ocean observations (Heimbach et al., 2019; Wunsch and Heimbach, 2007).

There are multiple mechanisms that can contribute to regional heat content variability
in the North Atlantic Ocean. On interannual time scales, the North Atlantic Oscilla-
tion (NAO), which is the dominant mode of atmospheric variability, is a major player
(Visbeck et al., 2003). The NAO reflects the strength of the westerlies (Hurrell, 1995),
and is known to force ocean circulation changes as well as air-sea heat flux anomalies
in the North Atlantic (e.g. Bersch, 2002; Marshall et al., 2001; Sarafanov, 2009). An-
other frequently highlighted mechanism is the SPG controlling the relative supply of
subpolar and subtropical water to the eastern SPNA and the Nordic Seas inflow (Häkki-
nen et al., 2011; Hátún et al., 2005; Koul et al., 2020). Hátún et al. (2005) find a weak
SPG to be associated with a northwestward shifted subpolar front, high NAC transport
of subtropical waters, and higher salinities in the eastern SPNA. Häkkinen et al. (2011)
further link variable STG/SPG exchanges to North Atlantic wind stress curl variability
(not always attributable to the NAO) modulating the gyres. The ambiguity of the SPG
index used to describe the SPG state has in recent years spurred discussions on what
is the best metric to capture variability in the SPG strength and extent, and how such
variability affects water mass properties in the eastern SPNA (Foukal and Lozier, 2017;
Hátún and Chafik, 2018; Koul et al., 2020).

The Nordic Seas receiving thermohaline anomalies from the SPNA is a robust finding
in both observations (Chepurin and Carton, 2012; Holliday et al., 2008; Sutton and
Allen, 1997) and models (Årthun and Eldevik, 2016; Krahmann et al., 2001; Lange-
haug et al., 2019). Downstream of the Iceland-Scotland Ridge, conflicting views exist
on whether heat anomalies are actively formed and/or modified within the Norwegian
Sea, or whether the region is merely a passive receiver of anomalies advected from the
SPNA (Carton et al., 2011; Mork et al., 2014). A 3–4 year lag time in thermohaline
characteristics between the northeastern SPNA and the Fram Strait has been reported
from observations (Holliday et al., 2008). From this lagged relationship arises a pre-
diction potential for heat reaching the Arctic and the Arctic sea ice several years in
advance. Along-path modification of the thermohaline anomalies can, however, limit
the predictability, and the effects of lateral mixing and air-sea heat exchanges are there-
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fore important to assess.

The North Atlantic Ocean is also subject to decadal variability in both heat- and fresh-
water content. During the 1990s and early 2000s the SPNA was warming, followed
by a trend reversal and cooling after 2005 (Piecuch et al., 2017; Robson et al., 2016).
Robson et al. (2016) link the trend reversal to changes in the Atlantic Meridional Over-
turning Circulation (AMOC) as a lagged response to conditions in the Labrador Sea.
Piecuch et al. (2017), on the other hand, link the trend reversal to anomalous gyre circu-
lation due to changes in the wind stress curl. Such a trend reversal has interestingly not
been observed in the Norwegian Sea heat content despite colder Atlantic water temper-
atures in the Faroe-Shetland Channel since the mid-2000s (Broome et al., 2019; Mork
et al., 2019). Both reduced ocean heat loss during 2011–2018 (Mork et al., 2019),
and a ’disconnect’ between the SPNA and the Norwegian Sea after 2005 due to shifts
in the subpolar front (Broome et al., 2019), have been proposed as potential mecha-
nisms. During 2012–2016 a record-breaking freshening of the SPNA was observed
(Holliday et al., 2020). Unlike the Great Salinity Anomaly of the late 1960s caused by
enhanced freshwater export from the Arctic, Holliday et al. (2020) explain the fresh-
ening by anomalous winter wind patterns re-routing Arctic-origin water off the North
West Atlantic Continental Shelf and into the subpolar basins. This freshening was also
subsequently seen in the Norwegian Sea, leaving it in the rare combination of a warm
and fresh state (Mork et al., 2019).

The predictability of regional ocean heat content variability in the Arctic-Atlantic sec-
tor, and the associated impacts on climate, sea ice, and marine ecosystems, depends
on the causal mechanisms driving the variability. Variability dominated by changes in
local wind stress (Ekman forcing) or air-sea heat fluxes is considered less predictable
because it is a response to local stochastic atmospheric forcing (Roberts et al., 2017).
Variability dominated by ocean dynamics/nonlocal forcing, for instance related to ad-
vection of heat anomalies, wave propagation, or geostrophic circulation anomalies, has
a potential for skillful prediction through accurate initialization of the ocean state (Rob-
son et al., 2012; Yeager et al., 2012). In understanding the mechanisms involved in
creating and maintaining heat anomalies in different regions, we can improve both pre-
dictions and our understanding of the ocean’s role in the climate system.



Chapter 2

Objectives and methods

This dissertation aims to obtain a more robust understanding of interannual heat content
variability in the Arctic-Atlantic region, particularly focusing on the upstream sources
feeding warm Atlantic water across the Iceland-Scotland Ridge, the Norwegian Sea
directly downstream of the ridge, and the Atlantic sector of the Arctic Ocean where
Atlantic heat meets the Arctic sea ice. This chapter states the main objectives and the
motivation for the presented work (section 2.1), in addition to describe the methods
applied to achieve said objectives (section 2.2).

2.1 Objectives

Redistribution of oceanic heat by the ocean currents, and the interaction with the at-
mosphere above, give rise to regional ocean heat content variability on multiple time
scales. The causal mechanisms driving interannual to decadal heat content variability
in the Arctic-Atlantic region are, however, not fully understood. As a result, the key
objectives are summarized by the following research questions:

• How is variability in water mass characteristics and volume transport at the
Iceland-Scotland Ridge related to circulation changes in the North Atlantic
Ocean?

• Which mechanisms control interannual ocean heat content variability in the Nor-
wegian Sea?

• What are the mechanisms underlying recent Atlantification of the Arctic Ocean?

While the key objectives focus on improving our mechanistic understanding of heat
content variability in the Arctic-Atlantic sector, implications for prediction is a main
motivation for the work presented here. Low-frequency variability in the ocean is gen-
erally a source of climate predictability, arising from the ocean’s inertia and systematic
poleward heat transport (Årthun et al., 2017). The sensitivity of the Barents Sea ice
cover and dense water properties to variable Atlantic water properties and volume trans-
port, is another main motivation, in which a prediction potential also resides (Onarheim
et al., 2015; Skagseth et al., 2020). Changes in ocean heat content caused by oceanic
circulation changes appear more predictable than those caused by surface heat fluxes
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(Yeager and Robson, 2017). As a result, understanding the processes involved in creat-
ing and modifying ocean heat anomalies, the potential for prediction of regional ocean
heat content variability, as well as the limitations, can be better understood.

2.2 Methods

Ocean general circulation models (OGCMs) simulate the time-evolving, three-dimensional
ocean circulation in a dynamically and kinematically consistent framework (e.g. Fox-
Kemper et al., 2019; McWilliams, 1996; Wunsch and Ferrari, 2018). In compari-
son, ocean observation systems are expensive and logistically challenging to organize
(Weller et al., 2019), and often suffer from either giving information about temporal
variability (e.g. mooring measurements) or spatial variability (e.g. surveys using CTD
measurements). The observational record therefore does not have the temporal and spa-
tial coverage, or the dynamical consistency required, to provide a full mechanistic view
of interannual ocean heat content variability. Analysing oceanic fields from OGCMs
allows for thorough descriptions of regional heat content variability and the underlying
causal mechanisms. However, numerical models are imperfect. The primitive equa-
tions at the core of an OGCM are discretized in time and space according to the model
time step and spatial grid. Processes acting on spatial or temporal scales not resolved
by the model, such as diffusion, turbulent mixing, and often mesoscale eddies, are pa-
rameterized. Additionally, OGCMs are typically forced by an atmospheric reanalysis
product (e.g. ERA-Interim, MERRA, JRA-55) carrying its own set of approximations
and uncertainties (Chaudhuri et al., 2013). As a result, ocean model products should
be evaluated against the observational record to discuss weaknesses and strengths, and
assess the suitability for the research questions posed.

In order to address the research questions above, a number of model products and
analysis tools have been used in the papers presented in this dissertation. The main
products and tools used are described briefly in the following sections.

2.2.1 ORCA025 ocean hindcast
ORCA025 is a global, eddy-permitting configuration of the NEMO model (Madec,
2015) coupled to the thermodynamic sea-ice model LIM2 (Bouillon et al., 2009), and
is developed by the Drakkar project (Barnier et al., 2006). The hindcast simulation
used spans 1958–2015 with no spin-up, and the first 10–15 years should therefore be
treated with caution. The ORCA025 hindcast is forced by the Drakkar forcing set 5.2
(Dussin et al., 2016), constructed from ERA-Interim (Dee et al., 2011) and ERA40
(Uppala et al., 2005) surface fields. The advection and diffusion schemes used in the
ORCA025 configuration are described in Grégorio et al. (2015). The ORCA025 grid is
tripolar, with a 1/4◦ horizontal resolution (27km at the equator, 12km in the Arctic), 75
unevenly spaced vertical levels, and a partial step representation of bottom topography
(Barnier et al., 2006).

The ORCA025 hindcast provides a multidecadal simulation of the global ocean circu-
lation of high spatial and temporal resolution. In Paper I, 5-day mean ORCA025 fields
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are used together with a Lagrangian analysis tool to investigate the link between vari-
able inflow (volume transport and properties) at the Iceland-Scotland Ridge between
1986–2015 and large-scale ocean circulation anomalies upstream.

2.2.2 ARIANE Lagrangian analysis tool
In contrast to Eulerian kinematics where the motion of a fluid is described in a reference
frame that is fixed in space, Lagrangian kinematics describes the fluid motion in a
reference frame that is moving with an infinitesimal fluid particle (e.g. van Sebille et al.,
2018). While Eulerian kinematics form the basis for OGCMs (grid cells fixed in space),
the Lagrangian approach is a powerful supplement where the trajectories of numerical
particles representing oceanic volumes can be estimated (Figure 2.1).

ARIANE is a Lagrangian analysis tool developed for offline calculations of Lagrangian
trajectories from the output of OGCMs (Blanke and Raynaud, 1997; Döös, 1995). AR-
IANE utilizes a purely advective scheme where streamlines are computed analytically,
along which numerical particles are evolved forward or backward in time. The stream-
lines represent true trajectories under the assumption of three-dimensional nondiver-
gence and temporal stationarity over the sampling period of the velocity field. Parti-
cle volume is conserved along the individual trajectories, while the properties of the
numerical particles (temperature and salinity) evolve according to the linearly interpo-
lated Eulerian fields of the ocean model. As the ARIANE scheme is purely advective,
subgrid-scale processes parameterized in the OGCM (e.g. diffusion and turbulent mix-
ing) are not factored in when calculating the Lagrangian trajectories (Wagner et al.,
2019). These processes still affect the Eulerian temperature and salinity fields the parti-
cles are translated through, and therefore indirectly the particle properties (Lique et al.,
2010).

Figure 2.1: Lagrangian trajectories with ARIANE. Trajectories of 150 randomly selected particles
seeded at the Iceland-Scotland Ridge (marked in black) between 2006-2015. 7 years of backtracking is
displayed.

ARIANE allows for offline tracking of oceanic volumes forward and backward in time,
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efficiently calculating Lagrangian trajectories from stored OGCM velocity fields. In
Paper I, the temporal and spatial variability in the advective pathways of the Nordic
Seas inflow is explored by tracking numerical particles seeded at the Iceland-Scotland
Ridge backward in time. Using the fields from the ORCA025 hindcast together with
ARIANE, particles distributed in space to represent the full column of inflowing water
at the ridge are released at every time step during 1986–2015. The number of parti-
cles released in each grid cell at the ridge is scaled with the volume transport at the
release time, and each particle is tagged with a transport. Particle trajectories from the
Lagrangian experiment are visualized in Figure 2.1, with the Iceland-Scotland Ridge
release section marked in black.

2.2.3 ECCOv4-r3 ocean state estimate
ECCO version 4 release 3 (hereafter referred to as ECCOv4-r3) is an ocean state esti-
mate of the 1992–2015 global ocean-circulation and sea-ice state (Forget et al., 2015a;
Fukumori et al., 2017). The ECCO state estimation framework was developed to syn-
thesize nearly all available observations with an ocean model, to get a description of
the ocean’s time-evolving state in the modern era (Wunsch and Heimbach, 2007).

The ECCOv4-r3 state estimate is generated by the ice-ocean component of the Mas-
sachusetts Institute of Technology general circulation model (MITgcm) solving the
primitive equations for a time-evolving, Boussinesq, hydrostatic ocean, with a nonlin-
ear free surface. Through the adjoint method, the modeled fields are fitted to satellite
and in-situ ocean observations in a least-square sense (Heimbach et al., 2005). Profiles
from Argo floats, Ice-Tethered Profilers, and a large number of individual CTD stations
are used as constraints in ECCOv4-r3 (Fukumori et al., 2017). Additionally, satellite
observations of sea surface temperature (SST), sea surface salinity (SSS), sea level, sea
ice concentration, and ocean bottom pressure are used. ERA-Interim reanalysis fields
(Dee et al., 2011) are used as the initial near surface atmospheric state (air tempera-
ture, humidity, precipitation, downward radiation, and wind stress), while air-sea heat
fluxes are calculated from bulk formulae (Large and Yeager, 2004). The ECCOv4-
r3 grid has a 1◦ nominal horizontal resolution and 50 unevenly spaced vertical levels.
The grid is split into five faces, one of which is the Arctic cap (Figure 2.2a). The ef-
fect of subgrid-scale flow is parameterized as a bolus velocity, and turbulent transport
parameters are estimated within the ECCOv4-r3 framework under the constraints of
observations (Forget et al., 2015a,b).

ECCOv4-r3 is an ideal framework for heat budget analysis as the physical consistency
of an OGCM is combined with actual observational data (Buckley et al., 2014, 2015;
Piecuch et al., 2017). In contrast to ocean reanalysis products also assimilating ob-
servational data (e.g. SODA3; Carton et al. (2018), ORAS5; Zuo et al. (2019)), the
ECCO state estimation framework conserves ocean momentum, heat, and salt. The
practical closure of the heat budget is demonstrated in Figure 2.2b, displaying the ver-
tically intergated monthly mean heat budget for a selected grid cell in the Norwegian
Sea. Ocean heat transport convergence is represented explicitly (Figure 2.2b), and is
not calculated as a residual, which is often the case for observational heat budgets (e.g.
Carton et al., 2011; Mork et al., 2014). Heat budgets constructed from ECCOv4-r3 are
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used in Paper II to determine the mechanisms of interannual heat content variability in
the Norwegian Sea. Additionally, heat budgets are used in Paper III to explore warm-
ing trends in the Barents Sea and Fram Strait, and assess the mechanisms underlying
recent Atlantification of the Arctic Ocean.

a) b)

Figure 2.2: Heat budgets with ECCOv4-r3. (a) ECCOv4 lon-lat-cap grid used for budget analysis.
The global grid is split into five faces indicated by the different mask colors. From Forget et al. (2015a).
(b) Vertically integrated monthly mean heat budget for grid cell at 68.7◦N, 4.2◦E in the Norwegian
Sea. Tend is the heat content tendency, ADV is the advective heat transport convergence, DIFF is the
diffusive heat transport convergence, and Qnet is the net air-sea heat fluxes. Practical budget closure is
demonstrated showing the difference between the left-hand side (LHS) and the right-hand side (RHS)
of the budget equation (Tend=ADV+DIFF+Qnet). 1 TW equals 1012 J/s.
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Chapter 3

Summary of papers

Paper I: Linking variable Nordic Seas inflow to upstream circulation anomalies

Asbjørnsen, H., Johnson, H., Årthun, M., in prep. for Journal of Climate.

Paper I investigates interannual variability in the Nordic Seas inflow by assessing how
variable upstream sources and advective pathways impact volume transport and water
mass properties at the Iceland-Scotland Ridge. Using an eddy-resolving ocean hind-
cast simulation and a Lagrangian analysis tool, numerical particles are released at the
ridge during 1986-2015 and tracked backward in time for 10 years. Of the annual
mean inflow, 64% comes from the subtropics and 26% has a subpolar or Arctic origin.
However, the inflowing water masses are well-mixed, and the source waters cannot be
identified by hydrographic properties alone. Interannual variability in transport across
the ridge and the relative fraction of subtropical and Arctic-origin waters are associated
with distinct atmospheric circulation anomalies at different locations along the advec-
tive pathways. At the time of inflow, the local response to the NAO is important for the
overall inflow of both subtropical and Arctic waters – a strong inflow being associated
with NAO+ conditions. In the years before reaching the Iceland-Scotland Ridge, the
subtropical particles are influenced by atmospheric circulation anomalies in the bound-
ary region between the subtropical and subpolar gyre, and over the SPNA. These atmo-
spheric circulation anomalies lead to meridional shifts in the NAC and zonal shifts in
the subpolar front, respectively – an equatorward shift of the NAC and westward shift
of the subpolar front corresponding to a warmer and more saline inflow at the ridge.
Wind stress curl anomalies over the SPNA also influence the pathway of Arctic-origin
waters, affecting the number of particles re-routed from the Labrador Current into the
subpolar basins and toward the Nordic Seas. A high transport of Arctic-origin water is
furthermore associated with a colder and fresher inflow. The results presented here thus
demonstrate the importance of gyre dynamics and large-scale wind forcing in affecting
the properties and transport of Atlantic water across the Iceland-Scotland Ridge.

Paper II: Mechanisms of ocean heat anomalies in the Norwegian Sea

Asbjørnsen, H., Årthun, M., Skagseth, Ø., Eldevik, T., (2019), Journal of Geophysical
Research: Oceans, 124(4), 2908-2923.
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Paper II investigates the mechanisms of interannual heat content variability in the Nor-
wegian Sea through closed heat budget diagnostics, using a state-of-the-art ocean state
estimate constrained by ocean observations for the period 1992–2015. We find both
ocean advection and air-sea heat fluxes to play an active role in the formation of heat
content anomalies. Ocean advection is the primary contributor to heat content variabil-
ity in the Atlantic domain of the Norwegian Sea. Spatial and temporal decompositions
of the advection budget term show that non-Ekman dynamics dominate the advective
heat transport in the region. Furthermore, advection by the resolved velocities domi-
nates, while eddy-driven transports have an overall dampening effect. Anomalous heat
advection depends on the strength of the Atlantic water inflow rather than the tempera-
ture variability, and a strong Atlantic water inflow is associated with a weakened SPG
upstream. The importance of nonlocal forcing identified implies a prediction potential
for ocean heat content changes on interannual time scales, as skillful predictions gen-
erally arise from the realistic initialization of ocean circulation anomalies associated
with ocean dynamics. However, local surface forcing (air-sea heat fluxes and Ekman
forcing) within the Norwegian Sea can substantially modify the phase and amplitude
of ocean heat anomalies along their poleward pathway, and therefore likely limits pre-
dictability.

Paper III: Mechanisms underlying recent Arctic Atlantification

Asbjørnsen, H., Årthun, M., Skagseth, Ø., Eldevik, T., (2020), Geophysical Research
Letters, 47(15).

Paper III investigates warming trends in the Barents Sea and Fram Strait in order to
identify the mechanisms underlying recent Atlantification of the Arctic Ocean. We find
the Barents Sea transitioning to a warmer state during the 1993–2014 period analysed,
with reduced sea ice concentrations and Atlantic water extending further poleward. In
the Fram Strait, we find no significant warming trend. Heat budgets along the main
poleward pathways of Atlantic water reveal a complex Arctic climate system where the
underlying mechanisms driving the Atlantification are found to be regionally dependent
and not stationary in time. In the ice-free region of the Barents Sea, ocean advection is
found to be a major driver of the warming trend due to increasing inflow temperatures
between 1996 and 2006. Reduced ocean heat loss is contributing to the warming trend
in the ice-free region towards the end of the period. A significant upper-ocean warming
and a weakened stratification in the ice-covered northwestern Barents Sea is identified.
However, in contrast to what has been previously hypothesized, the heat budget analysis
does not point to enhanced vertical mixing and increased upward heat fluxes from the
Atlantic water layer as the source of the warming. An improved understanding of the
recent warming trends in the Barents Sea and Fram Strait has implications for how we
understand the mechanisms driving ongoing and future warming of the Arctic Ocean
and, thus, Arctic climate change.



Chapter 4

Perspectives and outlook

This dissertation assesses key mechanisms and pathways of ocean heat anomalies in
the Arctic-Atlantic region. The study area spans the subtropical and the subpolar North
Atlantic, the intermediate Norwegian Sea, and the Atlantic sector of the Arctic Ocean.
The presented papers establish an important role of poleward ocean heat transport in
causing regional heat content variability and change, while also detailing the complex
relationship between advective ocean heat transport and atmospheric forcing. The three
papers take a mechanistic view, investigating the role of variability in oceanic tempera-
tures, volume transport, and air-sea heat fluxes, while also discussing the implications
for predictability. The results of the presented work furthermore naturally point toward
a number of open questions, some of which will be discussed here.

In Paper I, the Nordic Seas inflow is tracked from the Iceland-Scotland Ridge to its sub-
tropical and subpolar sources. The Lagrangian method used allows for an assessment
of source region fractions, spatial shifts in the advective pathways, and other processes
giving rise to variability in temperature or volume transport at the ridge. To what degree
coherent thermohaline anomalies propagate from the Gulf Stream, along the NAC, and
into the Norwegian Sea, has not been addressed directly. However, the particle tran-
sit times from the Lagrangian analysis are within the range of observed propagation
speeds of thermohaline anomalies (Årthun et al., 2017; Chepurin and Carton, 2012;
Sutton and Allen, 1997). This indicates that an oceanic volume is likely to travel from
the Gulf Stream region to the Iceland-Scotland Ridge at speeds far slower than the
mean NAC speed due to along-path horizontal and vertical displacements and eddying
features, visible in the individual particle trajectories. Further evaluation of the parti-
cles’ ability to retain anomalous characteristics along the advective pathways remains,
and could be an important contribution to the debate regarding the apparent poleward
propagation of thermohaline anomalies.

The importance of the inflow over the Iceland-Scotland Ridge for Norwegian Sea heat
content is highlighted in Paper II. Through observation-based, closed heat budget di-
agnostics, mechanisms of interannual Norwegian Sea heat content variability are thor-
oughly evaluated. Spatial analysis of the individual heat budget terms shows that ocean
advection is the primary contributor to heat content variability in the Atlantic domain
of the Norwegian Sea, and that anomalous heat advection depends on the strength of
the Atlantic water inflow. The relationship between the inflow strength and the Nor-
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wegian Sea heat content emphasizes the importance of continuous monitoring of vol-
ume fluxes both upstream at the OSNAP array (Lozier et al., 2019), at the ridge in the
Faroe-Shetland Channel (Berx et al., 2013), and downstream at the Svinøy section in
the NwAC (Orvik and Skagseth, 2003). While the results in Paper II suggest a potential
for predicting Norwegian Sea heat content based on upstream conditions, local surface
forcing actively modifying the phase and amplitude of the ocean heat anomalies, likely
limits the predictability.

Variability at the Iceland-Scotland Ridge, and the link to large-scale atmospheric forc-
ing and ocean circulation changes upstream, is addressed in both Paper I and Paper
II. Paper II connects a strong Atlantic water inflow to a weak SPG and a strengthened
and poleward shifted NAC. The inflow strength is correlated to the NAO and, more
strongly, to the East Atlantic Pattern (EAP), often interpreted as a meridionally shifted
NAO (higher inflow associated with poleward shifted westerlies). While the barotropic
stream function-based SPG index used in Paper II reflects the strength of the gyre cen-
ter in the western SPNA, it might not capture variability in SPG extent in the east (Koul
et al., 2020). The ambiguity of the SPG index pointed out in several recent studies
(Foukal and Lozier, 2017; Hátún and Chafik, 2018; Koul et al., 2020) makes it diffi-
cult to compare and consolidate findings from previous studies using different metrics
to describe variability in the SPNA. Paper I avoids using a SPG index altogether, but
variability in the extent of the SPG can be inferred from the Lagrangian trajectory anal-
ysis.

In Paper I, a strong inflow at the Iceland-Scotland Ridge is found to consist of high
transports of both subtropical and subpolar/Arctic-origin water, and is associated with
NAO+ conditions at the time of inflow. A strong inflow is furthermore linked to high
transports of subtropical water associated with a negative wind stress curl anomaly over
the SPNA two years before reaching the ridge – a pattern often connected to a weak
and contracted SPG (Häkkinen et al., 2011). Additionally, a cyclonic sea level pres-
sure anomaly in the intergyre region four years prior to the subtropical water reaching
the ridge is associated with a strong inflow, potentially by enhancing the southwest-
northeast tilt of the NAC. While the strong inflow, weak SPG, and enhanced NAC
transport mechanism from Paper II is consistent with the results in Paper I, the connec-
tion between the EAP and the inflow over the ridge is not found in Paper I. It is not
known whether this discrepancy is due to differences between the two model frame-
works, e.g., resolution, or whether it is due to differences between the two Nordic Seas
inflow sections compared and other calculation metrics.

Paper I and II mainly focus on mechanisms causing variability at the Iceland-Scotland
Ridge and in the Norwegian Sea on interannual time scales. However, from the two
papers interesting questions regarding decadal trends emerge, noting that decadal vari-
ability in Norwegian Sea heat content is not necessarily dominated by the same mech-
anisms as interannual variability. For instance, temperature variability is expected to
be more important for driving heat transport variability on longer time scales (Orvik
and Skagseth, 2005). The Norwegian Sea has interestingly retained a warm state in
the years after the 2005 offset of a decadal cooling trend in the SPNA (Broome et al.,
2019; Mork et al., 2019). From the apparent disconnect between the SPNA and the
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Norwegian Sea, and the decoupling of salinity and temperature anomalies seen, a num-
ber questions emerge. To what degree is the disconnect caused by reduced surface heat
loss in the Norwegian Sea as suggested by Mork et al. (2019)? To what degree is gyre
dynamics and associated shifts in the subpolar front important? Finally, what role does
the Iceland-Scotland Ridge play in terms of being a physical barrier between the SPNA
and the Norwegian Sea?

Heat budgets are also constructed for the Barents Sea and Fram Strait, directly down-
stream of the Norwegian Sea (Paper III), motivated by the observed warming trend
(Skagseth et al., 2020) and sea ice loss (Onarheim et al., 2018) characterizing an At-
lantification of the Arctic. The heat budgets reveal a complex Arctic climate system
where the underlying mechanisms driving the Atlantification are found to be region-
ally dependent and not stationary in time. The results highlight the different dynamical
regions (open-ocean, marginal ice zone, ice-covered ocean), finding that despite a sig-
nificant warming trend everywhere in the Barents Sea, the mechanisms driving the
warming trends differ. Consequently, areas in the Arctic over which to evaluate future
heat or freshwater budgets need to be chosen carefully with these findings in mind.

The ocean state estimate used in Paper III adequately reproduces a weakened stratifi-
cation and an upper-ocean warming of the northwestern Barents Sea similar to what
is seen in observations (Lind et al., 2018). However, in contrast to the hypothesis in
Lind et al. (2018), no evidence is found suggesting that enhanced upward heat fluxes
from the Atlantic water layer to the Arctic surface layer is the source of the upper-
warming. The coarse vertical resolution in the model framework means that vertical
heat fluxes are to a large degree parameterized, and could be underrepresented. The
results in Paper III nevertheless demonstrate that an upper-ocean warming in the ice-
covered Barents Sea, such as the one observed, can be caused by a combination of
horizontal oceanic processes (warmer inflow and reduced sub-zero throughflow) and
air-sea heat fluxes (periods of reduced surface heat loss). Direct flux measurements
over time is likely needed to get a definite answer to whether or not vertical heat fluxes
are important for the upper-ocean warming. Such measurements will be central in
the Nansen Legacy project (https://arvenetternansen.com), where understanding heat
fluxes and mixing processes in the northwestern Barents Sea is a key objective.

The Arctic is a region where the effects of externally forced climate change are very
much present in the observational record in terms of oceanic and atmospheric temper-
atures, as well as sea ice extent and thickness (e.g. Carmack et al., 2015). Extending
the heat budget analysis in Paper III into the Arctic basins utilizing upcoming ECCO-
products with higher resolution, more observational constraints, and an improved cir-
culation in the Arctic Ocean (e.g. ECCOv5; Heimbach et al. (2019) and ASTE; Nguyen
et al. (2017)), would be another step toward understanding recent climate change better.
How changes in the freshwater supply affect the stratification in the Eurasian Basin, and
how important enhanced upward mixing of Atlantic heat (e.g. Polyakov et al., 2017)
is for the overall upper-ocean warming, are relevant questions that can be addressed
through heat- and freshwater budget analysis.

In the three presented papers, modeled Lagrangian trajectories (Paper I) and heat bud-
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get analysis (Paper II and III) are used to determine the pathways and processes of
ocean heat anomalies in the Arctic-Atlantic region. While the mechanistic understand-
ing of ocean heat anomalies aimed for required a model approach, the heat budgets
are constructed from a model framework that relies on observational constraints (e.g.
Argo profiles, CTD measurements, satellite observations of SST, SSS, sea level, and sea
ice). Furthermore, the two different model products used (ECCOv4-r3 and ORCA025)
have been evaluated against available observational records to discuss weaknesses and
strengths, and assess the accuracy of the simulated oceanic fields. It is therefore clear
that continued monitoring of the North Atlantic and Arctic regions, especially in terms
of the Argo program and different mooring arrays, is crucial for constraining and eval-
uating the output of OGCMs. As the field of state estimation and other forms of data
assimilation continues to evolve, improved simulations of the global ocean circulation,
and potentially also the coupled Earth system (Heimbach et al., 2019), will be invalu-
able to improve our understanding of ocean processes. By assessing anomalous ex-
changes across the Iceland-Scotland Ridge (Paper I and II), and detailing heat content
variability and change in the Norwegian Sea and Barents Sea in recent decades (Paper
II and III), this dissertation asserts the important role of Atlantic water variability in the
Arctic-Atlantic climate system.
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Mechanisms of ocean heat anomalies in the Norwegian Sea
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Mechanisms of Ocean Heat Anomalies in the
Norwegian Sea

Helene Asbjørnsen1 , Marius Årthun1 , Øystein Skagseth2, and Tor Eldevik1

1Geophysical Institute, University of Bergen and Bjerknes Centre for Climate Research, Bergen, Norway, 2Institute of
Marine Research, and Bjerknes Centre for Climate Research, Bergen, Norway

Abstract Ocean heat content in the Norwegian Sea exhibits pronounced variability on interannual to
decadal time scales. These ocean heat anomalies are known to influence Arctic sea ice extent, marine
ecosystems, and continental climate. It nevertheless remains unknown to what extent such heat anomalies
are produced locally within the Norwegian Sea, and to what extent the region is more of a passive receiver
of anomalies formed elsewhere. A main practical challenge has been the lack of closed heat budget
diagnostics. In order to address this issue, a regional heat budget is calculated for the Norwegian Sea using
the ECCOv4 ocean state estimate—a dynamically and kinematically consistent model framework fitted to
ocean observations for the period 1992–2015. The depth-integrated Norwegian Sea heat budget shows that
both ocean advection and air-sea heat fluxes play an active role in the formation of interannual heat
content anomalies. A spatial analysis of the individual heat budget terms shows that ocean advection is the
primary contributor to heat content variability in the Atlantic domain of the Norwegian Sea. Anomalous
heat advection furthermore depends on the strength of the Atlantic water inflow, which is related to
large-scale circulation changes in the subpolar North Atlantic. This result suggests a potential for
predicting Norwegian Sea heat content based on upstream conditions. However, local surface forcing
(air-sea heat fluxes and Ekman forcing) within the Norwegian Sea substantially modifies the phase and
amplitude of ocean heat anomalies along their poleward pathway, and, hence, acts to limit predictability.

1. Introduction
Ocean heat content variability plays an important role in our climate system. In the Arctic-Atlantic region,
ocean heat anomalies have been shown to affect sea ice (e.g., Årthun et al., 2012; Yeager et al., 2015), marine
ecosystems (Hátún et al., 2009), and potentially also continental climate (Årthun et al., 2017). There is,
however, at present neither consensus nor any complete understanding of the mechanisms causing and
maintaining such heat anomalies. One primary question regarding the nature of ocean heat anomalies in
the North Atlantic is whether the anomalies are related to upstream ocean circulation changes (e.g., Årthun
& Eldevik, 2016; Dong & Kelly, 2003; Hátún et al., 2005; Jungclaus et al., 2014; Sutton & Allen, 1997), or
whether they are more the surface ocean signature of evolving large-scale atmospheric patterns such as the
North Atlantic Oscillation (NAO; Foukal & Lozier, 2016; Krahmann et al., 2001; Saravanan & McWilliams,
1998). Understanding the mechanisms of ocean heat anomalies, with a special emphasis on quantifying the
relative influence of ocean advection and air-sea heat fluxes, has implications for climate predictability, as
heat anomalies caused by ocean circulation changes appear more predictable than those caused by surface
heat fluxes (Yeager & Robson, 2017).

The Norwegian Sea (Figure 1a) is a key component of the North Atlantic climate system, as it acts as a tran-
sition zone between the temperate North Atlantic and the cold Arctic Ocean. The oceanographic conditions
are influenced by the northward flowing Norwegian Atlantic Current (NwAC) transporting warm, saline
Atlantic water into the region (Orvik & Niiler, 2002; Skagseth et al., 2008). After entering the Norwegian
Sea, the Atlantic water is modified along its poleward pathway due to heat loss to the atmosphere and lateral
eddy exchanges with the colder and fresher Greenland and Iceland Seas (Chafik et al., 2015; Furevik, 2001;
Segtnan et al., 2011). In leaving the Norwegian Sea, parts of the Atlantic water will enter the Barents Sea
and the Arctic Ocean through the Barents Sea Opening (BSO) and the Fram Strait respectively, and parts
will recirculate within the Nordic Seas (Eldevik et al., 2009; Skagseth et al., 2008).
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Figure 1. North Atlantic-Nordic Seas temperature and bathymetry. (a) Upper-ocean (0–350 m) mean potential
temperature and 35 isohaline (white contour line), with main circulation features indicated. (b) Ocean depth, with
Norwegian Sea domain boundary Sections1–6 marked. NwAC = Norwegian Atlantic Current.

Heat exchanges between the Norwegian Sea and neighboring oceans have been studied ever since the first
budget estimatewas put forward byMosby (1962).While earlywork (as summarized in Simonsen&Haugan,
1996) was based on mean ocean transports to and from the Nordic Seas, more recent budget studies have
additionally applied atmospheric reanalysis fields to estimate mean heat exchanges with the atmosphere
(Segtnan et al., 2011; Simonsen&Haugan, 1996). An alternative approach has been to use air-sea heat fluxes
from atmospheric reanalysis together with ocean heat content from hydrography and calculate the ocean
heat transport component as a residual (Carton et al., 2011; Mork et al., 2014), something which allows for
heat content changes to be assessed.

The Norwegian Sea exhibits pronounced variability in ocean heat content on interannual to decadal
timescales. It is, however, not known towhat extent the region is a passive receiver of heat anomalies formed
elsewhere and to what extent the anomalies are produced locally, for instance, by anomalies in the regional
atmospheric circulation (Lien et al., 2014), or a varying influence of the East Icelandic Current (Mork et al.,
2014). Focusing on the Atlantic domain of the Nordic Seas, Carton et al. (2011) find ocean advection to
be the dominant cause of interannual to decadal heat content variability for the time period 1950–2009,
with local air-sea heat fluxes only having a weak reinforcing effect on the anomalies. Mork et al. (2014),
on the other hand, find local air-sea heat fluxes to explain about half of the observed heat content variabil-
ity in the Norwegian Sea between 1951 and 2010. However, these studies, based on comparisons between
observed heat content variations (from hydrography) and air-sea fluxes from different reanalysis products,
suffer from the inability to close the heat budget, as ocean heat transport is not a well-observed quantity.
The role of ocean advection in observation-based studies can therefore only be obtained as a residual, and
a detailed examination of the relative contributions of ocean dynamics and local surface forcing has yet
to be performed.

In this paper we identify the mechanisms responsible for ocean heat content variability in the Norwegian
Sea, using the physically consistent ECCOv4 ocean state estimate (Forget et al., 2015a; Fukumori et al.,
2017; Wunsch & Heimbach, 2007). First, we quantify the contribution from air-sea heat fluxes and ocean
advection. Then, the contribution of ocean advection is elucidated in more detail by exploring the relative
importance of resolved (Eulerian) and eddy-driven (bolus) advection in driving ocean heat transport conver-
gences, as well as the importance of wind-driven Ekman dynamics. A temporal and spatial decomposition
furthermore identifies the main sources of advective heat transport variability. Finally, we assess the domi-
nant large-scale oceanic and atmospheric circulation anomalies associated with a variable heat transport to
the Norwegian Sea.
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2. Methods
2.1. ECCOv4 Ocean State Estimate
ECCOversion 4 release 3 (hereafter referred to as ECCOv4) is an ocean state estimate of the 1992–2015 global
ocean circulation and sea ice state, generated by fitting the Massachusetts Institute of Technology General
Circulation Model (MITgcm) to satellite and in situ ocean observations in a least square sense (Forget et al.,
2015a; Fukumori et al., 2017; Wunsch & Heimbach, 2007). The ocean-ice component of the MITgcm pro-
duces monthly fields by solving the primitive equations for a time-evolving, Boussinesq, hydrostatic ocean
with a nonlinear free surface. Through the adjoint method (Heimbach et al., 2005), these model fields are
constrained by ocean observations. Latent, sensible, and upward radiative heat fluxes are calculated from
bulk formulae (Large & Yeager, 2004), with ERA-Interim reanalysis (Dee et al., 2011) used as the initial near
surface atmospheric state (air temperature, humidity, precipitation, downward radiation, and wind stress).
The MITgcm framework obeys the conservation laws of momentum, mass, heat, and salt, and the adjoint
method avoids adding nonphysical source/sink terms to the model equations. Consequently, the ECCOv4
estimate is dynamically and kinematically consistent and allows for closed heat, salt, and volume budgets
at each grid cell, to machine precision (Buckley et al., 2014, 2015; Piecuch et al., 2017).

The ECCOv4 state estimate is gridded at a LLC90 grid—a global lon-lat-cap (LLC) grid split into five “gcm-
faces,” one ofwhich is the “Arctic cap” (Forget et al., 2015a). The four grid vertices of theArctic cap are placed
over land at 67◦N, while for Antarctica two grid vertices are placed over land at 80◦S and away from major
ice shelves. The grid has a 1◦ nominal horizontal resolution, and 50 unevenly spaced vertical layers. The
meridional resolution in the Norwegian Sea region is approximately 0.5◦, which is larger than the internal
deformation radius (Nurser & Bacon, 2014) and the dominant eddy scale (Poulain et al., 1996). The effect of
unresolvedmesoscale eddies is parameterized as a bolus velocity (Gent&Mcwilliams, 1990). Time-invariant
three-dimensional turbulent transport parameters, such as the Gent-McWilliams bolus velocity (eddy) coef-
ficient, are estimated within the ECCOv4 framework under the constraints of observations (Forget et al.,
2015a). Constraining the turbulent transport parameters in ECCOv4 greatly improves the fit to in situ
profiles compared to earlier ECCO solutions (Forget et al., 2015b).

2.2. Comparison to Observations
In combining the physical consistency of a GCM with actual observational data, ECCOv4 is ideal for a
regional heat budget analysis of the Norwegian Sea. To test ECCOv4's general applicability for the Nordic
Seas region, we compare to observed ocean heat and freshwater anomalies from the combined data sets of
the Institute of Marine Research, the Polar Research Institute of Marine Fisheries and Oceanography, and
the Argo Global Data Assembly Centre (Coriolis Data Centre), acquired from the ICES Report on Ocean
Climate (González-Pola et al., 2018). The ECCOv4 heat and freshwater content is calculated by integrating
temperature and freshwater (relative to a reference salinity of 34.8) over the Norwegian Sea domain seen in
Figure 1b. The observed heat and freshwater content is an estimate over the Atlantic water layer of the topo-
graphically defined Norwegian Sea domain seen in Mork et al. (2014; mean Atlantic water depth between
1951 and 2010 is 409 m). We note, however, that the comparison is not sensitive to the exact definition of
our domain.

The overall variability in heat and freshwater content for the 1992–2015 period is captured well by the
ECCOv4 estimate (Figure 2; r = 0.87 for the upper 400 m). ECCOv4 does, however, appear slightly colder
and fresher than the observations. Another noticeable difference is the delayed late 1990s warming trend
in ECCOv4. Still, the comparison to hydrography is favorable, though not entirely surprising, as ECCOv4 is
constrained to some of the same observational data (e.g., Argo data).

We furthermore compare temperature and volume transport estimates in ECCOv4 to observations from the
Faroe-Shetland Channel (FSC; available from the ICES Report on Ocean Climate andMarine Scotland, UK,
respectively) and the BSO (provided by the Institute of Marine Research, Norway). As seen in Figures 3c
and 3d, the observed temperature compares well with the ECCOv4 estimate for both the FSC and the BSO.
While the time-mean volume transport at the BSO is captured accurately by ECCOv4 (Figure 3b; 2.0 versus
2.1 Sv in observations), the interannual variability is not reproduced. The low correlation could, in part,
be a result of insufficient horizontal resolution in both current measurements (Ingvaldsen et al., 2002) and
ECCOv4, neither being able to resolve the internal radius of deformation in the BSO (Nurser & Bacon,
2014). We note that high-resolution (1/4◦-4 km) ocean models also struggle to capture observed volume
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Figure 2. Comparison to hydrography. (a) May freshwater anomaly for the Norwegian Sea in ECCOv4 relative to 34.8,
and May-centered freshwater anomaly for the Norwegian Sea Atlantic water layer in observations. (b) May heat
content anomaly for the Norwegian Sea in ECCOv4, and May-centered heat content anomaly for the Norwegian Sea
Atlantic water layer in observations. Correlations between the observations and the 0–400 m anomaly in ECCOv4 is
noted in the upper right-hand corner. May-centered hydrography stems from annual internationally coordinated
cruises between 15 April and 15 June and is acquired from the ICES Report on Ocean Climate.

transport variations in the BSO (Lien et al., 2016). The transport of Atlantic water through the FSC is, on
the other hand, reproduced well by ECCOv4 (Figure 3a; r = 0.68). As the inflow through the FSC is the
main provider of Atlantic heat to the Norwegian Sea, these results (Figures 3a and 3c), together with the
favorable comparison to observed hydrography (Figure 2), provide confidence in the ability of ECCOv4 to
assess ocean heat content variability in the Norwegian Sea, and its drivers.

2.3. Heat Budget
In order to identify the processes driving interannual heat content variability in the Norwegian Sea, a
regional heat budget is calculated using the ECCOv4 ocean state estimate. The Norwegian Sea domain
(Figure 1b) is enclosed by six boundary sections plus the Norwegian coast as the eastern boundary. Section1
is split into two parts and will be treated separately, as the inflow of warm Atlantic water occurs in
Section1's southernmost part (Section1a; 6.1 Sv in), while small amounts of relatively cold water is exiting
the domain through the northernmost part (Section1b; 0.6 Sv out). The northern section toward the Fram
Strait (Section4; 8.2 Sv out) and the section at the BSO (Section5; 3.3 Sv out) are the main outflow regions
where warm Atlantic water exits the Norwegian Sea domain and continues toward the Arctic (Figure 1a).
Although the locations of the defined boundary sections make them not directly comparable to observa-
tions from the Fram Strait and the BSO, we note that the simulated transports toward the Arctic are in broad
agreement with observational estimates (Schauer et al., 2004; Skagseth et al., 2008).

The heat content tendency for a given control volume is determined by convergence of advective, diffusive,
and surface heat fluxes. The heat budget equation describing this relationship, originates from integrating
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Figure 3. Comparison to observations. Annual mean volume transport in (a) the Faroe-Shetland Channel (Berx et al.,
2013), and (b) the Barents Sea Opening (Skagseth et al., 2008), from observations and ECCOv4. Annual mean
temperature at (c) the Faroe-Shetland Channel (0–200 m), and (d) the Barents Sea Opening (50–200 m), in observations
(ICES Report on Ocean Climate) and ECCOv4. The time-mean volume transport (a, b) and temperature (c, d) are noted
in parentheses in the lower right-hand corner. Correlations between the respective time series are noted in the upper
right-hand corner (“ns” stands for “not significant”).

the conservation of heat equation over a chosen geometric volume V :

𝜌oCp∫∫∫V
𝜕𝜃

𝜕t
dV

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
Tend

= 𝜌oCp∫∫∫V (−∇ · u𝜃)dV
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

ADV

+ 𝜌oCp∫∫∫V (−∇ ·K)dV
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

DIFF

+ 𝜌oCp∫∫∫VQdV
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

Qnet

(1)

where 𝜌o is a reference density of seawater,Cp is the specific heat capacity, 𝜃 is potential temperature,u is the
three-dimensional velocity vector,K is the diffusive temperature flux vector, andQ is the net air-sea heat flux
(sensible, latent, shortwave, and longwave). For conceptual and methodological simplicity and robustness,
for example, to avoid effects of local vertical heaving, we choose to integrate theNorwegian Sea domain from
the sea surface to the ocean bottom. However, we note that the heat budget is dominated by upper-ocean
variability (Figure 2b). The budget terms will for simplicity be referred to as heat content tendency Tend,
advective heat transport convergence ADV, diffusive heat transport convergence DIFF, and net air-sea heat
fluxes Qnet.

Following the approach and terminology of Piecuch and Ponte (2012), we use “Variance Explained” (𝜈) as
a metric to quantify the amount of variability in heat content tendency Tend explained by the respective
budget terms:

𝜈(x, 𝑦) = 100% × (1 − 𝜎2(x − 𝑦)
𝜎2(x)

), (2)

where 𝜎2 is the temporal variance. The 𝜈(x, y) takes on values between−∞ and 100 and gives the percentage
of variance in variable x explained by variable y. A value of, for example, 40% indicates that 40% of the
variance in x can be explained by variance in y, while a value of−40%means that the variance in y increases
the variance in x by 40%. Large negative values (< −100%) indicate that the signals are out of phase and/or
that the variance in y is larger than the variance in x. Applying the metric to our heat budget (Tend =
ADV + DIFF + Qnet), x equals the heat content tendency Tend and y equals one of the remaining budget
terms, depending on which one is being analyzed.

In order to explore the link between Atlantic water inflow and large-scale atmospheric forcing, the lead-
ing modes of atmospheric variability for the ECCOv4 time period (1992–2015) are identified by calculating
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Figure 4. Norwegian Sea heat budget. Deseasoned, detrended, and 1-year low-pass-filtered heat budget (1993–2014)
for the Norwegian Sea domain, where Tend is the heat content tendency, ADV is the advective heat transport
convergence, DIFF is the diffusive heat transport convergence, and Qnet is the net air-sea heat fluxes; 1 TW equals 1012
J/s. Variance in Tend explained by the respective budget terms is noted in parentheses.

empirical orthogonal functions for area-weighted sea level pressure over theNorthAtlantic region, using the
original ERA-Interim reanalysis fields used to force theMITgcm (the adjusted fields are not available as out-
put). The two leadingmodes are theNAO (41% of the variance) and the East Atlantic Pattern (EAP; Barnston
and Livezey (1987); 17% of the variance). NAO and EAP indexes are defined using the principal component
time series. Our empirical orthogonal function-based NAO index is strongly correlated (r = 0.85) with the
station-based index of Hurrell (1995).

As we focus on interannual variability, seasonal cycles and linear trends are removed from all time series
from here and onward. In order to accentuate interannual variability, the time series are smoothed by apply-
ing a 1-year low-pass triangular filter (24-month filter width). To avoid edge effects from filtering, the first
and last 12 months of the time series are removed, leaving us with the 1993–2014 time period that will be
analyzed here.

3. Results
3.1. Norwegian Sea Heat Budget
The Norwegian Sea heat budget shows pronounced interannual variability, with standard deviations of 10.3
TW for Tend, 6.8 TW for ADV, 7.1 TW for Qnet, and 0.8 TW for DIFF (Figure 4). Fifty-one percent of the
variability in Tend is explained by variability in ADV, and 53% is explained by variability in Qnet. DIFF is
practically negligible, explaining only 0.9% of the variability. These results translate to an equal contribu-
tion from ocean advection and air-sea heat fluxes in driving the interannual Norwegian Sea heat content
variability, consistent with the findings of Mork et al. (2014).

While ADV and Qnet are found to be equally important when integrating the heat budget over the Nor-
wegian Sea domain in its entirety, this does not exclude the possibility of large spatial variations in the
importance of the individual budget terms. Consequently, a spatial analysis is carried out by calculating the
depth-integrated heat budget for each horizontal grid cell within the Norwegian Sea domain and neigh-
boring areas, and mapping the relative importance of the budget terms (Figure 5). Note that summing the
depth-integrated budgets within the Norwegian Sea domain gives the volume-integrated budget in Figure 4.

Figure 5a shows pronounced spatial variations in the ability ofADV to explain the variability inTend. Toward
the center of the Norwegian Sea domain (southwest to northeast),ADV explains themajority of the variabil-
ity in Tend (60–80%). This area largely coincides with the extent of the Atlantic water (defined here as the
horizontal area with salinity ≥35 in the upper 350 m within the Norwegian Sea domain), along which ADV
explains 62% and Qnet 39% of the interannual heat content variability. A branching pattern is also visible at
the northern boundary, indicating that heat content variability along the NwAC is closely related to advec-
tive heat transport. As ADV and Tend are largely positively correlated (Figure 5b), areas with large negative
𝜈 values are generally due to a larger temporal variance 𝜎2 in ADV compared to that in Tend (equation (2)).
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Figure 5. Spatial heat budget analysis. (a, c, and e) Variance in Tend explained by respective budget terms in each
horizontal grid cell, and (b, d, and f) correlation between Tend and respective budget terms. The analysis is based on
deseasoned, detrended, and 1-year low-pass-filtered depth-integrated heat budgets. The Norwegian Sea domain is
indicated by the solid black lines.

A noticeable feature in Figure 5a is the discontinuity at the Iceland-Scotland Ridge, separating high 𝜈 values
in the subpolar North Atlantic and within the Nordic Seas. The Atlantic inflow across the ridge takes place
through narrow channels, and the flow is characterized by highmesoscale activity, leading to high transport
variability (Sherwin et al., 2006; Zhao et al., 2018). Closer inspection of the region shows that the discon-
tinuity in 𝜈 values across the ridge is much reduced if we consider unfiltered monthly time series. While
exchanges between the Norwegian Sea and the North Atlantic south of the ridge are observed to occur on
a broad range of time scales (Bringedal et al., 2018; Hansen & Østerhus, 2000), the processes driving local
heat content change at the ridge is thus found to act predominantly on subannual time scales.
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Figure 6. Role of Ekman forcing. (a) Variance in ADV explained by Ekman forcing ADVek in each horizontal grid cell,
and (b) correlation between ADV and ADVek. The analysis is based on deseasoned, detrended, and 1-year
low-pass-filtered depth-integrated heat budgets. The Norwegian Sea domain is indicated by the solid black lines.

Within the Norwegian Sea domain,Qnet is positively correlated to Tend (Figure 5d), though the correlations
are slightly weaker compared to ADV (Figure 5b). Figure 5c shows higher 𝜈 values in the eastern Nordic
Seas, compared to the western Nordic Seas, implying that air-sea heat fluxes acts as a source of interannual
heat content variability throughout the Norwegian Sea domain.

The ability of DIFF to explain variability in Tend is modest (Figure 5e). Figure 5f shows a highly frac-
tioned spatial pattern, with the highest correlations near the northwestern boundaries of the Norwegian Sea
domain, something which could be related to lateral heat loss from the warm NwAC by isopycnal diffusion
observed in the region (e.g., Isachsen et al., 2012; Nilsen et al., 2006).

3.2. Role of LocalWind Forcing
Ocean advection appears to be the dominant driving mechanism of ocean heat content variability in the
Atlantic domain within the Norwegian Sea domain. However, some fraction of this advective heat trans-
port variability is likely directly attributable to local wind forcing (Ekman forcing). In order to quantify this
contribution, we calculate the advective heat transport convergence by Ekman transport ADVek.

Following the approach of Buckley et al. (2014), we assume that the horizontal velocity uh can be decom-
posed into a geostrophic part ug and an Ekman part uek: uh ≈ ug + uek. The horizontal Ekman velocity is
given by

uek =
Mek

Dek
= 𝛕 × ẑ

𝜌o𝑓Dek
(3)

whereMek is the Ekman transport,Dek is the Ekman depth (here 50m is used; e.g., Rio &Hernandez, 2003),
𝜏 is the wind stress, and f is the Coriolis parameter. The vertical Ekman transport vanishes, as we consider
the full ocean depth. Advective heat transport convergence by Ekman transport for a horizontal grid cell is
then given by

ADVek = 𝜌oCp ∫
𝜂

−Dek
(−∇ · ūek𝜃̄)dz (4)

where ūek and 𝜃̄ is the time-evolving Ekman velocity and potential temperature, averaged over the Ekman
layer. The lack of difference between using time-evolving 𝜃̄ and climatological 𝜃̄ (not shown), indicates that
local wind variability dominates over temperature field changes in causing interannual variability inADVek.
The shallow areas along theNorwegian coast and at the southern boundary (Figure 1b)will not be discussed,
as the approximation uh ≈ ug + uek breaks down for shallow regions due to lateral friction and bottom
Ekman layers (Buckley et al., 2014).

Figure 6 shows that ADV and ADVek are largely positively correlated, and ADVek is found to contribute to
interannual variability in ADV toward the center of the Norwegian Sea domain, explaining 30–40% or less
of the variability. These results suggest that Ekman dynamics is important, but not dominant, in driving
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Figure 7. Role of eddy-scale processes. Decomposition of the Norwegian Sea heat budget term ADV into advection by
resolved (ADVeul) and bolus (ADVbol) velocities. Variance in ADV explained by ADVeul and ADVbol is noted in
parentheses.

advective heat transport convergence ADV. Forcing by local wind variability within the Norwegian Sea par-
ticularly acts to enhance the variance of heat anomalies advected into the domain with the North Atlantic
Current/NwAC.

3.3. Decomposition of Advection
Advection of heat anomalies into the Norwegian Sea domain has been shown to be a driving mechanism
of Norwegian Sea heat content variability comparable in size to that of local surface forcing (air-sea heat
fluxes and Ekman forcing). In order further to understand the advection mechanism, spatial and temporal
decompositions of the volume-integrated Norwegian Sea heat budget term ADV from Figure 4 are now
carried out.
3.3.1. Eulerian and Eddy-Driven Advection
Advection by both resolved (Eulerian) and parameterized (bolus) velocities constitute the advective heat
transport convergence budget term: ADV = ADVeul + ADVbol (Buckley et al., 2014; Piecuch et al., 2017).
Considering the two model velocities separately, we find that ADV largely originates from temperature
advection by the resolved velocity fieldADVeul (Figure 7). The eddy-driven advectionADVbol acts in the oppo-
site direction ofADVeul but has a small magnitude in comparison.ADVbol acting to compensate forADVeul is
consistent with eddies cooling the NwAC by transporting the warmAtlantic water away from themean cur-
rent (Isachsen et al., 2012). A stronger Atlantic water current would then imply increased eddy activity, and
more heat loss from the Atlantic water core. The importance of eddy exchanges with the colder and fresher
neighboring Iceland and Greenland Seas has been highlighted in previous budget studies (Segtnan et al.,
2011) and is consistent with ADVbol contributing to heat transport convergence along the northwestern and
northern boundaries of our Norwegian Sea domain.
3.3.2. Source of Advective Heat Transport Variability
The heat transport convergence term ADV accounts for heat transport variations through six boundary
sections encompassing the Norwegian Sea. The sections capture the different branches of the NwAC;
the Atlantic water inflow across the Greenland-Scotland Ridge (Section1a; AWin), and the two northern
branches entering the Fram Strait (Section4; FS) and the Barents Sea (Section5; BS). By analyzing the impor-
tance of the different branches and their driving mechanisms, we aim to identify the source of advective
heat transport variability for the Norwegian Sea.

For individual sections where the volume transport is not balanced, heat transport is not well defined
(Schauer & Beszczynska-Möller, 2009), but a relative value can be calculated by using a reference tem-
perature. Because we are concerned with the heat transport (HT) that actually alters the heat content of
the Norwegian Sea domain, we use the time-evolving volume-averaged Norwegian Sea temperature as a
reference temperature 𝜃ref , following the approach of Lee et al. (2004):

𝜃re𝑓 (t) = ∫∫∫V𝜃(t, x, 𝑦, z)dV (5)

HT = 𝜌oCp∫S(v · n)(𝜃 − 𝜃re𝑓 )dS (6)
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Figure 8. Atlantic water inflow as source of ADV variability. Norwegian Sea heat budget term ADV versus (a) heat
transport through Section1a (AWin), and (b) summed heat transport through Section1a (AWin), Section4 (FS), and
Section5 (BS). Heat transport is positive when warm water (relative to 𝜃ref ; equation (6)) is brought into, or cold water
out of, the Norwegian Sea domain. Correlations are noted in the upper right-hand corner. Variance in ADV explained
by the heat transport through the respective boundary sections are noted in parenthesis.

Figure 9. Decomposition of heat transport HT{v𝜃} through Section1a (AWin) into a velocity component HT{v′𝜃̄}, a
temperature component HT{v̄𝜃′}, and a covariance component HT{v′𝜃′ }. Heat transport is positive when warm water
(relative to 𝜃ref ; equation (6)) is brought into, or cold water out of, the Norwegian Sea domain. Variance in HT{v𝜃}
explained by the respective terms is noted in parentheses.
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Figure 10. Linear regression between (a) HT{v′𝜃̄} and the barotropic stream function and (b) between the East
Atlantic Pattern and the barotropic stream function (units: Sv/std[index]). All time series were detrended and filtered
prior to analysis. In (a) the mean barotropic stream function (Sv) is also shown by the black contours. The subpolar and
the subtropical gyres are characterized by cyclonic (negative) and anticyclonic (positive) circulation, respectively. In
(b) the black contours show the sea level pressure anomalies (hPa) associated with the East Atlantic Pattern. The
location of Section1a (AWin) used to calculate HT{v′𝜃̄} is shown in (a) by the orange line. Dots indicate where the
correlation is significant at the 95% confidence level (Ebisuzaki, 1997).

where V is the Norwegian Sea volume and S is the surface area of the boundary section analyzed. We note
that the volume-averaged Norwegian Sea temperature is practically 0 ◦C, regardless of averaging over the
full ocean depth or over the upper ocean (e.g., 0–550 m), or using the corresponding time-mean value. The
applied reference temperature is thus close to that used by previous studies on heat transport in the Nordic
Seas (e.g., Årthun et al., 2012; Orvik & Skagseth, 2005), and our results are not noticeably sensitive to the
assessed methods of choosing 𝜃ref .

The heat transport through Section1a (AWin) is more related to ADV (r = 0.41; Figure 8a) than any of
the other boundary sections (HTsec4 and HTsec5 are not correlated to ADV). This supports an important
contribution to the Norwegian Sea heat budget from upstream ocean heat anomalies transported by the
North Atlantic Current/NwAC. The negative 𝜈 value (−106%) arises fromHTsec1a having a higher variance
thanADV (10.3 and 6.8 TW, respectively). To capture the correct phase and amplitude of the basin-scale heat
anomalies, it is necessary to include the outflow regions Section4 (FS) and Section5 (BS; Figure 8b). Such
a finding highlights the important role of local surface forcing in modifying the heat anomalies within the
Norwegian Sea domain (Furevik, 2001).
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Figure 11. Standardized time series of the Atlantic inflow to the Nordic Seas (HT{v′𝜃̄}), the SPG strength (inverted),
and the NAO and EAP indexes (calculated as the principal components of the first two modes of sea level pressure
variability). SPG = subpolar gyre; EAP = East Atlantic Pattern; NAO = North Atlantic Oscillation.

In order to determine the driver of Atlantic water inflow variability, a temporal decomposition of the
heat transport through Section1a is carried out. The Atlantic water inflow variability can originate from
anomalous velocities {v′𝜃̄}, changes in the temperature of the advected water mass {v̄𝜃′}, or the covariance
between the two {v′𝜃′ }: HT{v𝜃} = HT{v′𝜃̄} + HT{v̄𝜃′} + HT{v′𝜃′}, where overbar denotes the time mean
and prime denotes the time anomaly. As seen in Figure 9, the Atlantic water inflow variability is dominated
by velocity fluctuations v′ (explain 81% of the variability) rather than temperature fluctuations. This is in
agreement with observations from the NwAC (Orvik & Skagseth, 2005), and modeled heat transport at the
Greenland-Scotland Ridge (Årthun& Eldevik, 2016). For the two outflow regions, the same decompositions
show that velocity fluctuations v′ play a leading role at Section5 (66%), though temperature fluctuations T′

are also important (58%). At Section4, on the other hand, temperature fluctuations T′ take the leading role
(85%), but with velocity fluctuations v' also being important (42%).
3.3.3. Relation to Large-Scale Forcing
Having identified volume transport fluctuations HT{v′𝜃̄} in the Atlantic inflow to play a leading role in
the Norwegian Sea heat budget, we now aim to identify the dominant mechanisms of anomalous Atlantic
water circulation in ECCOv4. To assess the dynamic variations in North Atlantic circulation associated with
HT{v′𝜃̄}, Figure 10a shows the regression betweenHT{v′𝜃̄} and the barotropic stream function in theNorth
Atlantic. A stronger inflow to the Nordic Seas is associated with a weakened subpolar gyre (SPG) and a
strengthening, and northward shift, of theNorthAtlantic Current that flows along the zero line of the stream
function. The covariability between the Atlantic inflow to the Nordic Seas and ocean circulation in the sub-
polar North Atlantic can be quantified by calculating the SPG strength, defined as the absolute value of the
minimum barotropic stream function in the subpolar region. For the time period covered by ECCOv4 the
SPG strength shows a good connection to HT{v′𝜃̄} (r=-0.54), and especially after the late 1990s the covari-
ability is strong (Figure 11). These results support a close coupling between the subpolar North Atlantic and
the Nordic Seas (Hátún et al., 2005; Langehaug et al., 2012; Yeager et al., 2015).

The origin of ocean circulation variability in the subpolar North Atlantic has been much studied (e.g.,
Häkkinen et al., 2011; Lohmann et al., 2009; Piecuch et al., 2017; Robson et al., 2012). Several studies have,
for instance, previously related inflow changes to large-scale wind forcing associated with the NAO (e.g.,
Bringedal et al., 2018; Hansen & Østerhus, 2000; Sandø et al., 2012). In ECCOv4, the correlation between
HT{v′𝜃̄} and theNAO index is significant for the full time period (Figure 11; r = 0.45). However, thismostly
reflects covariability during the 1990s, and the inflow variability appears not to have been driven by theNAO
in the latter part of the time series (correlation not significant for 2000–2014). This supports the finding that
the ocean circulation in the subpolar North Atlantic has been decoupled from the NAO in recent decades
(Foukal & Lozier, 2017; Lohmann et al., 2009). The regression pattern between the Atlantic inflow strength
and the barotropic stream function (Figure 10a) does, however, closely resemble the circulation anoma-
lies associated with the EAP index (Figure 10b). The EAP reflects changes in the wind stress curl over the
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subpolar North Atlantic (Barnston & Livezey, 1987) and is known to modulate ocean circulation in the sub-
polar North Atlantic (Foukal & Lozier, 2017; Häkkinen et al., 2011). For the ECCOv4 time period, the EAP
reflects well the SPG strength (Figure 11; r = −0.70). Our results thus support a modulation of the gyre
strength through wind stress curl variability associated with the EAP.

4. Discussion and Conclusions
In this study, a regional heat budget for the Norwegian Sea has been calculated using the ECCOv4 ocean
state estimate in order to quantify the relative importance of ocean dynamics and local surface forcing. We
find ocean advection and air-sea heat fluxes to be equally important in driving interannual heat content
variability between 1993 and 2014, consistent with the findings of Mork et al. (2014). A further spatial anal-
ysis shows advection to be dominant (60–80%) in the Atlantic domain within the Norwegian Sea domain.
While this dominance of advection in the Atlantic domain is along the lines of Carton et al. (2011), we
note that, unlike Carton et al. (2011), our results suggest an active role of air-sea heat fluxes in generating
heat anomalies also within the Atlantic domain. This discrepancy could be a result of the 2-year low-pass
filter applied in Carton et al. (2011), which emphasizes multiannual variability more influenced by ocean
advection (Buckley et al., 2014).

Spatial and temporal decompositions of the advection budget term show that non-Ekman dynamics dom-
inate the advective heat transport in the region, consistent with the findings of Furevik and Nilsen (2005)
and Raj et al. (2018). Furthermore, advection by Eulerian velocities dominates, while eddy-driven trans-
ports appear to have a dampening effect. The Atlantic water inflow is found to be a major source of the
advection-driven convergence of heat within the Norwegian Sea domain (Figure 8a). However, we also find
that the outflow regions are necessary to capture the correct magnitude and phase of the basin-scale heat
anomalies (Figure 8b), suggesting that local surface forcing (air-sea heat fluxes andEkman forcing) is impor-
tant for modifying the anomalies along their poleward pathway. Furthermore, while velocity fluctuations
are found to control heat transport variability at the Atlantic water inflow region, temperature fluctuations
become increasingly more important at the outflow regions—a result that also points to surface forcing
within the Norwegian Sea domain being important.

The ECCOv4 time period is relatively short, and, as highlighted in Mork et al. (2014), the relative amount of
heat content change caused by ocean advection and air-sea heat fluxes is likely not stationary in time. For
the Norwegian Sea this can for instance be a varying influence of the East Icelandic Current. In this paper
we have focused on analyzing overall heat content variability for the ECCOv4 time period. It is, however,
evident fromour heat budget (Figure 4) that some of thewarming/cooling events are purely advection driven
(e.g., 2007), some are purely air-sea heat flux driven (e.g., 1999), and some are a mix of the two (e.g., 2002).

Our results indicate that the strength of theAtlantic inflow (HT{v′𝜃̄}) is related to ocean circulation variabil-
ity in the subpolar North Atlantic, as expressed by the SPG strength—a strong/weak inflow being associated
with a weak/strong gyre. Increased northward transport of Atlantic water in the northeastern Atlantic as a
result of a weakened SPG is in agreement with previous studies (Häkkinen et al., 2011; Hátún et al., 2005).
A weakened SPG is commonly associated with a northwest shift of the subpolar front, that is, a smaller
gyre, allowing an increased northward advection of warm subtropical water into the eastern subpolar North
Atlantic and Norwegian Sea (Hátún et al., 2005). However, in ECCOv4, changes in the strength of the gyre
associated with increased Atlantic inflow to the Norwegian Sea are mostly confined to the western SPG
region (Figure 10a), and not to a large degree related to the zonal extent of the gyre along the eastern bound-
ary. Hence, the eastward expansions and contractions of the gyre do not control the strength of the Atlantic
inflow to the Norwegian Sea.

In line with our results, heat budget estimates from the eastern subpolar North Atlantic, just upstream of
the Norwegian Sea, find variations in ocean heat transport to be a major source of heat content variabil-
ity (Desbruyères et al., 2015; Foukal & Lozier, 2018). These studies demonstrate that anomalous northward
heat transport in the eastern subpolar North Atlantic is strongly influenced by the strength of the inter-gyre
connection between the subtropical and SPGs. This is consistent with our finding of a wind-driven strength-
ening and northward shift of the North Atlantic Current when the Atlantic inflow to the Norwegian Sea is
high (Figure 10; Marshall et al., 2001).

We note that unlike gyre indexes inferred from sea surface height (SSH; e.g., Häkkinen & Rhines, 2004;
Hátún et al., 2005), the gyre strength in ECCOv4 (calculated directly from the barotropic stream function)
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shows no decline in SPG circulation. The trend in the SSH-based SPG index comes from a basin-wide sea
level rise in the North Atlantic (Foukal & Lozier, 2017; Hátún & Chafik, 2018), which does not translate into
dynamical SPG changes. Constructing an SPG index based on detrended SSH in ECCOv4 yields similar gyre
variations as to that obtained from the barotropic stream function (r = 0.67 if the SSH-based index leads
by 1 year). For a recent, more detailed discussion on the calculation and interpretation of SSH-based SPG
indexes, see Hátún and Chafik (2018).

The accuracy of the ECCOv4 ocean state estimate depends on the model fields being well constrained to
actual observational data. The goodmatch to observed variability inNorwegian Sea heat and freshwater con-
tent (Figure 2), and FSC and BSO temperatures (Figures 3c and 3d), implies a well-constrained ocean state
estimate in our region of interest. As the Atlantic inflow strength is found to be a major source of Norwe-
gian Sea heat content variability, the good fit to observed FSC volume transport is encouraging (Figure 3a),
despite the poor representation of BSO transport variability (Figure 3b). The applied air-sea heat fluxes rep-
resent an additional source of uncertainty (Carton et al., 2011). However, ERA-Interim reanalysis, which
provides ECCOv4 with its initial atmospheric state, has been shown to perform well in the Nordic Seas
region (Lindsay et al., 2014). The mean turbulent heat fluxes calculated within the ECCOv4 framework are
higher than in ERA-Interim (93 and 77 W/m2, respectively, when averaged over the Norwegian Sea), but
the variance (6 and 5 W/m2) and interannual variability are similar (r = 0.84). As the effect of mesoscale
eddies are largely parametrized, eddy-driven transport of heat could be underrepresented and thus lead to
an elevated heat loss to the atmosphere. Lastly, although we have demonstrated the realism of ECCOv4 for
our region of interest, our results are based on a single model, and the robustness of our results therefore
need to be further established.

By performing a detailed heat budget analysis for the Norwegian Sea, we have identified an important role
of ocean dynamics/nonlocal forcing in the Atlantic domain. This finding implies a potential for prediction
of ocean heat content on interannual time scales, as skillful predictions of ocean heat content generally arise
from the realistic initialization of ocean circulation anomalies associated with ocean dynamics (e.g., Yeager
&Robson, 2017). Our results thus support and detail the findings from initialized climate predictionmodels,
which demonstrate that large-scale circulation changes in the subpolar North Atlantic are communicated
toward the Arctic via the Norwegian Sea (Langehaug et al., 2017; Yeager et al., 2015; Yeager & Robson,
2017). We find that interannual heat content anomalies in the Norwegian Sea are more related to the vari-
able strength of the Atlantic water inflow than to temperature changes of the inflowing water. Observations
nevertheless show that on multiannual to decadal time scales, temperature anomalies are able to propagate
into and through the Norwegian Sea (Årthun et al., 2017; Broomé & Nilsson, 2018), something which sug-
gests that temperature anomalies advected by themean current could play amore important role in the heat
budget on longer time scales. The time period covered by ECCOv4 is, however, too short to assess decadal
variability inNorwegian Sea heat content. Our results furthermore highlight the importance of air-sea fluxes
in generating and modifying ocean heat anomalies within the Norwegian Sea, which, at times, can mask
the predictable oceanic variability. As the predictability of individual warming/cooling events is expected
to vary depending on their dominant driver, heat budget diagnostics, such as those presented here, provide
valuable benchmarks for assessing the skill of climate prediction models (e.g., Robson et al., 2012; Yeager
et al., 2012).
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Abstract Recent warming and reduced sea ice concentrations in the Atlantic sector of the Arctic Ocean
are themain signatures of ongoing Arctic “Atlantification.” Themechanisms driving the warming trends are
nevertheless still debated, particularly regarding the relative importance of oceanic and atmospheric
heat fluxes. Here, heat budgets alongmain Atlantic water pathways through the Barents Sea and Fram Strait
are constructed to investigate the mechanisms of Atlantification during 1993–2014. The largest warming
trends occur south of the winter ice edge, with ocean advection as the main driver. Warming in the marginal
ice zone is mainly due to low surface heat loss from the 1990s to the mid‐2000s. In the ice‐covered
northwestern Barents Sea, ocean advection and air‐sea heat fluxes act in concert to drive a gradual warming
of the upper ocean. Despite a weakened stratification, no evidence is found of vertical oceanic temperature
fluxes driving this upper‐ocean warming.

Plain Language Summary Recent “Atlantification” of the Arctic is characterized by warmer
ocean temperatures and a reduced sea ice cover. The Barents Sea is a “hot spot” for these changes,
something which has broad socioeconomic and environmental impacts in the region. However, there is, at
present, no complete understanding of what is causing the ocean warming. Here, we determine the relative
importance of transport of heat by ocean currents (ocean advection) and heat exchanges between the
atmosphere and the ocean (air‐sea heat fluxes) in warming the Barents Sea and Fram Strait. In the ice‐free
region, ocean advection is found to be the main driver of the warming trend due to increasing inflow
temperatures between 1996 and 2006. In the marginal ice zone and the ice‐covered northern Barents Sea,
ocean advection and air‐sea heat fluxes are found to be of interchanging importance in driving the warming
trend through the 1993–2014 period analyzed. A better understanding of the recent warming trends
in the Barents Sea and Fram Strait has implications for how we understand the ocean's role in ongoing and
future Arctic climate change.

1. Introduction

The Arctic is currently experiencing rapid climate change manifested in the ocean and cryosphere (Carmack
et al., 2015), as well as in the atmosphere and on land (Elmendorf et al., 2012; Kohnemann et al., 2017). The
Barents Sea is a “hot spot” for Arctic climate change (Lind et al., 2018; Schlichtholz, 2019; Skagseth et al.,
2020), with pronounced upper‐ocean warming and a retreating sea ice cover over the past two decades
(Figures 1a and 1b). Associated changes to the surface energy budget have implications for atmospheric cir-
culation patterns, with potential impacts outside the immediate Arctic climate system (e.g., Screen et al.,
2018; Sorokina et al., 2016). Additionally, the changing environmental conditions in the region alter distri-
bution and migration patterns of local fish communities (Fossheim et al., 2015) and reduces the habitats of
ice‐dependent mammals (Descamps et al., 2017).

The Barents Sea is a shallow shelf sea in the Atlantic sector of the Arctic Ocean. With a seasonal ice cover,
the sea ice reaches its maximum extent in March/April and minimum in September (Signorini & McClain,
2009). Warm and saline Atlantic water enters the western Barents Sea through the Barents Sea Opening
(BSO) and flows northward following two main pathways—one going east into the Central Basin before
turning north and eventually exiting through the St. Anna Trough and one shorter pathway turning north
along the Hopen Trench (Loeng, 1991). Additionally, the West Spitsbergen Current transports Atlantic
water poleward through the Fram Strait along the west coast of Svalbard (Aagaard et al., 1987).
Considerable cooling and freshening occur along these pathways—cooling in the ice‐free region where
the water column loses heat to the Arctic atmosphere and freshening when the Atlantic water meets the
fresh surface layer in the marginal ice zone (Smedsrud et al., 2010).
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With recent warming of the Atlantic water inflow and coinciding retreat of the ice cover, the increased influ-
ence of Atlantic water in the region has been termed an “Atlantification” of the Arctic Ocean (Årthun et al.,
2012; Polyakov et al., 2017). This definition of Atlantification includes both Atlantic water extending further
poleward and/or occupying a larger part of the water column—both resulting in a warming and salinifica-
tion of the region. Different mechanisms have, however, been proposed explaining such Atlantification, and
their relative importance in the overall warming of the Arctic Ocean is still debated. Changes in the strength

Figure 1. Linear trends over the 1993–2014 period. (a) Upper‐ocean (0–100m) temperature trend (shadings) with time
mean temperature (gray contour lines: −2:2:6°C). (b) Sea ice concentration trend (shadings) with mean April ice edge
(15% SIC) for 1993–2003 (solid white line) and 2004–2014 (dashed white line). (c) Net surface heat flux trend (shadings)
with time mean net surface heat flux (gray contour lines: −180:30:0W/m2). Negative trend value indicates increased
ocean heat loss (ocean cooling); positive trend value indicates reduced ocean heat loss (ocean warming). (d) Bathymetry,
Atlantic water pathways, and regions defined for the heat budget analysis: Novaya Zemlya branch (NZB; red), Franz
Josef branch (FJB; black), West Spitsbergen Current (WSC; magenta), southwestern box (SW), southeastern box (SE),
and northwestern box (NW). Every 200 km has an open marker. Dots in (a)–(c) indicate where the trends are significant
at the 95% confidence level.
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and properties of the inflowing Atlantic water have been shown to affect winter sea ice growth and conse-
quently the size of the ice‐free “Atlantic domain” in the Barents Sea (Årthun et al., 2012; Sandø et al.,
2010). Changes in stratification, leading to an increased vertical oceanic heat flux from the submerged
Atlantic water layer, have been proposed as an important mechanism for upper‐ocean warming in the north-
western Barents Sea (Lind et al., 2018) and the Eurasian Basin of the Arctic Ocean (Polyakov et al., 2017).
Additionally, changes in the atmospheric circulation can create oceanic heat anomalies through changes
in local air‐sea heat fluxes (Kim et al., 2019; Woods & Caballero, 2016).

To identify the mechanisms underlying recent Arctic Atlantification, we here present a first detailed spatio-
temporal heat budget along the main poleward pathways of Atlantic water. We use the ECCO Version 4
Release 3 (referred to as ECCOv4‐r3) ocean state estimate (Forget, Campin, et al., 2015; Fukumori et al.,
2017), ideal for heat budget analysis due to its closed heat budget diagnostics (Asbjørnsen et al., 2019;
Buckley et al., 2015; Foukal & Lozier, 2018; Piecuch et al., 2017). By quantifying the contribution of
air‐sea heat fluxes, and vertical and horizontal advective and diffusive oceanic temperature fluxes, we
explore Barents Sea and Fram Strait warming trends in recent decades.

2. Methods

ECCOv4‐r3 is an ocean state estimate of the 1992–2015 global ocean circulation and sea ice state, with a 1°
nominal horizontal resolution (Forget, Campin, et al., 2015; Fukumori et al., 2017). The grid spacing in the
Barents Sea region is roughly 45 km. The state estimate is generated by the ice‐ocean component of the
Massachusetts Institute of Technology general circulation model (MITgcm) solving the primitive equations
for a time‐evolving, Boussinesq, hydrostatic ocean, with solutions fitted to satellite and in situ ocean obser-
vations through the adjoint method (Heimbach et al., 2005). ERA‐Interim reanalysis (Dee et al., 2011) is used
as the initial near surface atmospheric state (air temperature, humidity, precipitation, downward radiation,
and wind stress), while air‐sea heat fluxes are calculated from bulk formulae (Large & Yeager, 2004). The
long‐term (1992–2015) mean turbulent heat fluxes calculated within the ECCOv4‐r3 framework are consis-
tent with ERA‐Interim in both the southern (71–73°N, 20–30°E; −109 and −102W/m2, respectively)
and northern Barents Sea (77–80°N, 30–40°E; −21W/m2 for both), and the interannual variability is similar
(rsouth = 0.75 and rnorth = 0.45). The effect of unresolved eddies is parameterized as a bolus velocity (Gent &
Mcwilliams, 1990). Turbulent transport parameters, such as the Gent‐McWilliams bolus velocity (eddy) coef-
ficient, are estimated within the ECCOv4‐r3 framework under the constraints of observations (Forget,
Campin, et al., 2015), something which greatly improves the fit to in situ profiles compared to earlier
ECCO solutions (Forget, Ferreira, et al., 2015). The ECCOv4‐r3 state estimate ensures closed heat, salt,
and volume budgets, as the adjoint method avoids adding nonphysical source/sink terms to the model equa-
tions when constraining to observations.

The ECCOv4‐r3 estimate reproduces well observed Atlantic water properties in the Nordic and Barents seas
(Asbjørnsen et al., 2019; Carton et al., 2019), including temperature trends and variability in the BSO and
Kola sections (supporting information Figure S2; rBSO = 0.89 and rKola = 0.93). These are regions with rela-
tively high observational data coverage (Figure S1), contributing to a well‐constrained state estimate.
Observations over the water column are fewer in the ice‐covered regions, and satellite observations of sea
ice concentration (SIC) therefore becomes a valuable constraint. Correct seasonal and interannual variabil-
ity in the ice cover is, for instance, crucial for simulating stratification changes (e.g., Ellingsen et al., 2009).
The comparison between observed and ECCOv4‐r3 summer stratification in the northwestern Barents Sea
(77–80°N, 30–40°E) is encouraging (Figure S3), with ECCOv4‐r3 simulating the main features of the
observed water masses: a warm and fresh surface layer, a cold and fresh Arctic layer, and a warm and saline
Atlantic water layer at depth. ECCOv4‐r3 nevertheless appears to be less stratified in both temperature and
salinity compared to observations. However, as in observations (Figures S3a and S3b), a thinning Arctic layer
is found during the 2000s (Figures S3c and S3d), in addition to a distinct surface warming and salinification
over the 1993–2014 period.

The three Atlantic water pathways in Figure 1d are defined according to time mean barotropic stream func-
tion contours in ECCOv4‐r3 and found to be consistent with the circulation patterns known from observa-
tions (e.g., Loeng, 1991). Following Aksenov et al. (2010), the three pathways will be referred to as the
Novaya Zemlya branch (NZB), the Franz Josef branch (FJB), and the West Spitsbergen Current (WSC).
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Start and end points of the pathways are chosen according to where the stream function contours come onto
and off the continental shelf. Additionally, three boxes are defined in order to capture different regimes in
the Barents Sea. The Southwestern box (SW) is located along the NZB and captures the ice‐free Atlantic
water inflow region. The Southeastern box (SE) is also located along the NZB but in the marginal ice
zone. Finally, the Northwestern box captures the ice‐covered northwest along the FJB.

The heat budget in J/m2 is calculated by integrating the conservation of heat equation in time and depth z:

ρoCp
∫
t
∫
z

∂θ
∂t

dz dt

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
TOT

¼ ρoCp
∫
t
∫
z −Δ · uθ −

∂ðwθÞ
∂z

� �
dz dt

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ADV

þ ρoCp
∫
t
∫
z ð−Δ ·KÞ dz dt

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
DIFF

þ ρoCp
∫
t
∫
z Q dz dt

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
Qnet

; (1)

where ρo is a reference density of seawater, CP is the specific heat capacity, θ is potential temperature, u is
the horizontal velocity vector, w is the vertical velocity, K is the three‐dimensional diffusive temperature
flux vector in °Cm/s (from diapycnal diffusion and parameterized isopycnal diffusion), and Q is the net
air‐sea temperature flux in °C/s. For simplicity, the budget terms are referred to as total heat content
TOT, advective heat transport convergence ADV, diffusive heat transport convergence DIFF, and net
air‐sea heat fluxes Qnet. The vertically integrated heat budgets displayed are time anomaly budgets, mean-
ing that the time mean has been removed from each budget term in each horizontal grid cell after the
depth integration. This implies that all budget results are relative to the mean rates of change over the
study period. However, ocean heat content calculated directly from temperature shows practically the
same trends and variability as TOT (not shown), and our interpretation and discussion of ocean heat con-
tent change and its drivers are therefore not impacted by the specific method of budget calculation used
here. The along‐path heat budgets (Figure 2) are integrated from the sea surface to the ocean bottom to
focus on the relative roles of oceanic (ADV+DIFF) and atmospheric (Qnet) forcing on the water

Figure 2. Along‐path heat budget (full depth). (a–c) Heat content anomaly (per square meter) TOT. (d–f) Combined effect of advective and diffusive heat
transport convergences ADV+DIFF. (g–i) Net air‐sea heat fluxes Qnet. (a–i) Corresponding linear trend over the 1993–2014 period in black lines (dashed
when not significant at the 95% confidence level). The center of the three boxes in Figure 1d is marked with gray horizontal dashed lines. Gray vertical lines mark
areas with April sea ice concentrations higher than 15%. Note different scales on the y axes for the different pathways.
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column, while the box heat budgets (Figure 3) are integrated over the upper 100m in order to explore the
effect of vertical advective heat transport in recent upper‐ocean warming.

When diagnosing horizontal and vertical advection and diffusion (Figure 3), it is important to note that these
are “temperature fluxes” relative to an arbitrary reference temperature, as the condition of zero net volume
transport is not necessarily met. Here, we use 0°C as commonly used for the Barents Sea (Smedsrud et al.,
2013; Wang et al., 2019). We have also calculated the temperature fluxes using the time‐evolving volume‐
weighted temperature for the three boxes as reference temperature (Lee et al., 2004) and find that the relative
contributions to TOT are largely unchanged.

All time series are smoothed by applying a 1‐year low‐pass triangular filter (24‐month filter width), as we
focus on interannual variability and change. The first and last 12 months of the 1992–2015 time series are
removed to avoid edge effects from filtering, leaving us with the 1993–2014 time period analyzed here.
Linear trends over the 1993–2014 period are calculated using the least squares method, and significance
tested (95% confidence) with the modified Mann‐Kendall trend test for autocorrelated data (Hamed &
Rao, 1997).

3. Results and Discussion

For the Atlantic water pathways through the Barents Sea (NZB and FJB), a net warming of the water column
is found along the entire pathway (Figures 2a and 2b). For the pathway through the Fram Strait (WSC), an
overall warming trend is also seen in the southernmost part, although significant for only a limited part of

Figure 3. Upper‐ocean heat budgets. (a–c) Sea ice concentration evolution in time, averaged over boxes in Figure 1d. (d–i) Heat budget (0–100m) for boxes, with
decomposition of advective heat transport convergence ADV (j–l) and diffusive heat transport convergence DIFF (m–o) into horizontal and vertical contributions.
Note different scales on the y axes.
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the pathway (Figure 2c). In the following sections we discuss the dominant mechanisms driving the warm-
ing along the three pathways according to three dynamically distinct regions: the open ocean, the marginal
ice zone, and the ice‐covered ocean.

3.1. Open Ocean

Because of the warmAtlantic water inflow through the BSO, the southwestern Barents Sea is ice‐free, also in
winter (Årthun et al., 2012; Loeng, 1991). It is also in this region the ocean climatologically loses the most
heat to the Arctic atmosphere (Figure 1c), which is colder than the ocean most of the year (Smedsrud et al.,
2010).

The open ocean domain is represented by the southernmost parts of the three Atlantic water pathways
(Figure 2; 0–500 km along NZB, 0–250 km along FJB, and 0–150 km along WSC) and the SW box in
Figure 3. As seen in Figures 2a–2c, the largest warming trends over the 1993–2014 period are found in this
open ocean region. Advective and diffusive heat transport convergences (ADV + DIFF) in the 1990s and
early 2000s are the main source of the overall warming (Figures 2d–2f), with an additional warming contri-
bution from surface heat fluxes (Qnet) from the mid‐2000s to the end of the period (Figures 2g–2i). For
instance, in the open ocean domain along the NZB themean cooling trend byQnet is 23% of themean warm-
ing trend by ADV + DIFF. The temporal evolution of the budget terms for the upper ocean (0–100m;
Figure 3) furthermore demonstrates that horizontal temperature flux convergence (ADVh) is the main con-
tributor to changes in ADV+DIFF (Figures 3g and 3j; r(ADVh, ADV + DIFF) = 0.86). It is worth noting that
Qnet and ADV + DIFF are strongly anticorrelated, and of opposing trends, in the open ocean domain (e.g.,
Figure 3d; r=−0.97). Often the large, but competing, budget terms leave a comparatively small heat content
change. The competing budget terms reflect the opposing and close link between anomalous Atlantic heat
transport and surface heat fluxes in the southern Barents Sea (Sandø et al., 2010; Smedsrud et al., 2010);
for example, a warming by ADV+DIFF is followed by elevated heat loss to the atmosphere, which will be
expressed in the heat budget as cooling by Qnet.

Horizontal advection of heat being an important driver in warming the southwestern Barents Sea is consis-
tent with the traditional view of Atlantification by increased heat transport through the BSO (Årthun et al.,
2012; Koenigk & Brodeau, 2014; Sandø et al., 2010). From observations, temperatures in the BSO have
increased in recent decades, with a particular steep warming trend between 1996 and 2006 (Figure S2a).
This period of enhanced warming in the BSO fits well with the period where warming of the open ocean
domain in Figures 2d–2f is driven by ADV + DIFF. In a recent ocean‐ice hindcast simulation the
long‐term trend in heat transport through the BSO is found to mainly stem from increasing ocean tempera-
tures in the subpolar North Atlantic (Wang et al., 2019) and thus further connecting the warming of the
southwestern Barents Sea to warm anomalies upstream.

Despite the Barents Sea being in a warm state, our results show a reduced ocean heat loss in the open ocean
domain in recent years (Figure 1c). This particular mechanism has been highlighted in previous studies,
connecting reduced regional heat loss since the mid‐2000s to more southwesterly winds and consequently
a warmer and more humid atmosphere (Skagseth et al., 2020; Woods & Caballero, 2016). Our heat budget
confirms that reduced ocean heat loss contributes to the accumulated heat content anomaly since the
mid‐2000s (Figure 3d).

3.2. Marginal Ice Zone

The marginal ice zone is the transition between the open ocean and the ice‐covered ocean. While there is
large interannual variability in the Barents Sea ice extent and therefore the exact location of the marginal
ice zone, the negative trend in SIC has led to an overall northward retreat of the ice edge (Figure 1b). As a
result, the area in the vicinity of the ice edge has experienced an elevated ocean heat loss in recent years
(Figure 1c).

Heat budgets from the marginal ice zone are here represented by the part of the three pathways in the proxi-
mity of the sea ice edge (Figure 2; 500–900 km along NZB, 250–500 km along FJB, and 150–400 km along
WSC) and by the SE box in Figure 3. In the Barents Sea, a warming contribution from Qnet from the
1990s to the mid‐2000s, together with a warming contribution from ADV + DIFF from the mid‐2000s to
the end of the period, explain the overall warming trend in the marginal ice zone. For the WSC pathway
through the Fram Strait, Qnet also gives a warming contribution from the 1990s to the mid‐2000s, but
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opposing trends in ADV+DIFF compensate to the extent that the overall warming trend in Figure 2c is not
significant in this region.

In the marginal ice zone, the trend and variability in ocean heat content is intrinsically linked to the trend
and variability in the sea ice cover. The onset of the cooling contribution from Qnet in the southeastern
Barents Sea during 2005–2014 (Figure 3e) notably coincides with the region becoming practically ice‐free
after 2005 (Figure 3b). The warming contribution from ADV+DIFF during the same period is due to gradu-
ally increasing temperatures of the inflowing water at the southwestern boundaries between 1998 and 2012,
and the cold Arctic layer retreating out of the box as sea ice is retreating. This is consistent with the under-
standing of the Barents Sea as a “cooling machine,” with higher ocean temperatures being damped by an
increase in the open ocean area (less sea ice) and larger oceanic heat loss (Årthun et al., 2012; Smedsrud et al.,
2013). However, this damping effect of the “cooling machine” has been called into question, as additional
heat loss from sea ice loss will be marginal when the Barents Sea becomes increasingly ice‐free in winter
(Skagseth et al., 2020).

3.3. Ice‐Covered Ocean

The northern Barents Sea has an Arctic climate and is ice‐covered for most of the year. The hydrogra-
phy is characterized by cold, fresh Arctic waters sitting on top of modified Atlantic water (e.g., Lind
et al., 2018; Loeng, 1991). Although the Atlantic water is not in direct contact with the surface, also this
region has experienced a warming of the upper ocean and reduced SICs over the 1993–2014 period
(Figures 1a and 1b).

To assess the mechanisms responsible for warming the northern Barents Sea, we investigate heat budgets
along the northernmost parts of the three pathways (Figure 2; north of 900 km along NZB, north of 500
km along FJB, and north of 400 km WSC) and for the NW box (Figure 3). The overall warming trend along
NZB and FJB is in general weaker in the ice‐covered domain than in the open ocean and the marginal ice
zone (Figures 2a and 2b)—the very northernmost part of the pathways close to the shelf break being an
exception. In contrast to the open ocean and marginal ice zone, oceanic and atmospheric forcing in the
ice‐covered domain are found to act in concert to drive the overall warming of the water column
(Figures 2d, 2e, 2g, and 2h) and the upper ocean (Figure 3f; r(TOT,ADV+DIFF)=0.49, r(TOT,Qnet)=0.56).
This regionally different behavior could result from the isolating effect of the seasonal ice cover and themore
stratified water column in the northern Barents Sea, decoupling subsurface heat content anomalies from the
atmosphere.

Although the Arctic layer in the northwestern Barents Sea is found to be thinning toward the end of the
1993–2014 period (Figures S3c and S3d), leading to reduced upper‐ocean stratification, we find no evidence
of vertical temperature fluxes from the underlying Atlantic water layer driving the upper‐ocean warming
(Figure 3l). Instead, horizontal temperature flux convergence (ADVh) largely determines changes in ADV
+DIFF (r = 0.64), as for the ice‐free SW box and the SE box in the marginal ice zone. For the NW box, the
warming trend in ADVh between 1999 and 2013 is specifically explained by increasing temperatures of
the inflowing water from the south and a reduced throughflow after 2006 (i.e., weaker transport of water
with subzero temperatures).

Our results show an upper‐ocean warming of the northern Barents Sea in line with Lind et al. (2018).
However, in contrast to what is hypothesized in Lind et al. (2018), the heat budget analysis does not point
to enhanced vertical mixing and increased upward fluxes as the source of the warming. We do interestingly
find positive trends in vertical velocities over the 1993–2014 period in winter (Figure S4). The same domi-
nance of ADVh is, however, found in January budgets as well as in August budgets for the NW box and
for the larger 77–80°N, 30–40°E box (not shown). We therefore conclude that within the ECCOv4‐r3 frame-
work, vertical processes have not been a main driver of the upper‐ocean warming of the Barents Sea. It is
worth noting that the coarse vertical resolution (50 unevenly spaced vertical levels) means that processes
related to vertical mixing are largely parameterized, and vertical transport of heat could therefore be under-
represented. However, in contrast to commonly used ocean reanalysis products, ECCOv4‐r3 ensures vertical
velocities and fluxes that are dynamically and kinematically consistent while constrained to available obser-
vational data (Forget, Ferreira, et al., 2015; Liang et al., 2017).
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4. Summary and Conclusions

The Arctic Ocean has warmed significantly in recent decades (Figure 1a). During the 1993–2014 period ana-
lyzed here, the Barents Sea transitioned to a warmer state, with reduced SICs and Atlantic water extending
further poleward in the latter half of the period compared to the first half of the period (Figures 1a and 1b).
The mechanisms underlying this Atlantification have been investigated by constructing spatiotemporal heat
budgets for three main Atlantic water pathways toward the Arctic Ocean basin. For the Atlantic water path-
ways through the Barents Sea, a significant warming of the water column is identified along the entire path-
way (Figures 2a and 2b). The warming trend in the Fram Strait is, on the other hand, much less distinct and
in general not significant (Figure 2c).

The heat budgets presented here reveal a complex Arctic climate system where the underlying mechan-
isms driving the recent Atlantification are found to be regionally dependent and not stationary in time.
While the warming of the southern Barents Sea is largely due to a warming of the Atlantic water inflow
between 1996 and 2006 (Figure 2a), reduced ocean heat loss to the atmosphere has also contributed to
the warming trend toward the end of the 1993–2014 period. We find no evidence of vertical oceanic
temperature fluxes driving the upper‐ocean warming of the northwestern Barents Sea. However,
increasing vertical velocities in winter over the 1993–2014 period are identified (Figure S4), which could
suggest an increasingly important role for vertical oceanic temperature fluxes in the future, as the
stratification is likely to weaken when the Barents Sea becomes increasingly ice‐free (Onarheim &
Årthun, 2017).

In this study we have focused on interannual variability and trends in ocean heat content. Seasonal variabil-
ity in the Barents Sea is pronounced, for example, in Atlantic heat transport (Årthun et al., 2012), surface
heat fluxes (Smedsrud et al., 2010), and sea ice cover (Signorini & McClain, 2009), and the annual budgets
and associated mechanisms presented here represent the combined effect of different processes acting in dif-
ferent seasons. The upper‐ocean warming in recent decades is nevertheless of similar magnitude in all sea-
sons (not shown), consistent with winter temperatures determining the temperature in the Barents Sea for
the rest of the year (Ottersen et al., 2000).

By presenting the first spatiotemporal heat budget for the Barents Sea and Fram Strait, our study has iden-
tified regionally different mechanisms underlying recent warming trends and thus contributes to bridge the
gap and resolve previously divergent findings. As Atlantification is projected to move northeastward along
the Atlantic water pathways in the future (Årthun et al., 2019), a better understanding of recent warming
trends in the Barents Sea and Fram Strait has implications for how we understand the ocean's role in
ongoing and future Arctic climate change.

Data Availability Statement

The ECCOv4‐r3 ocean state estimate is available online (at https://ecco.jpl.nasa.gov/drive/files/Version4/
Release3/). ERA‐Interim reanalysis is available online (athttps://www.ecmwf.int/en/forecasts/datasets/
archive-datasets/reanalysis-datasets/era-interim/). Time series of BSO and Kola temperatures are available
online (at https://ocean.ices.dk/iroc/).
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Figure S1. Bathymetry with in situ profiles used as observational constraints in the ECCOv4-

r3 ocean state estimate. CTD profiles in magenta and profiles from Argo floats in turquoise. The

Barents Sea Opening (BSO) and Kola sections are marked (used in Figure S2), together with

the 77-80◦N, 30-40◦E box in the northwestern Barents Sea (used in Figure S3).
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Figure S2. Comparison to observations. Annual mean temperature in the Barents Sea Opening

(BSO; 50-200m) and the Kola section (0-200m) in observations (acquired from the ICES Report

on Ocean Climate) and ECCOv4-r3. The time-mean temperature are noted in parentheses in

the lower right-hand corner. Correlations between the respective time series are noted in the

upper right-hand corner
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Figure S3. Summer hydrography in the northwestern Barents Sea (77-80◦N, 30-40◦E). Septem-

ber temperature and salinity in observations (a-b) and in ECCOv4-r3 (c-d). Observations are the

in situ profiles going into the ECCOv4-r4 state estimate (ECCOv4 extended to 2017; available

at https://ecco.jpl.nasa.gov/drive/files/Version4/Release4/input ecco/input insitu). September

vertical velocities at 65m, 105m, and 155m depth are shown in arrows (c-d).
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