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ABSTRACT

Climate variability in the Norwegian Sea, comprising the Norwegian and Lofoten Basins, was in-
vestigated based upon monthly estimates of ocean heat and freshwater contents using data from Argo
floats during 2002-18. Both local air—sea exchange and advective processes were examined and quan-
tified for monthly to interannual time scales. In the recent years, 2011-18, the Norwegian Sea
experienced a decoupling of the temperature and salinity, with a simultaneous warming and freshening
trend. This was mainly explained by two different processes; reduced ocean heat loss to the atmosphere
and advection of fresher Atlantic water into the Norwegian Sea. The local air—sea heat fluxes are im-
portant in modifying the ocean heat content, although this relationship varied with time scale and basins.
On time scales exceeding 4 months in the Lofoten Basin and 6 months in the Norwegian Basin, the air—
sea heat flux explained half or even more of the local ocean heat content change. There were both a
short-term and long-term response of the wind forcing on the ocean heat content. The monthly to
seasonal response of increased southerly wind cooled and freshened the Norwegian Basin, due to
eastward surface Ekman transport, and increased the influence of Arctic Water. However, after about a
1-yr delay the ocean warmed and became saltier due to an increased advection of Atlantic Water into the
region. Increased westerly winds decreased the ocean heat content in both cases due to increased
transport of Arctic Water into the Norwegian Sea.

1. Introduction

Ecosystem changes in the Nordic seas (the Nor-
wegian, Greenland, and Iceland Seas) are closely
connected to the variability in the hydrographic
conditions (Skjoldal 2004). The origin of this vari-
ability is connected to upstream circulation changes,
such as in the subpolar gyre (Hidkkinen and Rhines
2004) or in the North Atlantic “‘inter-gyre gyre’’ re-
gion (Marshall et al. 2001), generating anomalies that
subsequently propagate along with the ocean circu-
lation into the Nordic seas (Hatun et al. 2005) and
northward (e.g., Holliday et al. 2008; Walczowski
et al. 2012). Based on this, there is potential for
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predictability of hydrographic changes in the Nordic
seas (Arthun et al. 2017; Langehaug et al. 2017). In
this study, we quantified the changes in ocean heat
and freshwater content at monthly scales in order to
resolve the mechanism driving the observed hydro-
graphic variability in the Nordic seas.

The Nordic seas together with the Labrador and
Irminger Seas are major regions of water mass trans-
formation in the northern loop of the global thermo-
haline circulation (e.g., Pickart and Spall 2007; Swift
1984; Vage et al. 2011). Atlantic Water (AW) is
transformed, through intense cooling, into a water
mass that is dense enough to feed the lower North
Atlantic Deep Water (Aagaard et al. 1985). In the
Nordic seas, this cooling occurs largely in the eastern
region, that is, the Norwegian Sea (Eldevik et al. 2009;
Isachsen et al. 2007; Segtnan et al. 2011). The inflow of
AW to the Norwegian Sea occurs mainly between
Iceland and Shetland (Fig. 1). On the western margin of
the Nordic seas, cold and less saline Arctic water flows
southward with the East Greenland Current (EGC).
Most of this water enters the western North Atlantic,
but a fraction flows directly into the Norwegian Sea as
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FIG. 1. Schematic view of the surface circulation in the Nordic
seas. Red and blue vectors indicate warm, saline Atlantic Water
and cold, fresh Arctic Water, respectively. NwWAC = Norwegian
Atlantic Current, EGC = East Greenland Current. The two study
areas, the Lofoten and Norwegian Basins, are marked with
dashed contours. The upstream areas are the East Icelandic
Current (EIC) and Faroe-Shetland Channel (FSC) with wind
time series (averaged over the boxes). The thick black lines at the
upstream areas indicate where hydrographic time series exist
(e.g., Hughes et al. 2011). The location of the Lofoten Basin eddy
is marked with a black dashed circle in the Lofoten Basin.

the East Icelandic Current (EIC). The variability in the
strength of these currents and their properties is es-
sential for modifying the structure and distribution of
the water masses in the Norwegian Sea (Blindheim
et al. 2000).

The role of local air-ocean exchange in modifying the
hydrographic anomalies is not clear from previous work.
Carton et al. (2011) found no clear influence of local air—
sea fluxes; in line with this, Arthun and Eldevik (2016),
based on model analysis, reported anomalies propagat-
ing with minor dampening along-stream in the North
Atlantic Current and its northward extension to the
Fram Strait. Contradicting this view of minor modifi-
cation, Mork et al. (2014) found that local air-sea heat
fluxes account for about half of the interannual variation
in the heat content of Atlantic water in the Nordic seas.
Despite the potential important role of hydrographic
anomalies in terms of prediction of hydrographic changes,
the question regarding if and how, and the time scales
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over which, these anomalies are preserved and/or modi-
fied, remains open.

Here, we showed that by utilizing Argo data, it was
possible to capture the heat and freshwater variability
in the Norwegian Sea on time scales down to seasonally
with reasonable accuracy. We used these to investigate
the role of local air-sea exchange and advection on
seasonal and interannual times scales on the hydro-
graphic variability in the Norwegian Sea. We especially
examined the period 2011-18 when the upper 1000 m in
the Norwegian Sea became simultaneously warmer and
fresher. This has, to our knowledge, not been reported
by others.

2. Data and methods

The heat and freshwater contents were calculated from
Argo data obtained from the Coriolis Global Data As-
sembly Centre (http://www.coriolis.eu.org/). Only de-
layed mode quality-controlled data with quality flagged
good or changed were used (Carval et al. 2015). Argo
data in the Norwegian Sea exist from 2002. Figure S1 in
the online supplemental material shows the number of
profiles in the Norwegian and Lofoten Basin each month
from 2002 to mid-2018, and the analysis was performed
separately for the two basins (Fig. 1). For the Norwegian
Basin, the analysis was done for the period 2002-18.
Given the limited number of profiles in the Lofoten Ba-
sin, the analysis was restricted to the period 2005-18 when
existing data were sufficient for reliable estimates. About
10 profiles per month resolved the heat and freshwater
content estimates on the seasonal scale. The number of
profiles per month ranged from about 10 to 60 (Fig. S1).

The anomalies of the heat and freshwater contents
were calculated relative to the World Ocean Atlas 2018
(WOA18) climatology using the latest average period,
2005-17, which includes the coverage of Argo floats
from 2005 (Locarnini et al. 2019; Zweng et al. 2018). The
climatology consists of long-term monthly means of
temperature T, and salinity Scj, on 0.25° grids. For
each Argo profile, the temperature and salinity clima-
tology were interpolated horizontally and vertically to
match the location and vertical resolution of the Argo
profile. The advantages of using anomalies are that they
are independent of the reference value and less influ-
enced by the location (i.e., less spatially biased). For
each Argo profile, anomalies of the heat H and fresh-
water F contents, relative to the climatology, were cal-
culated above the reference depth &

0
H'=H-H,, = Cppoj h(T = Typ)dz(m™2), (1)
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where c, is the heat capacity (4.2 X 10°Tkg 'K, po
is a reference density (1030kgm %), S, is a reference
salinity (35 psu), and z is the vertical axis with z = 0
at the sea surface. Subscript “clim” indicates climato-
logical data from WOAIS8. The terms H' and F' were
calculated for # = 200m and 4 = 1000m where the
former reference depth was chosen to represent the
upper layer. The latter reference depth was a compro-
mise between the coverage of the entire Atlantic layer in
the Norwegian Sea and the number of sufficient deep
vertical profiles. A particular feature in the Lofoten
Basin is the Lofoten Basin eddy (LBE; e.g., Sgiland and
Rossby 2013), an anticyclonic permanent eddy with a
1000-1200-m-deep core of AW and radial distance of
15-20km (see Fig. 1 for location). Since the hydrogra-
phy in the LBE is distinct from the Lofoten Basin, the
profiles within the LBE were omitted in the analysis.
This was done by removing all profiles with tempera-
tures, averaged between 900- and 1000-m depth, above
2.5°C (Bosse et al. 2018). The heat and freshwater con-
tent anomalies at each single location were used to cal-
culate monthly averages with standard errors for both
the Norwegian and Lofoten Basins, and hereafter used
in all analyses.

The net air-sea heat fluxes (sum of radiative and
turbulent fluxes) from the ERA-Interim dataset (Dee
et al. 2011), produced by the European Centre for Me-
dium-Range Weather Forecasts (ECMWF), were com-
pared and correlated with the ocean heat content
change. The significance (p value) of the correlations
were evaluated by a Monte Carlo approach; running the
correlation analysis 10000 times with synthetic series
that had similar autocorrelation properties as the air-sea
heat fluxes. The relation between the ocean heat content
change in the upper 200m and the air—sea heat flux in
the frequency domain was investigated by coherence
analysis (e.g., Emery and Thompson 1997) applying the
multitaper method (averaging over eight windows;
Thomson 1982).

The net air-sea heat flux from the National Centers
for Environmental Prediction and National Center for
Atmospheric Research reanalysis (NCEP; Kalnay et al.
1996) was compared with both the ERA-Interim air-sea
heat flux and the ocean heat content change to assess if
the analysis was sensitive to the reanalysis product.

An attempt was made to obtain qualitative relation-
ships between advection of Atlantic and Arctic waters
with hydrographic changes in the Norwegian Sea using
local wind components from the ERA-Interim dataset
as proxies for the variability of the current through the
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Faroe-Shetland Channel (FSC) and the EIC (see Fig. 1
for locations). Sherwin et al. (2008) combined hydro-
graphic and acoustic Doppler current profiler data from
1994 to 2005 to estimate the northeastward transport
through the FSC and to determine the monthly vari-
ability in the transport. They concluded that the sea-
sonal variations in the transport appear to correlate with
the local southwest wind stress, which may contribute to
nearly half of the long-term transport in the channel.
The dominant periods of the shelf edge current ex-
tending from the Irish-Scottish shelf to the Arctic
Ocean are 2-30 days, which appears to be an indirect
response to local winds or free waves (Gordon and
Huthnance 1987; Skagseth and Orvik 2002) as wind
modulates the sea level in the along-stream direction of
the shelf edge current on monthly to annual time scales
(Skagseth 2004; Skagseth et al. 2004). Compared to the
current through the FSC, there exists little knowledge
about the long-term variability of the EIC and its re-
lationships with the wind forcing. Most recent, Macrander
et al. (2014) did not find any relation to the large-scale
atmospheric forcing, but instead found that the strength of
the EIC was correlated with the local wind stress. We ac-
knowledge that this relation is relatively weak, but still
think that a wind-derived proxy for the EIC can be useful.

Changes in ocean heat content within a basin are in-
duced by local air-sea heat fluxes and advective and
diffusive heat transports through the basin boundaries
(Moisan and Niiler 1998):

oH' .
o Oret = Ores- 3)

local change

Here O, is the local net air-sea heat flux, and Q.
represents the sum of advective and diffusive heat
transports through the basin boundaries and balances
the residual local heat content change in the basin. In
this study, we set the vertical advection and horizontal
diffusion heat transports to zero. Since the focus was
on the temporal variability, we considered the vertical
advection to have minor impact on the results. The
prime indicates the anomaly relative to the long-term
mean while the hat indicates basin-averaged values. We
investigated the role of two main advective upstream
sources on changes in the local heat and freshwater
content in the upper 200 and 1000m. This was done
using the proxies of the current strength at the main
upstream sources of AW at the FSC and of Arctic water
in the EIC, as described previously, where information
about the hydrographic variability and transport estimates
exist (see Fig. 1 for locations; e.g., Hughes et al. 2011).
The residual local heat content change was correlated
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FIG. 2. (a),(c) Temperature and (b),(d) salinity anomalies, relative to WOA1I8, in the Norwegian Basin in (a) and
(b) and the Lofoten Basin in (c) and (d). All data were smoothed using moving averages with a 3-month

boxcar filter.

with the current strength proxies. The significance
(p value) of the correlations was evaluated by a Monte
Carlo approach similar to that described previously: us-
ing synthetic series that had autocorrelation properties
similar to the wind-derived proxies. The analysis was
performed twice on each dataset where the time series in
advance were low-pass filtered using 3- or 12-month
boxcar windows moving averages. The 3- and 12-month
averages represent the variability on seasonal and in-
terannual time scales, respectively. Correlation analysis
using time lags from 0 to 18 months between the wind-
derived proxies and the residual HCA was also carried
out. A period of 18 months corresponds roughly to the
time for anomalies to propagate from the FSC and into
the Norwegian Sea (e.g., Chafik et al. 2015; Holliday
et al. 2008). Similar correlation analysis was also per-
formed for the freshwater content change.

3. Results

Time series of monthly averages of temperature and
salinity anomalies in the upper 1000 m revealed variability
on seasonal time scales (Fig. 2). In general, the variability
extended deeper in the Lofoten Basin compared to
the Norwegian Basin (e.g., the positive temperature
anomalies). The timing of low and high temperature

anomalies seemed to occur differently for the two basins,
except for the last years when a warming and freshening
occurred in both basins. The warming appeared in the
whole 1000-m layer while the freshening happened only in
the upper half of the layer considered here.

Time series of the heat and freshwater content
anomalies (HCA and FwCA, respectively) reveal in-
terannual and longer time scales overlying the seasonal
variability (Fig. 3). Whereas high HCA values were
observed for both basins in recent years (after 2013), the
lowest FWCA (highest salinities) were in 2010-11 for
both basins. Afterward, both basins experienced notable
changes with simultaneously warming and freshening
trends in the upper 1000m (Table 1). All trends were
95% significant and about similar for the two basins;
HCA in the Norwegian Basin, 0.20 + 0.0510° Jm 2yr !
and in the Lofoten Basin, 0.25 + 0.04 10° Tm ?yr~'. For
the 2011-18 period, this corresponded to 6.3 = 1.6 and
7.9 = 1.3Wm ™ ? for the Norwegian and Lofoten Basins,
respectively (Table 1). For the FWCA, the trend was
about twice as large in the Lofoten Basin compared
to the Norwegian Basin, 0.14 = 0.02 versus 0.06 =
0.02myr . Over the 201118 period, this corresponded
to respectively a 1.1- and 0.5-m freshwater content in-
crease. The corresponding trends for the temperature and
salinity anomalies in the upper 1000 m were 0.046°Cyr '
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FIG. 3. Time series of heat content anomaly H' (0-1000 dbar) with standard error (shaded area) for both the
(a) Norwegian and (b) Lofoten Basins. The thin lines are H' (0-200 dbar). All time series are filtered with 3-month
running averages using a boxcar filter. (c),(d) Asin (a) and (b), but for the freshwater content anomaly. The y axis is
reversed. The trends for H' (0-1000 dbar) and F (0-1000 dbar) over 2011-18 are indicated as dashed lines.

and —0.0024 psuyr ! for the Norwegian Basin, and
0.051°Cyr~! and —0.0051 psuyr ! for the Lofoten
Basin. Thus, during 2011-18, in the upper 1000 m, the
Norwegian and Lofoten Basins warmed 0.35° and
0.39°C, respectively, and freshened 0.018 and 0.039 psu,
respectively. The variability in HCA and FwCA were
primarily in the upper 200 m for the Norwegian Basin,
but in the Lofoten Basin the main contribution was
below 200 m.

Considering the upper 200m, the HCA changes had
larger variability in the Norwegian Basin compared to
both the Lofoten Basin and the net local air-sea heat
fluxes (Figs. 4a,b). The wind component at FSC and EIC
had about the same level of variability (Fig. 4c). The
NCEDP net air-sea heat flux anomalies were also plotted

for comparison with the ERA data, and show similar
variation (Figs. 4a,b). Using monthly values, the corre-
lation coefficient r between the HCA changes and air—
sea heat flux anomalies for both the Norwegian Basin
(r = 0.25) and Lofoten Basin (r = 0.35) were low but still
significant at 95%. Using the NCEP data, the correlation
analysis gave nearly the same correlation coefficients,
r = 0.25 and r = 0.34, for the Norwegian and Lofoten
Basins, respectively.

The relationship between the HCA change and air—
sea heat fluxes was frequency dependent. On time scales
longer than 6 months, the squared coherence between
the air-sea heat flux and the HCA change was above the
95% confidence level in both basins (Fig. 5). At these
time scales, the phase was also stable and near zero,

TABLE 1. Trends with the 95% confidence interval of heat content, freshwater content, temperature, and salinity anomalies in the upper
1000 m during 2011-18, for the Norwegian Basin (NB) and Lofoten Basin (LB). The numbers in parentheses for temperature and salinity

are the changes during 2011-18.

HCA FwCA

Temperature

Salinity

NB 63*+1.6Wm 2 0.06*0.02myr ' 0.046° + 0.035°Cyr ! (2011-18: 0.35°C)
LB 79+13Wm 2 014 +0.02myr > 0.051° = 0.031°Cyr ! (2011-18: 0.39°C)

—0.0024 *+ 0.0018 psuyr ' (2011-18: —0.018 psu)
—0.0051 *+ 0.0017 psuyr ' (2011-18: —0.039 psu)
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FIG. 4. Time series of monthly heat content anomaly (0-200 m)
changes dHdt and air-sea heat flux anomaly Qe from the ERA-
Interim and NCEP datasets for the (a) Norwegian and (b) Lofoten
Basins. Negative values indicate ocean heat loss. (c) Time series
of the wind-derived proxies at EIC and FSC. All time series
are 3-month running averages using a 3-point boxcar filter of
monthly values.

implying no or little delay between the HCA changes
and the air—sea heat fluxes. On 6-month and longer time
scales, the squared coherence in the Norwegian Basin
was above 0.5. In the Lofoten Basin, the coherence was
also relatively high at periods from 4 months and longer
with maximum coherence of 0.7 at 5-6 months. Using
the HCA change in the upper 1000 m instead of that in
the upper 200 m gave somewhat lower coherence in both
basins, but the coherence was still 95% significant at
time scales of about 1 year and 4-12 months in the
Norwegian and Lofoten Basins, respectively.

To assess the role of advection on the residual HCA—
that is, the part not explained by air-sea fluxes [see
Eq. (3)]—and on the FwCA, correlation analysis was
applied. The wind-derived proxies that qualitatively
represent the variability of the EIC and the FSC
(Fig. 4c) were correlated with the residual HCA change
(Table 2). The wind component along the EIC was
negatively correlated with the residual HCA change in
the Norwegian Basin (—0.4 < r < —0.2), thus, imply-
ing that stronger EIC gives larger inflow of cold water.
This held for HCA in the upper 200 and 1000 m. In
the Lofoten Basin the wind at EIC was also nega-
tively correlated with the residual HCA change in the
upper 1000 m.

The wind component in the FSC was also negatively
correlated with the residual HCA change in the Nor-
wegian Basin for the upper 200m (—0.54 < r < —0.35)
and upper 1000m for 12-month averages (r = —0.38;
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FIG. 5. Coherence analysis between heat content change dH'dt in
the upper 200 m and air-sea heat flux anomaly Q' for the Nor-
wegian and Lofoten Basins. Monthly values are used in the anal-
ysis. The dashed line in the coherence plot is the 95% significance
level. Positive phase indicates that Q' leads over the dH'dt. The
lower and upper x axes are applicable to both the top and
bottom panel.

Table 2). A stronger inflow thus reduced the HCA. For
the Lofoten Basin, the wind at the FSC was not signifi-
cantly correlated with the residual HCA change.

Using time lags from 0 to 18 months between the wind
at the FSC and the residual HCA for the upper 200 m
showed that the correlations went from negative to
positive for both the Norwegian and Lofoten Basins
(Figs. 6a,b), but were only significant for the Norwegian
Basin. At about 1-yr lag, the correlation coefficient for
the Norwegian Basin was r = 0.35. The correlation be-
tween the wind at EIC and the residual HCA was neg-
ative for both basins at all time lags. Stronger westerly
winds thus cooled both basins.

A similar correlation analysis, performed with the
FwCA change, provided about similar correlation as the
residual HCA change in the Norwegian Basin but with

TABLE 2. Correlation coefficients between the residual heat
content change (dHdt — Q) and the wind-derived proxies at EIC
and FSC. Two different lengths of moving averages are performed
prior to the correlation, 3 and 12 months. Time resolution is
1 month in both cases. Correlation coefficients with 95% or higher
significance are in bold.

Norwegian Lofoten
Basin Basin
Wind index  Avglength 200m 1000m 200m 1000 m
EIC 3 months -022 -029 015 —0.23
12months  —-025 -037 -0.11 —0.20
FSC 3 months -035  —0.06 0.05  +0.15
12 months  —0.54 —-038 -0.13 +0.13
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coefficients that are 95% significant. The 12-month moving aver-
ages using a boxcar filter were performed on the time series prior
the analysis. (c),(d) As in (a) and (b), but using the freshwater
content anomaly change dFdt instead of the residual heat content
change in the correlation analysis.

opposite sign (Figs. 6¢,d). Thus, with no or little time lag,
increased northerly wind through the FSC resulted in
colder and fresher water in the Norwegian Basin,
whereas after about a 1-yr lag the basin became warmer
and saltier. Increased wind at EIC freshened the Nor-
wegian Basin at all time lags (95% significant correlated
after 15 months).

4. Discussion

Based on Argo data from 2002 to 2018 in the Nor-
wegian Sea, we presented anomalies of the heat and
freshwater content relative to the WOA1S climatology.
Earlier studies have shown that the observed variability
during the period 1995-2010 can be attributed to the
inflow of warmer and saltier AW to the Norwegian Sea
due to circulation changes in the North Atlantic
(Héakkinen and Rhines 2004; Hatun et al. 2005) with
additional warming due to reduced ocean to air heat loss
(Skagseth and Mork 2012). In the recent 2011-18 period,
we showed that the warming in the Norwegian Sea
continued with about twice as large heat content in-
crease as the previous period, 6.3-7.9 versus 3.2 W m?
(Skagseth and Mork 2012). However, a different mecha-
nism than in the previous period was responsible for these
changes. During the period 2011-18, the covariability
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between warm/saline and cold/fresh vanished, and instead
there has been a period with warming and freshening,
and a less dense water mass.

Air-sea interaction processes were proposed by
Yashayaev and Seidov (2015) to explain the faster
propagation of temperature anomalies compared to
salinity anomalies in the Norwegian Sea. While we do
not dispute this view in general, this mechanism is likely
not the main cause of the recent warming and freshening
in the Norwegian Sea. Instead, we find that the recent
warming and freshening trend during 2011-18 can be
attributed to two mechanisms. First, the inflowing AW
in the FSC during 2011-18 became fresher by ~0.1 psu
(Hughes et al. 2011; updated to present at http:/
ocean.ices.dk/iroc/). This may have caused, at least
partly, the freshening in the Norwegian and Lofoten
Basins in the upper 1000 m by 0.018 and 0.039 psu, re-
spectively, during 2011-18. This is also supported by the
fact that the freshening occurred mainly in the upper
400-500m (Fig. 2), and the degree of lateral exchange
between the Norwegian Atlantic Current (NwAC) and
the inner basins may also change in time.

Second, as the temperature also decreased simulta-
neously in the FSC (Hughes et al. 2011; updated to
present at http://ocean.ices.dk/iroc/), advection of AW
cannot explain the observed warming during 2011-18.
During this period, the air-sea heat flux anomaly was on
average positive (i.e., less ocean heat loss) in the Nor-
wegian Basin at 4.0 Wm 2 (Fig. 4a). The observed trend
in the heat content in the Norwegian Basin was an in-
crease of 6.3 Wm 2 for same period (Table 1). Thus, the
net local air—sea heat flux could alone explain 63 % of the
warming of 0.35°C in the upper 1000 m. For comparison,
the NCEP air-sea heat flux anomaly gave an average of
3.2Wm 2 for the same period. Simultaneously with the
warming, the Norwegian Basin freshened in the upper
1000m by 0.06myr ', a reduction of 0.018 psu over
2011-18, which could be explained by fresher inflowing
AW, as mentioned above.

The Lofoten Basin had a similar positive tempera-
ture trend as in the Norwegian Basin, 0.05°Cyr .
During 2011-18, the average air—sea heat flux anomaly
was also positive in the Lofoten Basin, 2.1 Wm 2, but
lower than that for the Norwegian Basin. The observed
trend in the ocean heat content during 2011-18 gave an
average of 7.9 Wm ™2 (Table 1). Thus, the net local air—
sea heat flux could alone explain 27% of the Lofoten
Basin total warming during 2011-18 (0.39°C) in the
upper 1000m. The lower explained variance for the
Lofoten Basin compared to the Norwegian Basin might
be the richer eddy fields there (e.g., Koszalka et al.
2011; Poulain et al. 1996), which would influence the
estimates. Using the NCEP air-sea heat flux anomaly,
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gave 1.7Wm ™2 for the Lofoten Basin. While the
Lofoten Basin had a near similar positive temperature
trend as the Norwegian Basin, the freshening trend
during 2011-18 was about twice as large compared to
that in Norwegian Basin (0.14 vs 0.06 myr ). This re-
duced salinity in the Lofoten Basin of 0.04 psu during
2011-18 could be explained by fresher inflowing water
as explained above. The large effect of the freshening
in the Lofoten Basin compared to the Norwegian Basin
is in accordance with a relatively direct transfer of AW
along the Norwegian Atlantic Slope Current before
reaching the steep topography in the eastern Lofoten
Basin (e.g., Skagseth and Mork 2012).

The local air-sea heat fluxes are important in modi-
fying the ocean heat content in the Norwegian Sea, and
this relationship varies with time scales and within ba-
sins. In the Norwegian Basin, it became stronger with
longer time scales, and from 6 months and higher the
air-sea heat fluxes could explain about half the local
heat content changes. The lower coherence for the
shorter time scales can be related both to larger un-
certainty in the Argo-derived estimates (due to rela-
tively less number of profiles; Fig. S2) and to the fact that
the hydrography in the Norwegian Basin is also directly
influenced by the strength of the NwAC and the EIC,
both determined by high-frequency winds (Macrander
et al. 2014; Orvik et al. 2001). The low correlation be-
tween the ocean heat content and the air-sea heat fluxes
when using monthly values can also be explained by the
larger uncertainty in the monthly values of the heat
content estimates.

In the Lofoten Basin, the coherence estimates were
generally higher compared to the Norwegian Sea, es-
pecially at high frequencies. The results pointed to dif-
ferences in how hydrographic anomalies are projected
onto the two basins of the Norwegian Sea. The vari-
ability in the heat and freshwater content were in the
Norwegian Basin mainly limited to the upper 200 m with
more high-frequency variability as discussed above. The
observed anomalies penetrating deeper in the Lofoten
Basin could be related to the deeper mixed layer depth
in the Lofoten Basin compared to the Norwegian Basin
(Nilsen and Falck 2006).

The importance of the local air—sea heat fluxes on
the ocean heat content in the Norwegian Sea are in
agreement with Mork et al. (2014). Using yearly hy-
drographic data, they found that the air-sea heat flux
could explain about the half of the interannual vari-
ability of the heat content in the Norwegian Sea. In
contrast, Carton et al. (2011) used 2-yr smoothed his-
torical hydrographic data from 1950-2009 to conclude
that the local air-sea heat flux was too small and in-
stead they argued for advection of anomalies as a more
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plausible explanation. That they concluded differently
might be that they used different temporal resolutions
of the data, as 2-yr averages will smooth the in-
terannual variability.

We investigated two possible advective processes re-
sponsible for the local residual heat content variability
in the Nordic seas: the wind-driven advection of both
Atlantic and Arctic water at the FSC and EIC, re-
spectively. Several other processes not investigated
herein, such as mesoscale variability, vertical mixing,
and so on, may also be of importance. The literature has
shown, however, that the two chosen upstream sources
are important for the marine climate in the Norwegian
Sea (e.g., Blindheim et al. 2000; Helland-Hansen and
Nansen 1909). Thus, the focus has been on these two
upstream locations.

The short time (monthly to seasonal) response of the
stronger wind forcing at both FSC and EIC reduced
the heat content and increased the freshwater content in
the Norwegian Basin. That southerly wind at FSC de-
creased the heat content in the Norwegian Basin may
seem contradictory, since increased wind speed would
increase the NwAC (Skagseth et al. 2004). However,
Blindheim et al. (2000) and Mork and Blindheim (2000)
used hydrographic observations to show that high winter
North Atlantic Oscillation index (i.e., southerly wind)
gave a reduced western extension of AW in the Nor-
wegian Basin and, hence, an increased influence of
Arctic Water. Connected to this, increased wind-forced
advection in the EIC causes larger eastward advection of
Arctic Water (Macrander et al. 2014) and thereby
cooling the Norwegian Basin.

For the delayed response, we found that the wind at
FSC became positive correlated with the ocean heat
content in the Norwegian Basin with a time lag of about
1 year. Compatible with these results are the findings
of, for example, Chafik et al. (2015) and Holliday et al.
(2008), who showed that temperature anomalies take
about 1 year to reach the interior Norwegian Sea from
the FSC. Broomé and Nilsson (2018) showed that the
relatively slow propagation of temperature and salinity
anomalies, compared to the faster downstream advec-
tion, can be explained by mixing between the boundary
current and the interior region of weak mean flow.

Southerly wind at FSC was not significantly corre-
lated with the heat content in the Lofoten Basin.
Westerly wind at EIC also reduced the heat content in
the upper 1000m for the Lofoten Basin at seasonal
scale. Stronger westerly wind may in this case also lead
to an eastward transport of Arctic Water across the
Mohns Ridge, from the Greenland Sea to the Lofoten
Basin. Increased westerly wind at EIC reduced the heat
content also after a 1-yr delay for both the Norwegian
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and Lofoten Basins due to advection of Arctic Water.
The delayed response can be explained by similar
mechanism as mentioned above with anomalies prop-
agating into the Norwegian Sea (Chafik et al. 2015;
Holliday et al. 2008).

Thus, the short-term (monthly) response of in-
creased southerly wind reduced the residual ocean
heat content due to increased eastward transport of
Arctic Water, whereas the long-term (~1 yr) response
increased the residual heat content because of in-
creased advection of AW. A similar response, but with
opposite sign, was also observed for the freshwater
content. On interannual time scales, we expect that the
propagation of anomalies becomes more important.
Typical propagation speed is ~2cms ™!, and thus they
use 1-2 years from the FSC to the Lofoten Basin (e.g.,
Chafik et al. 2015; Helland-Hansen and Nansen 1909;
Holliday et al. 2008). As discussed above, the recent
freshening during 2011-18 in the Lofoten Basin was
explained by fresher AW being advected into the
Norwegian Sea.

It has been reported that the ventilation strength and
mixed layer depth in the Greenland Sea can be tied to
the properties of AW entering the Norwegian Sea
(Latarius and Quadfasel 2016; Lauvset et al. 2018). In a
recent study, Lozier et al. (2019) argue that the con-
version of warm and salty AW to cold and fresh overflow
water in the Nordic seas is largely responsible for the
overturning and its variability in the Atlantic. Thus,
the observed changes in the AW inflow properties and
the modification of AW within the Norwegian Sea may
have far-reaching impacts.

5. Conclusions

Ten Argo profiles per month in the Norwegian and
Lofoten Basins, respectively, resolved the seasonal
hydrographic variation with reasonable accuracy.
The comparison between monthly averages of heat
and freshwater content with the local air—sea heat flux
and the advective processes showed that their influ-
ence changed with time scales and time lags. The
Argo data also revealed a recent freshening and
warming trend in the Norwegian Sea during 2011-18
that could partly be explained by two different
mechanisms: reduced ocean heat loss to the atmo-
sphere and advection of fresher AW into the Nor-
wegian Sea. This freshening and warming could
further, in a much wider sense, affect the properties of
the overflow water that exits the Nordic seas. These
results are valuable for model validation and a mon-
itoring framework regarding the predictability of the
climate variability in this region.
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