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Unabated planetary warming and its ocean

structure since 2006
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and Susan Wijffels?

Increasing heat content of the global ocean dominates the
energy imbalance in the climate system'. Here we show
that ocean heat gain over the 0-2,000 m layer continued
at a rate of 0.4-0.6 Wm~2 during 2006-2013. The depth
dependence and spatial structure of temperature changes are
described on the basis of the Argo Program's? accurate and
spatially homogeneous data set, through comparison of three
Argo-only analyses. Heat gain was divided equally between
upper ocean, 0-500 m and 500-2,000 m components. Surface
temperature and upper 100 m heat content tracked interannual
El Nifio/Southern Oscillation fluctuations®, but were offset
by opposing variability from 100-500 m. The net 0-500 m
global average temperature warmed by 0.005 °C yr~'. Between
500 and 2,000 m steadier warming averaged 0.002°Cyr-’
with a broad intermediate-depth maximum between 700 and
1,400 m. Most of the heat gain (67 to 98%) occurred in
the Southern Hemisphere extratropical ocean. Although this
hemispheric asymmetry is consistent with inhomogeneity
of radiative forcing* and the greater area of the Southern
Hemisphere ocean, ocean dynamics also influence regional
patterns of heat gain.

Global ocean sampling of water-column temperature in
the twentieth century was spatially and temporally sparse®,
characterized by strong coverage biases towards the Northern
Hemisphere, towards the continental coastlines, and seasonally
towards summer. Roughly half a million temperature/salinity
profiles to at least 1,000 m were collected by research vessels, mostly
in the past 50years. Additional lower accuracy and shallower
temperature-only data have been obtained from commercial and
naval vessels. These help to mitigate the coverage deficiencies but
raise additional concerns regarding measurement bias errors®.

Today the Argo Program’ provides systematic coverage of
global ocean temperature/salinity from 0-2,000m using 3,500
autonomous profiling floats spaced about every 3° of latitude and
longitude, each providing a temperature/salinity profile every 10
days. Profiling float technology’ allows data to be collected without
a ship by long-lived free-drifting instruments. Argo has collected
1.2 million temperature/salinity profiles and continues to provide
10,000 profiles per month, with far greater spatial and temporal
homogeneity than that achieved historically. Previous investigations
of ocean heat content’ have combined Argo and historical data
of variable quality, and these studies have been impacted by
coverage and measurement bias issues. Here we estimate ocean
heat gain over the 2006-2013 period for which Argo coverage is
global (Methods), and through the exclusive use of Argo data with
uniformly high quality.

Argo’'s ocean temperature data set is invaluable for estimating the
net radiation balance of the Earth. The deduced excess of downward
over outgoing radiation® driving global warming is too small to
measure directly as radiative fluxes’. About 93% of this net planetary
energy increase is stored in the oceans’, a result of the large heat
capacity of sea water relative to air, the ocean’s dominance of the
planet’s surface area, and the ocean’s ability to transport excess heat
away from the surface into deep waters. Using historical ocean
temperature data together with modern Argo data the increasing
heat content of the upper ocean has been estimated to be in the
range 0.3 to 0.6 Wm™?, averaged over the area of the Earth, for
periods ranging from the past 135 years' to the past 50 (refs 11-14),
20 (ref. 15), or 8-12 (refs 16-18) years. These estimates of the
rate of ocean heat gain are remarkably similar given the disparate
time spans and the potentially large errors due to poor coverage in
historical data sets®'®". It should be noted that errors in these earlier
studies are almost as large as the signal.

Although heat gain is measured by the vertically integrated
temperature change through the water column, sea surface
temperature (SST) is also of interest because it sets the temperature
of the base of the marine atmosphere. Global mean SST has
increased by about 0.1°C decade™ since 1951 (ref. 20) but has
no significant trend for the period 1998-2013. Explanations for
the recent ‘pause’ in SST warming include La Nina-like cooling
in the eastern equatorial Pacific*', strengthening of the Pacific
trade winds®, and tropical latent heat anomalies together with
extratropical atmospheric teleconnections®. However, it is heat gain
and not SST that reflects the planetary energy imbalance and thus
the warming rate of the climate system. The high variability of the
SST record serves to emphasize that it is a poor indicator of the
steadier subsurface-ocean and climate warming signal.

As Argo profiles are randomly distributed, spatial and temporal
gridding is required. To demonstrate the robust nature of the
signals, three contrasting statistical methods of estimating global
heat content patterns from raw Argo profiles are used. An optimal
interpolation®* (OI) and a robust parametric fit** (RPF) are applied
to temperature profiles and a reduced space optimal interpolation®
(RSOI) is applied to depth-integrated heat content estimates.
Further details are provided in the Methods. In each case, we
report anomalies from a mean of data from January 2006 to
December 2013.

Global mean SST anomalies from 1998 to 2013 in the NOAA
(National Oceanic and Atmospheric Administration) OI SST
product” (Fig. 1) illustrate the large interannual variability that
characterizes SST and marine atmospheric temperature. There is no
significant trend in the time series for either 1998-2013 (the recent

TScripps Institution of Oceanography, University of California, San Diego, California 92075, USA. 2Centre for Australian Weather and Climate Research,
CSIRO Oceans and Atmosphere Flagship, Hobart, Tasmania 7000, Australia. 3National Institute of Water and Atmospheric Research, Wellington 6021,

New Zealand. *e-mail: droemmich@ucsd.edu

240

NATURE CLIMATE CHANGE | VOL 5 | MARCH 2015 | www.nature.com/natureclimatechange

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nclimate2513
mailto:droemmich@ucsd.edu
www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE poi: 10.1038/NCLIMATE2513

LETTERS

SST anomaly (°C)

1998 2000 2002 2004 2006 2008 2010 2012 2014

Year
Figure 1| Globally averaged SST anomaly. 5-m Argo Ol temperature
(black), NOAA OI SST v2 (ref. 27) masked to the same area as the Argo Ol

(solid red), NOAA OI SST v2 without the Argo mask (dashed red). All
figures are 12-month running means unless otherwise noted.

‘pause’) or 2006-2013 periods. The globally averaged temperature
anomaly at 5m depth from the Argo OI (ref. 24; not used in the
NOAA SST product) tracks the SST product closely. As the gridded
Argo data set does not include high latitudes, marginal seas, and
continental shelves, a more direct comparison of Argo near-surface
temperature with the NOAA SST product is made by masking the
latter to exclude these same regions (Fig. 1). Differences among the
time series show the weak sensitivity in this global metric to Argos
lack of observations in some regions, such as the Indonesian seas,
and to undersampling in others (also Supplementary Figs 1 and 2).

The large interannual variability in global SST anomaly (Fig. 1) is
found to track with the upper 100 m of the global ocean temperature
anomaly (Fig. 2a). In the deeper 100 to 500 m layer, the anomalies
have the opposite sign to those above 100 m except in 2013. The
opposing anomalies in the 0-100 and 100-500 m layers are related
to E1 Nino/Southern Oscillation (ENSO) variability in the depth and
slope of the equatorial Pacific thermocline®. Below 500 m, a steadier
warming over time through the water column is evident (Fig. 2a).
The 8-year trend in globally averaged temperature anomaly versus
depth (Fig. 2b) illustrates the separation into upper layers with high
interannual variability, and therefore large uncertainty in the trend,
and deeper steadier warming with lower uncertainty, robust across
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the three methods. This illustrates further that, on the timescale
observed here, surface temperature is not representative of heat
gain by the climate system. The lack of correspondence between
surface temperature and net climate heat gain is also seen in
climate models®.

The spatial distribution of the heat gain (Fig. 3a) reveals a large
build-up of heat in the mid-latitude South Indian and Pacific oceans,
with weaker warming in the South Atlantic. Changes in the trop-
ics are weak and show compensation between Pacific cooling and
Indian Ocean warming. The North Pacific and North Atlantic show
compensating warming and cooling regions with the far North
Atlantic warming rate being relatively weak, in contrast to previous
decades™. The zonally integrated heat gain (Fig. 3b) confirms the
visual assessment of Southern Hemisphere warming and is consis-
tent across the three estimation techniques. The 40° S maximum
is near the centre of the deep portion of the subtropical gyres in
the three oceans, and the heat gain there, particularly in the South
Pacific (Fig. 3a), is consistent with subduction of heat by the mean
circulation and a continued strengthening of these gyres®*® due to
changes in the pattern and strength of mid-latitude westerly winds.

Indeed, much of the interannual variability seen in temperature
versus depth (Fig. 2), and in the spatial patterns of heat gain (Fig. 3a),
is due to ocean dynamics rather than local air-sea exchanges. For
example the offsetting anomalies in depth due to the ENSO wind-
driven tilting of the Pacific equatorial thermocline’, or in latitude
due to meandering of zonal fronts, as in the North Pacific at
36° N (Fig. 3a), largely indicate redistribution rather than overall
changes in heat content. Steadier warming signals are seen by
integrating over larger regions and greater depth intervals, for
cancellation of offsetting dynamically generated anomalies. Even
on oceanic and hemispheric scales, ocean circulation variability,
including meridional overturning circulations, may have substantial
impacts on regional heat storage®, although decadal meridional
overturning circulation variability is poorly known. Only through
global measurement can regional oceanic redistributions of heat be
averaged out.

Integrating over all of the extratropical Southern Hemisphere
oceans, the heat gain estimates range from 3.8 to 7.3 x 10! Jyr™!
(Fig. 4a and Table 1), equivalent to 67 to 98% of the respective
global totals. There are much weaker trends in the tropics and in
the Northern Hemisphere extratropics. The area of the extratropical
Southern Hemisphere ocean is twice that of the extratropical
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Figure 2 | Depth dependence of temperature change. a, Globally averaged temperature anomaly (colour scale) versus depth from the Ol (ref. 14) estimate.
b, Temperature trend versus depth, zonally averaged, for Ol (black), RPF (ref. 15; red) and RSOI (ref. 16; dark blue) estimates. The 95% confidence interval

(dashed) is shown for the Ol alone.
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Figure 3 | The spatial pattern of heat gain. a, Trend in heat content, 0-2,000 m from the RPF (ref. 15) estimate. A contour line is shown for 5 W m~2.
b, Zonally integrated heat gain (107 W m~") versus latitude for Ol (black), RPF (red) and RSOI (dark blue) estimates. The 95% confidence interval (dashed)

is shown for the Ol estimate alone.

Northern Hemisphere ocean, and the large heat gain in the former
amounts to a spatial average of 1.5 Wm2 (OI estimate) over
that ocean region. Estimates of inhomogeneous radiative forcing
by aerosols and ozone’ indicate a net radiative cooling that is
greater in the Northern Hemisphere extratropics than the Southern
Hemisphere extratropics by about 1 W m™2. Assuming a weak cross-
equatorial ocean heat flux anomaly, this is consistent with the
stronger warming observed in the Southern Hemisphere oceans.
The predominance of extratropical Southern Hemisphere warming
also has been inferred over longer timescales from the 1990s to the
Argo era®'.

Notwithstanding the ‘pause’ in SST warming, the heat
content of both the upper 500m and the 500-2,000m layers
has continued to increase (Fig. 4b), with similar trends for the
two depth intervals from 2006 to 2013 of 2.9 £+ 1.3 x 10* Jyr™*
and 2.7+£1.6x 10 Jyr™', respectively (OI estimate). This is
equivalent to warming rates of about 0.005°C yr~' for 0-500 m
and 0.002°C yr~' for 500-2,000m. The SST ‘pause’ is not an
interruption in 0-500 m warming but rather is an aliasing of the
longer-term SST trend by the large interannual variability due to
ocean vertical heat transport between the 0-100 m and 100-500 m
layers’. Warming throughout the 0-500m layer is observed in
2013 (no cancelling anomalies, Fig. 2a). The vertical structure
of the 500-2,000 m warming (Fig. 2b), with a broad maximum
between 700 and 1,400 m in the three estimates, implicates the
intermediate water layers, Subantarctic Mode Waters and Antarctic
Intermediate Waters. These intermediate layers are formed at
high southern latitudes, where they are subducted and carry their
temperature/salinity properties equatorward via the subtropical
gyre interior flows*. Much of the recent heat build-up is occurring
in regions where these water masses are formed and pool. At 40°S,
a maximum in the zonally averaged temperature trend at 900 m, in
the Antarctic Intermediate Water, exceeds 0.01 °Cyr™".

The estimated trend in global ocean heat content, 0-2,000 m,
ranges from 5.6 to 7.9 x 10" Jyr™ (Table 1 and Fig. 4c), and all
three estimates fall within the 95% confidence interval of the OL
Differences are due to the techniques used, for example with the
RPF including an explicit estimate of ENSO-related variability,
and to a lesser extent to differing spatial domains in the analyses
(Supplementary Fig. 3). Normalized by the surface area of Earth
(ocean + land), the warming rates range from 0.35 to 0.49 W m™?,
consistent with historical estimates’"”. Assuming that the 17% of the
ocean area not well sampled by Argo warms at the same rate as the
observed 83% (Methods), the total for 0-2,000 m is 0.4 to 0.6 W m 2.

Table 1| Trend, 2006-2013, in ocean heat content (107" J yr~")
and 95% confidence interval, for Ol, RSOl and RPF estimates.

ol RSOI RSOI RPF
(Ol mask)*
Global 594+26 57+£20 56%£20 79 +1.2
South of 20° S 58+20 38413 39+13 73+ 0.6
20°S-20° N 04+16 10£09 07410 19+ 0.6
Northof 20°N  —-0.24+12 094+05 104+06 -—-12+07
NH: 0°-60° N —-04+£17 16+08 15+07 0.8+09
SH: 60° S-0° 64+23 41413 42412 7.2+ 0.8

*Ol and RSOI estimates are for time series smoothed with a 12-month running mean. Ol mask
indicates RSOI estimates integrated over the smaller Ol spatial domain. NH, Northern
Hemisphere; SH, Southern Hemisphere.

A direct estimate of deep ocean warming for 1990-2010 (ref. 33),
based on sparse repeat hydrographic transects, would increase the
0-2,000 m value by 0.07 + 0.06 W m™2.

The ability to consistently detect a global upper ocean
(0-2,000 m) heat gain of 0.4 to 0.6 W m™2 over the short 2006-2013
period is historically unprecedented. Homogeneous global
coverage, high data quality, and temporal resolution of seasonal and
interannual fluctuations are key attributes for enabling the Argo-
only analyses that underpin this result. Further, the consistency
among the three different infilling techniques highlights the
robustness of the spatial patterns of warming during this period.
Only 50% of the warming diagnosed here occurs above 700 m, the
depth to which past heat content studies were largely restricted
by observing system limitations’. The 0-500m upper ocean
warming, with its high interannual variability, is matched by a
second maximum at intermediate depths of 700 to 1,400 m, with
lower variability. Warming may extend below 2,000 m. Moreover,
the present-day global ocean warming signal is dominated by
the Southern Hemisphere extratropical latitudes, a result that
is influenced by decadal anomalies in ocean circulation, by
asymmetry in radiative forcing and by the greater area of the
Southern Hemisphere ocean.

The Earth’s energy budget™ closes, with substantial uncertainties,
even over the short present-day Argo record. That is, the heat gain
in the ocean of 0.4 to 0.6 Wm™ is in the range of the difference
between the effective radiative forcing (1.1 to 3.3 W m~ downward
in 2010 relative to 1750)* and the radiative response due to the
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Figure 4 | Global ocean heat gain. a, Global heat content anomaly (1022 J), Ol estimate, for latitude ranges 60° S to 20° S (black), 20° S to 20° N (dark
blue), and 20° N to 60° N (light blue), with trends (dashed, same colours). b, Heat content anomaly, Ol estimate, 0-2,000 m, for depth ranges 0-500 m
(dark blue) and 500-2,000 m (light blue), with respective trends (dashed, same colours). ¢, Monthly (unsmoothed) time series of global heat content
anomaly from the Ol estimate (black, 1022 J), 0-2,000 m, with 12-month running mean (thick black) and trend (dashed black). Trends are also shown for

the RPF (red) and RSOI (dark blue) estimates.

increase in SST (0.7 to 2.1 Wm™* upward; ref. 36), and is better
quantified than the radiative terms. As measurements of the Earth
radiation budget are relatively accurate for estimation of changes
over time but less so for the absolute difference of incoming minus
outgoing radiation®, an important step in closing the energy budget
is to ‘calibrate’ the net radiation with a period of well-measured
global ocean heat uptake’. Beginning with the present Argo-only
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analyses and going forward with planned enhancements to system-
atic ocean sampling, it is feasible to quantify the total energy budget
of the ocean, reducing uncertainties and accounting for the possible
sinks of missing energy'®*, including the deep ocean.

Efforts are underway to extend Argos spatial domain towards
global coverage, including marginal seas and ice-covered regions.
Recent successful deployment of prototype Argo floats sampling
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to 6,000 m needs to be followed by systematic Argo coverage of
the deep and abyssal oceans. These steps and a longer Argo record
will provide accurate estimates of total ocean heat storage and
its spatial distribution by ocean, position and depth. The most
direct and accurate means of observing energy accumulation in
the climate system, and thus tracking this fundamental climate
index, is with Argo’s thousands of precision thermometers making
water-column measurements throughout the world ocean. These
rates and patterns of global heat gain will challenge other climate
observations and models for comprehensive documentation and
better understanding of the coupled climate system.

Methods

The 95% confidence intervals reported in the text and figures measure how well
the Argo heat content, 12-month running mean time series, is fitted by a linear
trend. Apart from the goodness of fit, three sources of error in the interpolated
Argo data set are considered: Argo’s less than global spatial domain; Argo’s
undersampling of some regions within that domain; and systematic pressure
errors in Argo measurements.

Examination of float distributions during early years of Argo implementation
(Supplementary Fig. 1) shows only a few floats in the Southern Hemisphere by
2003, and large coverage gaps remaining in 2004 and 2005. Coverage-related
errors are assessed using satellite sea surface height (SSH) in relation to Argo
steric height. SSH changes are due to ocean mass variation as well as to steric
change. First, a time series of SSH anomaly®® averaged over the OI domain
(Supplementary Fig. 2, red) is similar to that averaged over the global altimetric
SSH domain (dashed red). The trends of these time series from 2006-2012,

0.25 + 0.09 cmyr~ and 0.29 + 0.08 cmyr™, are not significantly different, nor
are those from the SSH trends over the RPF and RSOI domains. The area of the
global ocean (3.6 x 10" m?) is about 20% greater than the area of the OI, RPF
and RSOI domains (3.0, 3.0 and 3.1 x 10" m?, respectively, Supplementary Fig. 3).
As the SSH increase is similar in gridded and non-gridded regions, the heat
content integrals for the OI, RPF and RSOI domains are estimated for the global
ocean using the ratio of areas (1.2).

With regard to undersampling, particularly while the Argo array was being
implemented, a linear regression estimate of de-trended steric height onto
de-trended SSH captures 85% of the variance of interannual SSH from 2006 to
2012 (Supplementary Fig. 2). During 2004-2005 the regression estimate based on
steric height is visually poorer. It is concluded that Argo coverage was adequate
for estimation of global averages in the period beginning in 2006. Examination of
the year-to-year distributions of active Argo floats (Supplementary Fig. 1), and
the gaps in the array, reinforces this conclusion.

Drift in Argo pressure sensors® is measured by sampling atmospheric
pressure when the float is on the sea surface, and correcting the profile for this
drift. One widely used model of Argo float (APEX) had firmware that truncated
negative pressure drifts in a substantial number of floats. Effort by Argo data
managers has resulted in labelling of cycles whose pressure offset cannot be
corrected owing to this truncation. These cycles are excluded from our analysis
(Supplementary Fig. 1) to prevent a time-dependent pressure bias and a resulting
bias in heat gain. Of the 1.2 million Argo profiles collected so far, 300,000 were
excluded from the OI analysis, including 62,000 for uncorrectable pressure drift,
188,000 for other data quality checks®, and 48,000 for location outside the OI
gridded region. Similar quality checks apply to the data used in RPF and RSOI
estimates. For assessment of global change it is essential that only high-quality
data be included.

In the OI (ref. 24) estimate of global ocean heat content anomaly, the
temperature anomaly on a 1° latitude/longitude grid with 58 pressure levels is
integrated over the constant volume of the gridded ocean (Supplementary Fig. 3),
and multiplied by a mean value of density and specific heat capacity. Values from
July 2005 to July 2014 are smoothed with a 12-month running mean to form a
2006-2013 series. The RPF (ref. 25) comprises a mean, a trend, seasonal
variability and Southern Oscillation Index response, but constrained to Argo data
from January 2006 to December 2013. Temperature trends are converted to heat
content using a constant salinity of 34.5.

For the RSOI method®, heat content trends are directly estimated using
empirical orthogonal functions derived from gridded satellite SSH. Monthly and
1° grid bin-averaged ocean heat content anomalies are mapped using the
weighted least-squares procedure previously applied to sea level*” and ocean heat
content estimation'?. The mapping is applied to Argo steric and ocean heat
content anomalies, defined relative to climatologies based solely on Argo
observations spanning the periods 2004-2012 and 2006-2012 (ref. 41), with the
reduced space covariance derived from dense satellite altimeter sea level
anomalies. Reconstructions are performed for all nominal depth levels taking into
account bathymetry, and recombined together to extend solutions to shallower
and marginal seas.
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Argo data are archived by Argo’s Global Data Assembly Center as monthly
full data set snapshots with a digital object identifier (DOI) assigned to each.

For the OI analysis, this includes Argo data to July 2014:
http://dx.doi.org/10.12770/a9acdd12-9d1b-4961-87ae-b935c4bdcb89.

For the RSOI and RPF analyses, this includes Argo data to December 2013:
http://dx.doi.org/10.12770/c1f5c810-a4b8-4f12-9531-3452fbaeb206.
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