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oriented would produce the observed seismic
signals. This is a much weaker requirement than
the one suggested in (20), where even at zero
temperature the whole single crystal (100%) has
to be oriented with one of its axes along the spin
axis of the planet. In passing, we note that bcc
velocities (Table 1) are a better match to the seismic velocities in Earth’s center [11.26 km/s (18)]
than are hcp velocities.
Recently, it was suggested that the IC consists
of two parts; the central part seems to possess an
anisotropy different from the rest of the core (7).
Later, it was proposed that the innermost IC
(IMIC) is elastically less anisotropic (8). Such a
different elastic behavior can be explained in
terms of two iron phases, one of which (bcc) is
anisotropic and the other (hcp) isotropic. If the
PT slope of the hcp-bcc boundary and the geotherm in the core cross each other, then the different elastic behavior might be explained by the
bcc-hcp phase transition, where the outer anisotropic part of the IC consists of the anisotropic
bcc phase and the IMIC consists of a mixture of
bcc and hcp iron alloys. The exact position of the
hcp-bcc alloy PT boundary is unknown. However, if the field of the bcc stability is narrow (and
it most likely is), then such a transition is probable. An alternative explanation could be that
during the formation of the IMIC, the processes
responsible for the formation of a lattice preferred
orientation were weaker, and therefore in this part
of the core a random orientation of bcc crystals
is dominant. In either case, the bcc phase is an
indisputable favorite over the hcp phase to be
responsible for the anisotropy of the IC. This is

strong evidence for the presence of a bcc iron/
iron alloy phase in Earth’s inner core.
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ecent evidence that the world’s oceans
have warmed over the past 50 years (1, 2),
with the attendant increase in the ocean’s
heat content an order of magnitude larger than the
increase in the atmospheric and cryospheric heat
content (2, 3), has underscored the importance of
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the ocean as a heat reservoir for Earth’s climate
system. To facilitate predictions of future oceanic
heat uptake, however, an understanding of how
the ocean has warmed in response to long-term
natural and/or anthropogenic forcing is important.
A mechanistic understanding of this warming, the
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goal of this study, begins with an examination
of the spatial variability of the observed warming, followed by modeling experiments designed
to isolate the mechanisms responsible for the observed pattern. This study focuses on the North
Atlantic, a basin with strong, documented climate
variability (4–8) as well as unparalleled data
density (9).
To establish the spatial pattern of heat-content
change in the North Atlantic, we analyzed historical hydrographic station data from the National
Oceanic Data Center World Ocean Database
2005 (10). Temperature data from 1950 to 2000
were binned into 2° horizontal grids for 11 constant
depth layers spanning the sea surface to the ocean
floor. The constraints imposed by data density and
our choice of 2° spatial resolution restricted our
analysis of temporal change to two time periods,
1950 to 1970 and 1980 to 2000 (fig. S1). Thus,
we determine whether the ocean’s heat content at
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the end of the 20th century was significantly
different from what it was near the mid-century
mark.
The integration of the 11 temperature layers
leads to a significant heat-content gain for the
basin as a whole [1.610 × 1022 ± 0.19 × 1022 J
(SE); table S1] that compares relatively well to an
earlier analysis of basin-integrated change (1).
This heat-content gain between the two 20-year
periods, primarily concentrated in the upper 2 km,
requires an equivalent surface heat influx of 0.42 ±
0.05 W m−2 over the entire North Atlantic. A
striking pattern to the heat-content change in the
North Atlantic over the past 50 years (Fig. 1A)
reveals that this basin has not experienced a
uniform warming trend. Although the subtropics and tropics show an overall gain, the
subpolar region has experienced a significant
loss (table S1). Regional heat-content changes
can be as large as ±1.5 × 1020 J between the two
20-year periods (Fig. 1A), changes that would
have required a surface heat flux increase of
about ±4 W m−2 from the former to the latter

time period, an estimate that is an order of
magnitude larger than the basin-averaged heat
flux of 0.42 ± 0.05 W m−2.
To explore mechanisms responsible for the
observed North Atlantic heat-content changes,
we conducted a modeling study. The ocean
model experiments were run with the use of a
well-documented ocean general circulation
model (11) with 1.4° horizontal resolution
spun up from rest with climatological monthly
forcing fields and then integrated by using realistic surface forcing fields, winds, and buoyancy over the time period from 1950 to 2000.
Given the uncertainty in surface forcing fields,
all model experiments were run with reanalysis products from two agencies: European
Centre for Medium-Range Weather Forecasts
(ECMWF) (12) and National Center for Environmental Prediction and National Center
for Atmospheric Research (NCEP/NCAR) (13).
Because the products yielded qualitatively similar results, NCEP/NCAR-forced model results
are shown as Supporting Online Material (SOM)

figures. To test the model’s skill at reproducing the observed heat-content changes, we used
model temperature data from two 20-year model
integrations, one from 1950 to 1970 and another
from 1980 to 2000, to compute the modeled
heat-content changes from the latter time period
to the former. For both sets of forcing fields,
there is a heat-content gain over the tropics and
much of the subtropical gyre, yet a heat loss
over the subpolar gyre (Fig. 2A and fig. S3A),
a pattern broadly reflective of the observed
fields (Fig. 1A), including a clear subtropicalsubpolar gyre boundary separating the regions
of heat gain and loss. There are differences,
however, with the model integrations gaining insufficient heat over the Sargasso Sea and retaining more heat over the western side of the
tropics, as well as having a loss of heat along
24°N, compared with the data. Another important difference is that the modeled heat-content
changes are generally of larger amplitude than
the observed changes (table S1). It is unclear
whether this difference results from the inherent

Fig. 1. Change in ocean heat content (color bar indicates units of 1020 J;
red represents a gain in heat for the later period) between the 20-year
periods 1950–1970 and 1980–2000 diagnosed from (A) historical data
integrated over the water column and (B) 1.4° ocean model output using

realistic ECMWF wind and buoyancy forcing after a 60-year spin-up.
Observations and model data were binned onto the same 2° grid. The
observations reveal an overall gain in heat in the tropics and subtropics
and a loss of heat in the subpolar ocean.

Fig. 2. Change in ocean heat content (color bar indicates 1020 J; red
represents a gain in heat for the later period) between the 20-year periods
1950–1970 and 1980–2000 diagnosed from idealized model experiments
(A) using realistic surface buoyancy fluxes from ECMWF, but with climatological winds, and (B) using realistic winds from ECMWF, but with climatological surface buoyancy fluxes. Because the ECMWF reanalysis product

is available from 1958 only, the ECMWF study uses reconstructed 1950–
1957 forcing from the average of 1958–1970. For this comparison, two 20year integrations were conducted: one with forcing from 1950 to 1970 and
another with forcing from 1980 to 2000. In order to separate the
mechanical and thermal effects of the wind, we forced the variable-wind
runs with climatological latent and sensible heat fluxes.
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smoothing that results from the use of hydrographic data irregularly distributed in space and
time and/or whether the difference results from a
poor knowledge of heat and freshwater fluxes
and boundary conditions for the model. Lastly,
we note that the broad pattern of heat-content
change remained unaltered when the same modeling experiments were repeated at 0.5° horizontal grid spacing (fig. S3B).
Given the broad correspondence between the
large-scale patterns of heat content from the
model and the data, we investigated the extent to
which these patterns are controlled either by
surface buoyancy fluxes or by wind-induced circulation changes. First, the model experiments

802

were repeated with the same surface heat and
freshwater fluxes described above but with
climatological winds. In this case (Fig. 2A), the
model integrations again lead to a gain in heat
content over the tropics and a loss over the
subpolar gyre, but this loss of heat extends unrealistically over the central part of the subtropical gyre, a clear mismatch with the observations.
In a second experiment, the model was forced
by climatological surface heat and freshwater
fluxes, but with realistic winds. In this opposing case, the gain in heat content extends over
the tropics and much of the subtropical gyre,
but there is insufficient loss of heat over the
subpolar gyre (Fig. 2B). From these two model

experiments, we conclude that the gain in heat
content over the tropics and loss over the subpolar gyre is a consequence of changes in airsea heat and freshwater fluxes, whereas the
gain in heat content over the subtropical gyre is
primarily a consequence of wind-induced circulation changes.
The distinction in forcing mechanisms for
the subtropical and subpolar regions seen in
the model is largely consistent with observations: Analyses of temperature and salinity data
have revealed that changes in the subpolar gyre
are a reflection of density-compensated watermass changes, whereas the subtropical changes
are due to the deepening of density surfaces,

Fig. 3. Observed zonally averaged temperature change (°C) between the
20-year periods 1950–1970 and 1980–2000 along a constant depth
(red) of (A) 1000 m or (B) 2000 m, revealing a warming in the tropics
and subtropics but a cooling north of 45°N. This temperature change at
constant depth is separated into changes along an isopycnal (blue) and
the temperature change from a deepening of isopycnals (green) and a

residual from the misfit of these independent estimates (black). Over the
whole basin, there is a warming from the deepening of isopycnals (heave,
green), which is opposed by a cooling of the water mass along the
isopycnals (blue) in the subpolar gyre. The vertical displacement of the
isopycnals is related to changes in the wind forcing. Error bars indicate
standard errors.

Fig. 4. (A) Change in ocean heat content (color bar indicates 1020 J; red
is a gain) from a model run using NAO– composite forcing to a model
run using NAO+ composite forcing. (B) Zonal integral in heat-content
change for the observations (black; error bars represent standard errors)
and for the NAO model runs (blue). Sixteen years were averaged to create
a composite NAO– index of –2.34; 20 years were averaged to create a

composite NAO+ index of 2.37. Model integrations were also made in
which the NAO+ composite forcing was defined as the forcing fields of
the 5 individual years with the most positive NAO indices over the 50year record, randomly ordered, and then repeatedly integrated for 20
years; a NAO– state was similarly defined. Model results were similar to
those shown above.
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in agreement with a past study that analyzed
differences from repeated hydrographic cross
sections (4). A decomposition of the total temperature change (14, 15) at a particular depth
into that which is created by temperature change
along a surface of constant density, attributable to water mass change, and that which is
created when isotherms move vertically past a
depth horizon, attributable generally to windforced displacement or heaving, reveals this
gyre-specific response (Fig. 3). In the subpolar
gyre, the cooling at both 1000 m (the base of
the thermocline) and 2000 m (representative of
the deep waters below the thermocline) results
from colder waters residing on the density surfaces at those depths, suggesting that watermass changes play a dominant role. In contrast,
for the subtropical gyre there is a more complicated response, with the warming at 2000 m due
to a deepening of isotherms and the warming at
1000 m due to both a deepening of isotherms
and water-mass changes. Ironically, this simple,
basinwide decomposition of temperature change
over the past 50 years reveals a complexity that
requires a more nuanced explanation than simple basinwide warming.
These observations of temperature changes
compare well with the model results: An analysis
of model output reveals that the wind-induced
increase in heat content over the subtropical gyre
is achieved through a redistribution of heat associated with an enhanced wind-induced pumping down of the thermocline and an increased
northward transport of heat from the tropics to
the northern subtropical gyre. This interpretation
of how the subtropical warming is largely controlled is also supported from a comparison of
hydrographic sections along 36°N conducted in
1959, 1981, and 2005. Similar heave/water-mass
diagnostics applied to these data (16) reveal that
a warming over the past 2 decades in the upper
900 m can be attributed to a wind-induced thickening of the thermocline, whereas temperature
and salinity changes in the deeper waters can be
accounted for by changes in the water masses
spreading from the Mediterranean and Labrador
Seas.
Given the prominent role of the surface forcing,
we explored whether the large-scale atmospheric
variability, as expressed by the North Atlantic
Oscillation (NAO) index, can impart the observed
oceanic heat-content change. Within the 50-year
span of our observations, there has been a wellrecognized shift in the NAO from a low index
from 1950 to 1970 to a high index from 1980 to
2000 (17). To address the role of this change in
large-scale atmospheric forcing, we abandoned
the integration of the model with sequential forcing
and instead simply ran the model for a 20-year
period with atmospheric forcing from a composite
of NAO– years and for a 20-year period with a
composite of NAO+ years. A computation of the
model differences in heat content (Fig. 4 and fig.
S3C) reveals that the NAO+ ocean has a larger
heat content in the subtropics and tropics com-

pared with the NAO– ocean, whereas the opposite is true for the subpolar region. Such a contrast
matches the general pattern for the observed heatcontent changes (Fig. 1A), as well as that for the
difference between the two model runs forced
with 1950–1970 conditions and 1980–2000 conditions (Fig. 1B). A comparison of the zonally
integrated heat-content changes as a function of
latitude (Fig. 4B) confirms that the NAO difference can largely account for the observed gyrespecific heat-content changes over the past 50
years, although there are some notable differences in the latitudinal band from 35° to 45°N.
Thus, we suggest that the large-scale, decadal
changes in wind and buoyancy forcing associated
with the NAO is primarily responsible for the
ocean heat-content changes in the North Atlantic
over the past 50 years.
This data and modeling study of heatcontent changes for the North Atlantic provides
several cautionary notes for the investigation and
interpretation of climate signals in the ocean.
First, an examination of the spatial pattern associated with the reported heat-content changes
illustrates that basin-averaged changes can mask
important spatial differences. Secondly, there is
not a single attribution for the observed changes
in the North Atlantic heat content: Changes in
surface buoyancy forcing lead to tropical warming
and high-latitude cooling, whereas wind-induced
redistribution of heat leads to subtropical warming. Thirdly, the broad pattern of heat-content
change can be accounted for by changes in the
large-scale atmospheric forcing over the past
50 years.
When viewed in isolation, the net heat gain
for the North Atlantic basin (+0.4 W m−2) is
likely explained as a small residual from the cancellation of the larger regional heat gains and
losses (±4 W m−2). Any anthropogenic warming would presently be masked by such strong
natural variability. However, given the reported
heat gain for each of the other world ocean
basins (1, 2, 18) and the rising air temperatures,
the relatively small basinwide heat gain is plausibly attributable to anthropogenic forcing. The
overall North Atlantic heat-content change, equivalent to an average increase in the surface heat
flux of +0.4 W m−2, is the same sign yet slightly
below the lower estimates of anthropogenicinduced radiative heating, ranging from +0.6 to
+2.4 W m−2 since 1750 (19). Presumably, other
parts of the global ocean and climate system
have taken up the remainder of the excess heat
input.
Lastly, the positive trend in the winter NAO
index in the 1990s has been attributed to anthropogenic forcing (17), implying that the NAO could
be the route by which anthropogenic warming is
imprinted on the ocean. However, although most
climate models show a slight strengthening of the
NAO index with anthropogenic forcing, the climate models also underestimate the strength of
the recent decadal trend in the NAO, raising
doubts as to the viability of the connection be-
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tween the NAO and anthropogenic forcing in
climate models (20, 21). Hence, although the
change in ocean heat content over the North
Atlantic can be connected to the decadal trend in
the NAO, it is premature to conclusively attribute
these regional patterns of heat gain to greenhouse
warming. Continued long-term monitoring of
North Atlantic temperatures is needed to answer
the question of whether the basin-average warming is reflecting anthropogenic forcing and/or
natural variability.
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