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Abstract Long-term variability of heat content (HC) in the
upper 1,000 m of the Arctic Ocean is investigated using
surface and subsurface temperature and current data during
1958-2005 compiled by Simple Ocean Data Assimilation.
Annual cycle of the Arctic Ocean HC is controlled
primarily by the negative and positive excursions in net
upper ocean heat flux, while the inter-annual variability is
mainly associated with meridional thermal advection from
the North Atlantic Ocean. Variability in HC is experienced
as a basin-wide cooling/warming in association with the
Arctic Oscillation on a decadal time scale. In the first three
dominant modes of Empirical Orthogonal Function, the
maximum amplitude of HC variability occurs in the
Greenland—Norwegian Sea and Eurasian Basin. In general,
HC showed increasing trend during 1958-2005 indicating
continuous warming with regional variations in magnitude.

Keywords Arctic Ocean - Heat content - Ocean warming -
Heat budget - EOF
1 Introduction

Climate changes and resulting variations of sea-ice thick-
ness in the Arctic Ocean and exchange of heat and
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watermass between the Atlantic and Arctic Oceans are
matters of serious global significance (Morison et al. 1998;
Zhang et al. 1998; Johannessen et al. 1999; Comiso 2002;
Hassol 2004). Sea-ice is an important component in the
Arctic climate system as it controls the exchanges of heat,
water, momentum, and gases across the ocean—atmosphere
interface. Recent studies have shown that the Arctic ice
sheet is thinning continuously (Rothrock et al. 1999; Walsh
and Chapman 2001; Comiso 2002; Cavalieri et al. 2003;
Kinnard et al. 2006, 2008). Sea-ice decline can lead to sea
surface warming through increased absorption of solar
radiation due to reduction in surface albedo. This promotes
further ice melt and oceanic warming. Model studies by
Lindsay and Zhang (2005) suggested that, rather than
external forcing, the internal thermodynamical changes
related to positive ice—albedo feedback dominate the Arctic
sea ice thinning processes.

Studies have convincingly revealed that global upper
ocean (1,000 m) temperature has increased by about 0.1°C
during the period 1955-1995 due to increased emission of
anthropogenic greenhouse gases to the earth’s atmosphere
(Levitus et al. 2000, 2001, 2005; Bindoff et al. 2007,
Thompson et al. 2008). The Arctic Ocean has been
warming during the past few decades (Polyakov et al.
2007; Zhang 2005, Steele et al. 2008). Quadfasel et al.
(1991) reported anomalous warming of intermediate Atlan-
tic water in the Nansen Basin in 1990. Using observational
data sets, Polyakov et al. (2007) concluded that the Arctic
Ocean is in transition to a warmer state and the reduction in
Arctic ice cover may be an immediate implication of this
warming. They suggested that the Arctic Ocean warming
can have potential impacts on air—sea interaction processes
occurring at low latitudes also. Zhang (2005) showed that
the Arctic Ocean warms at a faster pace than the global
average since 1960.
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The Arctic thermal variability is dominated by a decadal
mode associated with the Arctic Oscillation (AO), which in
turn is related to the North Atlantic Oscillation (NAO) and
a low-frequency oscillation of about 60—80 years (Polyakov
and Johnson 2000). The low-frequency variability in the
North Atlantic is divided into four epochs, a negative epoch
during 1870-1900, a positive epoch from 1900 to 1950
followed by another negative period from 1960 to 1980 and
a second positive epoch from 1980 to present (Polyakov
and Johnson 2000; Portis et al. 2001). The Arctic Ocean
temperature showed significant changes during 1980s and
1990s. Eastern Arctic, Barents, and Greenland—Iceland—
Norwegian Sea regions showed high sea surface temper-
atures in the 1950s, decreasing trend up to the 1960s and
increase in subsequent decades (Polyakov and Johnson
2000). This pattern is in good agreement with the low-
frequency variability in NAO. The Arctic Ocean tempera-
ture shows negative trend during the negative phase of AO/
NAO (for instance, 1950-1980) and positive trend during
the positive phase (for instance, from 1980 onwards).

This paper presents the long-term variability of heat
content (HC) in the upper 1,000 m of the Arctic Ocean for
the period 1958-2005. The area of study is the oceanic
region north of 65° N. The heat budget and Empirical
Orthogonal Function (EOF) analysis of HC anomalies are
carried out to identify the dominant modes of variability.
Upper ocean warming tendency of the Arctic Ocean is
investigated on spatial and temporal scales.

2 Data used

Simple Ocean Data Assimilation (SODA) (Carton and
Giese 2008) and gridded NCEP/NCAR reanalysis (Kalnay
et al. 1996) data sets are used for the analysis. The SODA
reanalysis consists of two experiments. The first one
extends over a 44-year period from 1958-2001, using the
ERA-40 data and the second one spans over the period of
QuikSCAT scatterometry from 2000—November 2005. The
reanalysis and associated experiments are available online
in monthly averaged form, mapped into a uniform 0.5°x
0.5°x40-level grid (http://ingrid.ldeo.columbia.edu/SOUR
CES/.CARTON-GIESE/.SODA/.v2p0p2-3). The surface
and subsurface temperatures, and the meridional and
vertical velocity data from SODA are used in this study.
The assimilation procedures and data evaluation have been
detailed in Carton and Giese (2008). The NCEP/NCAR
reanalysis variables consist of three types, those are well
constrained by observations, those partly constrained by
dynamical relationships to variables that are frequently
observed, and those variables such as horizontal velocity
divergence that are poorly constrained and may contain
significant errors. The variables such as wind, temperature,
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and geopotential height are strongly influenced by the
assimilated observations and they accurately represent the
Arctic atmosphere (Overland et al. 1997). Serreze et al.
(1998) and Walsh and Chapman (1998) confirmed that
NCEP/NCAR reanalysis correctly represent the spatial
patterns and seasonal variations though the magnitudes
were higher than observed values.

3 Results
3.1 Heat budget of the Arctic Ocean

Due to its geographical location around the North Pole,
Arctic Ocean is almost surrounded by land-mass except at
the opening to Atlantic Ocean (through Fram Strait) and
Pacific Ocean (through Bering Strait). Salt and heat
exchanges between the Arctic and Atlantic oceans take
place mainly through the Greenland-Iceland—Norwegian
Sea. Using horizontal and vertical velocity and temperature
data from SODA, heat budget of the upper 1,000 m of the
Arctic Ocean has been estimated. Exchange of heat
between the control volume and surrounding occurs
through the southern boundary at 65° N, across the air—
sea interface and through the bottom at 1,000 m. The
oceanic heat balance is given as

th _ Qadv + Qdiff + Qﬂx (1)

where dQt is the rate of change of oceanic (1,000 m) heat
content (heat content tendency), 0* is the sum of flux
contribution across 65° N and 1,000 m depth of control
volume, Q4 is the diffusive heat at bottom of control
volume, and Q™ is the net surface heat flux. The heat
content is computed as

z=1,000

j p CoT,dz (2)
z=0

0=

here py=1,026 kg m > is the density of seawater, Co=
3,902 J kg ' K! is the specific heat capacity of the sea
water, and T, is the ocean temperature.

Net downward shortwave radiation, net upward long-
wave radiation, sensible heat flux, and latent heat flux are
taken from NCEP/NCAR reanalysis for computing the net
surface heat flux. Positive net heat flux is the heat
transferring into the ocean. The SODA data is used for
the computation of dQt, 0*% and Q4. Fluxes 0*® and
0% are computed based on the formulations by Shenoi et
al. (2005). The advective flux can be estimated as the sum
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of flux across the southern boundary of the control volume
(65° N) due to meridional velocity (v) and flux across the
bottom of the control volume due to vertical velocity (w).

o = pW l ; l Tos Ves dz dx + [ l T ,000W1,000 dydx]

z x}

(3)

The diffusive flux through bottom of the control volume
is calculated as

L H"—Txdy (4)

diff
0 dz

X

where Tgs and vgs are temperature and meridional velocity at
65° N, T go0 and wy oo are temperature and vertical velocity
at 1,000 m, k=2x10"*m? s ', 4 is area of the control volume
at the ocean surface, and % is computed at 1,000 m depth.
The principal objective of this exercise is to understand
the long-term variability of the Arctic Ocean heat content.
We are aware of the fact that critical use of ocean reanalysis
data may lead to re-evaluation of contribution of various
terms in heat budget. Due to this limitation, we try to
approach the budget in its qualitative aspect rather than a
quantitative one. SODA reanalysis data has been used
successfully for the heat budget analysis of the Arabian Sea
and the Bay of Bengal (Shenoi et al. 2005) and the
equatorial Indian Ocean (Chowdary and Gnanaseelan
2007). Before doing more analysis, it will be relevant to
check the heat balance of the data. We look into the
climatology and inter-annual variability of the heat budget
components. The climatology of heat budget components
of the Arctic Ocean is presented in Fig. 1. Annual cycle of
the Arctic Ocean heat content tendency is characterized by
a single maximum and minimum. Heat content tendency
has positive values during April-September. It gradually
increases from winter to a maximum in July and decreases
thereafter. The major component in the Arctic Ocean heat
budget is the horizontal advection from the Atlantic and
Pacific oceans. Contribution from heat transport through
the Bering Strait is relatively small. Seasonal variation in
vertical advection (through the bottom surface) is very
small, where heat flux of about 5 W m 2 is lost from the
control volume throughout the year. The contribution from
temperature diffusion at bottom of the volume is negligibly
small compared to other components. Further, the lateral
diffusive fluxes across the southern boundary are almost
negligible (of the order of 107%). Hence, the contributions
from lateral diffusive fluxes are not taken into account in
the budget analysis. The meridional advection consistently
maintains value above 45 W m? irrespective of the seasons.

W/m?
o
\
\
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Time (Months)

Fig. 1 The climatological heat budget of the Arctic Ocean for the
upper 1,000 m. The individual heat budget components shown are
heat content tendency (black line), meridional advection (red line),
vertical diffusion at 1,000 m (purple line), vertical advection at
1,000 m (blue line), and NCEP/NCAR net surface heat flux (black
dashed line). The SODA data is used for the computation of heat
content tendency, meridional and vertical advections, and vertical
diffusion. The sum of advection, diffusion, and net surface heat flux is
shown as red dashed line. The standard deviation of heat content
tendency is drawn as vertical lines

The meridional advection is highest during the winter
(December—February). This is consistent with the observa-
tional study by Schauer et al. (2004). The striking feature is
that the meridional advection shows minimum contribution
during June, whereas the heat content tendency reaches its
maximum in July. The maximum insolation over Arctic
region occurs during June—July (Serreze et al. 1998). The net
surface heat flux computed from NCEP/NCAR reanalysis
data also reaches its maximum almost during the same time.
This shows that increase in the Arctic Ocean heat content
tendency is driven by the change in net heat flux. The
surface net heat flux is the key factor that brings strong
seasonal variability in oceanic heat content tendency. Also, it
should be noted that the seasonal variability in the
meridional heat advection is out of phase with the HC
variability.

In this analysis, however, the budget is not closed and
has a maximum imbalance of about 30 W m > during
November—December. Since the assimilation of data acts as
a source of temperature and salinity at surface and
subsurface, heat fluxes calculated with bulk formulae yield
a misleading impression on the temperature changes. This
can possibly be overcome by calculating heat and freshwa-
ter fluxes diagnostically using the sum of storage, diver-
gence of transport, and diffusion (James Carton, personal
communication). In spite of the imbalance in budget, the
encouraging fact in the present study is that net heat flux
and heat content tendency follows identical patterns of
variability.

The seasonal cycles were removed from the heat budget
components before doing the analysis of their inter-annual
variability. The anomalies of heat content tendency,
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meridional advection, and net surface heat flux over the
Arctic Ocean for the study period are shown in Fig. 2. The
high-frequency signals were removed from the heat budget
components by applying a 2-year running filter. The figure
shows that the meridional advection and the net heat flux
anomalies are varying almost in phase with the heat
tendency anomaly. However, in a few occasions they act
in opposite phases. For instance, during 1972-1973 and
2003 the meridional advection and net heat flux shows
positive anomalies, while the heat content tendency
anomaly tends to be negative.

It is seen that significant correlations of 0.52 and 0.33
exists between the filtered anomalies of meridional advection
and heat content tendency, and between the filtered anomalies
of net surface heat flux and heat content tendency, respec-
tively, which are above 1% significance level. Different from
climatological heat budget, the correlation analysis reveals
that in inter-annual time scale the meridional advection play a
dominant role in the Arctic Ocean HC variability. Earlier, the
analysis of mooring observations by Schauer et al. (2004)
showed significant inter-annual variability in annual mean
heat transport across the Fram strait. Interestingly, the
correlation between the anomalies of heat content tendency,
and the sum of meridional advection and net surface heat
flux has not shown a remarkable increase (correlation=0.53).
This result also emphasizes the dominant effect of meridi-
onal advection on the Arctic Ocean heat content variability
in inter-annual time scales.

3.2 Arctic Ocean heat content variability

The annual average of climatological 1,000 m HC in the
Arctic Ocean is shown in Fig. 3a. HC climatology shows
very small spatial variability at seasonal timescale (not
shown). Due to the transport of warm Atlantic water HC

HCT Anom Meridional Advection Anom
Surface heat flux Anom
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Fig. 2 The inter-annual variability in the heat budget components (in
watts per square meter) of the Arctic Ocean for the upper 1,000 m.
The anomalies of heat content tendency (HCT Anom, black line) and
meridional advection (red line) are computed using SODA and net
surface heat flux anomaly (blue line) is computed from NCEP/NCAR
reanalysis
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maximum is seen in the Eurasian Basin, particularly over
the Greenland—Norwegian Sea region, Nansen Basin, and
Amundsen Basin regions. While analyzing the 1,000 m
HC, it should be noted that large area of the Arctic Ocean
has depth below 500 m, where HC is also remarkably
small. Larger ocean depth variations can lead to misinter-
pretation of results. In this context, long-term variability of
the Arctic Ocean HC can be studied more clearly using the
anomalies. EOF analysis is used to identify dominant
modes of variability present in heat content anomaly
(HCA). The first dominant mode of variability in HCA is
characterized by uniform polarity over most of the Arctic
Ocean, which explains 19% of the total variability
(Fig. 3b). This mode is associated with basin-wide cooling
or warming in the Arctic Ocean. The maximum amplitude
of variability is found to be located over the Iceland Sea,
Fram Strait, and Nansen Basin. The second and third
dominant modes of HCA variability are shown in Fig. 3c
and d. These two modes explain 9% and 8% of the total
variability, respectively. The second mode has a strong
positive loading in the Norwegian and Eurasian basins.
This mode corresponds to warming/cooling in the Norwe-
gian and Eurasian basins and weak cooling/warming in
other regions, whereas the third dominant mode shows
equally strong positive and negative loadings over the
entire Arctic Ocean. Peak amplitude of this variability is
seen in the Norwegian Basin. Figure 3b, c, and d show that
in the first three dominant modes of HCA, significant
variability is seen in the Greenland—Norwegian basins and
adjacent Eurasian Basin. These are regions where exchange
of watermass takes place between the Atlantic and Arctic
Oceans.

The EOF time amplitude functions (TAF) of first (black
line), second (red line), and third (blue line) dominant
modes of variability in HCA are shown in Fig. 4. The
dominant modes of variability in the Arctic Ocean HCA
show oscillations of about 3—-10 years. FFT analysis was
carried out to isolate the different modes of oscillations in
the time series. TAF of EOF1 (Fig. 5) exhibits a low-
frequency oscillation of decadal time scale. The FFT power
spectrum shows strong low-frequency oscillation of about
114 months. Over the entire Arctic basin, positive values of
TAF are characterized by positive anomaly in HCA and
vice versa. Oscillations of timescales 36 and 58 months are
also prominent in the EOF1 of HCA. FFT power spectra of
EOF2 (Fig. 5) is marked by the presence of oscillations of
28, 38, and 59 months, while EOF3 time amplitude
functions show oscillations of 24, 36, and 44 months.
Temporal occurrence of HC variability shifts towards
higher frequency side in the less dominant EOF modes.
The TAF of EOF1 follows EOF2 with time lag of 1-2 years
(Fig. 4). This implies that the changes in the Arctic Ocean
heat content in inter-annual timescales are appearing in the
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form of propagating anomalies from the Atlantic Ocean.
The water from the Atlantic Ocean flows into the Barents
Sea and to the Canadian Basin through the Eurasian Basin.
Polyakov et al. (2007) observed that the temperature
anomaly took about 1.5 years to propagate from the
Norwegian Sea to Fram Strait region and about 4.5-5 years
to reach the Leptev Sea. The presence of relatively high
frequency oscillations in the TAF of EOF2 in the FFT
analysis further confirms this result. These results empha-
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Fig. 4 The time amplitude functions for EOF1 (black line), EOF2
(red line), and EOF3 (blue line) of the Arctic Ocean 1,000 m heat
content anomalies
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size that the meridional heat transport from the Atlantic
Ocean has important implications on the low-frequency
variability in the Arctic Ocean heat content.

3.3 Increasing trend in the Arctic Ocean heat content

The Arctic Ocean 1,000 m HC shows an increasing trend
during the period from 1958 to 2005 with conspicuous spatial
variations. Sharp increase is seen over the Icelandic Sea and
Fram Strait regions (Fig. 6a). Slightly negative trend is
encountered only in the Norwegian Sea. The 1,000 m HC for
unit area of the Arctic Ocean is plotted in the Fig. 7. The
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Fig. 5 The FFT power spectrum of time amplitude function for EOF1

(black line), EOF2 (red line) and EOF3 (blue line) of the Arctic Ocean
1,000 m heat content anomalies
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Fig. 6 The linear trends in the
upper 1,000 m heat content
(10° J m2 per year) a during
1958-2005, b 1958—1979, and
¢ 1980-2005. Only positive
values are shaded

linear trend-line is also shown. The linear increase is of the
order of 7.93x10° J m ™2 per year. HC exhibits two distinct
epochs on either side of 1980 with a gradual decrease till
1980 and a sharp increase thereafter. The spatial distribution
also shows significant variations during pre- and post-1980s
(Fig. 6b and c). In the Norwegian Sea and central Eurasian
Basin the trends are almost opposite. During pre-1980s, even
though the spatial extend of HC increasing and decreasing
trend are almost equal, the strong decreasing trend in the
central Eurasian Basin dominates over the weak increasing

1960 1970 1980 1980 2000
Time (Years)

Fig. 7 The upper 1,000 m heat content per unit area for the Arctic
Ocean. The linear trends during the period 1958-2005 (black
continuous line), 1958—1979 (black dashed line), and 1980-2005
(black dotted line) are also drawn in the figure. The time series is low-
pass filtered with a 2-year running filter
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trend. Post-1980 increase in HC is sharp in the Iceland—
Norwegian Sea, Fram Strait, Barent Sea, and central
Eurasian Basin. The HC shows a linear increasing trend of
7.4x10° J m™* in post-1980s, while the trend was —2x
10% J m 2 during pre-1980s.

4 Discussions and conclusion

Global warming and consequent decrease in the Arctic sea-
ice cover are major concerns to climate researchers as well
as policy makers. Complex bathymetry, geographical
position around the pole, abundant inflow of freshwater
from the Canadian and Siberian rivers, and limited
connections to other world oceans are crucial factors that
determine the thermodynamics of the Arctic Ocean. Our
knowledge on subsurface temperature and circulation in the
Arctic Ocean is very limited due to scarcity of data.

In the present study, we tried to estimate the Arctic Ocean
upper level heat content, its long-term variability and
influence of watermass advection from the North Atlantic
Ocean. Temperature and current data from Simple Ocean Data
Assimilation reanalysis datasets were used. The annual cycle
of heat content tendency shows a positive maximum during
boreal summer (June-August) and a negative minimum
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during boreal winter (December—February). The meridional
advection of heat from the North Atlantic Ocean has a major
influence on the Arctic Ocean heat budget climatology. The
contribution from vertical diffusion at bottom (1,000 m) of the
control volume is negligibly small compared to other terms.
The seasonal variability in meridional advection is relatively
small compared to net surface heat flux and heat content
tendency. The anomalies of meridional heat advection from
the North Atlantic Ocean are significantly correlated to the
Arctic Ocean heat content.

The first dominant mode of heat content variability
over the Arctic Ocean is characterized by basin-wide
cooling or warming, which explains 19% of the total
variability. The second and third dominant modes explain
9% and 8% of the total variability, respectively. The first
three dominant modes of heat content anomaly show
maximum amplitude of variability in the Greenland—
Norwegian Sea and Eurasian Basin, emphasizing that the
Arctic Ocean variability is strongly influenced by the
North Atlantic Ocean. The first dominant mode of heat
content variability shows oscillation with frequency
around 10 years. This decadal mode of oscillation is
associated with the Arctic Oscillation (Polyakov and
Johnson 2000). The oscillations shift towards higher
frequency side in the second and third dominant modes
of HC variability.

The Arctic Ocean heat content shows a linear increasing
trend of 7.93x10° J m? per year. Interestingly, the heat
content gradually decreases pre-1980s and increases rapidly
thereafter. The increasing trend is sharper after mid-1990s.
The spatial distribution of linear trend in heat content
exhibits opposite trends during pre- and post-1980.
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