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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

10.1029/2020GL088036Geophysical Research Letters

ASBJØRNSEN ET AL. 6 of 9



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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