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Introduction

The ocean inﬂuences climate by storing and transporting large
amounts of heat, freshwater, and carbon, and by exchanging these
properties with the atmosphere. About 93% of the excess heat energy
stored by the Earth over the last 50 years is found in the ocean (Church
et al., 2011; Levitus et al., 2012). The ability of the ocean to store vast
amounts of heat reﬂects the large mass and heat capacity of seawater
relative to air and the fact that ocean circulation connects the surface
and interior ocean. More than three quarters of the total exchange
of water between the atmosphere and the Earth’s surface through
evaporation and precipitation takes place over the oceans (Schmitt,
2008). The ocean contains 50 times more carbon than the atmosphere
(Sabine et al., 2004) and is at present acting to slow the rate of climate
change by absorbing about 30% of human emissions of carbon dioxide (CO2) from fossil fuel burning, cement production, deforestation
and other land use change (Mikaloff-Fletcher et al., 2006; Le Quéré et
al., 2010). Changes in the ocean may result in climate feedbacks that
either increase or reduce the rate of climate change. Climate variability and change on time scales from seasons to millennia is therefore
closely linked to the ocean and its interactions with the atmosphere
and cryosphere. The large inertia of the oceans means that they naturally integrate over short-term variability and often provide a clearer
signal of longer-term change than other components of the climate
system. Observations of ocean change therefore provide a means to
track the evolution of climate change, and a relevant benchmark for
climate models.
The lack of long-term measurements of the global ocean and changes in the observing system over time makes documenting and understanding change in the oceans a difﬁcult challenge (Appendix 3.A).
Many of the issues raised in Box 2.1 regarding uncertainty in atmospheric climate records are common to oceanographic data. Despite the
limitations of historical records, AR4 identiﬁed signiﬁcant trends in a
number of ocean variables relevant to climate change, including ocean
heat content, sea level, regional patterns of salinity, and biogeochemical parameters (Bindoff et al., 2007). Since AR4, substantial progress
has been made in improving the quality and coverage of ocean observations. Biases in historical measurements have been identiﬁed and
reduced, providing a clearer record of past change. The Argo array of
proﬁling ﬂoats has provided near-global, year-round measurements of
temperature and salinity in the upper 2000 m since 2005. The satellite
altimetry record is now more than 20 years in length. Longer continuous time series of important components of the meridional overturning
circulation and tropical oceans have been obtained. The spatial and
temporal coverage of biogeochemical measurements in the ocean has
expanded. As a result of these advances, there is now stronger evidence of change in the ocean, and our understanding of the causes of
ocean change is improved.
This chapter summarizes the observational evidence of change in the
ocean, with an emphasis on basin- and global-scale changes relevant to
climate, with a focus on studies published since the AR4. As in Chapter
2, the robustness of observed changes is assessed relative to sources
of observational uncertainty. The attribution of ocean change, including the degree to which observed changes are consistent with anthropogenic climate change, is addressed in Chapter 10. The evidence for
changes in subsurface ocean temperature and heat content is assessed
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in Section 3.2; changes in sea surface temperature (SST) are covered
in Chapter 2. Changes in ocean heat content dominate changes in the
global energy inventory (Box 3.1). Recent studies have strengthened
the evidence for regional changes in ocean salinity and their link to
changes in evaporation and precipitation over the oceans (Section 3.3),
a connection already identiﬁed in AR4. Evidence for changes in the
ﬂuxes of heat, water and momentum (wind stress) across the air–sea
interface is assessed in Section 3.4. Considering ocean changes from
a water-mass perspective adds additional insight into the nature and
causes of ocean change (Section 3.5). Although direct observations
of ocean circulation are more limited than those of temperature and
salinity, there is growing evidence of variability and change of ocean
current patterns relevant to climate (Section 3.6). Observations of sea
level change are summarized in Section 3.7; Chapter 13 builds on the
evidence presented in this and other chapters to provide an overall
synthesis of past and future sea level change. Biogeochemical changes in the ocean, including ocean acidiﬁcation, are covered in Section
3.8. Chapter 6 combines observations with models to discuss past and
present changes in the carbon cycle. Section 3.9 provides an overall
synthesis of changes observed in the ocean during the instrumental
period and highlights key uncertainties. Unless otherwise noted, uncertainties (in square brackets) represent 5 to 95% conﬁdence intervals.

3.2

Changes in Ocean Temperature and
Heat Content

3.2.1

Effects of Sampling on Ocean Heat Content
Estimates

Temperature is the most often measured subsurface ocean variable.
Historically, a variety of instruments have been used to measure temperature, with differing accuracies, precisions, and sampling depths.
Both the mix of instruments and the overall sampling patterns have
changed in time and space (Boyer et al., 2009), complicating efforts
to determine and interpret long-term change. The evolution of the
observing system for ocean temperature is summarized in Appendix
3.A. Upper ocean temperature (hence heat content) varies over multiple time scales including seasonal (e.g., Roemmich and Gilson, 2009),
interannual (e.g. associated with El Niño, which has a strong inﬂuence
on ocean heat uptake, Roemmich and Gilson, 2011), decadal (e.g.,
Carson and Harrison, 2010), and centennial (Gouretski et al., 2012;
Roemmich et al., 2012). Ocean data assimilation products using these
data exhibit similar signiﬁcant variations (e.g., Xue et al., 2012). Sparse
historical sampling coupled with large amplitude variations on shorter
time and spatial scales raise challenges for estimating globally averaged upper ocean temperature changes. Uncertainty analyses indicate
that the historical data set begins to be reasonably well suited for this
purpose starting around 1970 (e.g., Domingues et al., 2008; Lyman and
Johnson, 2008; Palmer and Brohan, 2011). UOHC uncertainty estimates
shrink after 1970 with improved sampling, so this assessment focuses on changes since 1971. Estimates of UOHC have been extended
back to 1950 by averaging over longer time intervals, such as 5-year
running means, to compensate for sparse data distributions in earlier
time periods (e.g., Levitus et al., 2012). These estimates may be most
appropriate in the deeper ocean, where strong interannual variability
in upper ocean temperature distributions such as that associated with
El Niño (Roemmich and Gilson, 2011) is less likely to be aliased.
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Depth-averaged 0 to 700 m ocean temperature trends from 1971 to
2010 are positive over most of the globe (Levitus et al., 2009; Figure
3.1a). The warming is more prominent in the Northern Hemisphere
(NH), especially the North Atlantic. This result holds in different analyses, using different time periods, bias corrections and data sources
(e.g., with or without XBT or MBT data) (e.g., Palmer et al., 2007;
Durack and Wijffels, 2010; Gleckler et al., 2012; Figures 3.1 and 3.9).
However, the greater volume of the SH oceans increases the contribution of their warming to global heat content. Zonally averaged upper
ocean temperature trends show warming at nearly all latitudes and
depths (Levitus et al., 2009, Figure 3.1b). A maximum in warming south
of 30°S appears in Figure 3.1b, but is not as strong as in other analyses
(e.g., Gille, 2008), likely because the data are relatively sparse in this
location so anomalies are attenuated by the objectively analyzed ﬁelds
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3.2.2

Globally averaged ocean temperature anomalies as a function of depth
and time (Figure 3.1c) relative to a 1971–2010 mean reveal warming at all depths in the upper 700 m over the relatively well-sampled
40-year period considered. Strongest warming is found closest to the
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Recent estimates of upper ocean temperature change also differ in
their treatment of unsampled regions. Some studies (e.g., Ishii and
Kimoto, 2009; Levitus et al., 2012) effectively assume a temperature
anomaly of zero in these regions, while other studies (Palmer et al.,
2007; Lyman and Johnson, 2008) assume that the averages of sampled
regions are representative of the global mean in any given year, and yet
others (Smith and Murphy, 2007; Domingues et al., 2008) use ocean
statistics (from numerical model output and satellite altimeter data,
respectively) to extrapolate temperature anomalies in sparsely sampled areas and estimate uncertainties. These differences in approach,
coupled with choice of background climatology, can lead to signiﬁcant
divergence in basin-scale averages (Gleckler et al., 2012), especially in
sparsely sampled regions (e.g., the extratropical Southern Hemisphere
(SH) prior to Argo), and as a result can produce different global averages (Lyman et al., 2010). However, for well-sampled regions and times,
the various analyses of temperature changes yield results in closer
agreement, as do reanalyses (Xue et al., 2012).

used for Figure 3.1 and because warming in the upper 1000 m of the
Southern Ocean was stronger between the 1930s and the 1970s than
between the 1970s and 1990s (Gille, 2008). Another warming maximum is present at 25°N to 65°N. Both warming signals extend to 700
m (Levitus et al., 2009, Figure 3.1b), and are consistent with poleward
displacement of the mean temperature ﬁeld. Other zonally averaged
temperature changes are also consistent with poleward displacement
of the mean temperatures. For example, cooling at depth between
30°S and the equator (Figure 3.1b) is consistent with a southward shift
of cooler water near the equator. Poleward displacements of some subtropical and subpolar zonal currents and associated wind changes are
discussed in Section 3.6.

T0−T200 (°C)

Since AR4 the signiﬁcant impact of measurement biases in some of
the widely used instruments (the expendable (XBT) and mechanical
bathythermograph (MBT) as well as a subset of Argo ﬂoats) on estimates of ocean temperature and upper (0 to 700 m) ocean heat content (hereafter UOHC) changes has been recognized (Gouretski and
Koltermann, 2007; Barker et al., 2011). Careful comparison of measurements from the less accurate instruments with those from the more
accurate ones has allowed some of the biases to be identiﬁed and
reduced (Wijffels et al., 2008; Ishii and Kimoto, 2009; Levitus et al.,
2009; Gouretski and Reseghetti, 2010; Hamon et al., 2012). One major
consequence of this bias reduction has been the reduction of an artiﬁcial decadal variation in upper ocean heat content that was apparent
in the observational assessment for AR4, in notable contrast to climate
model output (Domingues et al., 2008). Substantial time-dependent
XBT and MBT biases introduced spurious warming in the 1970s and
cooling in the early 1980s in the analyses assessed in AR4. Most ocean
state estimates that assimilate biased data (Carton and Santorelli,
2008) also showed this artiﬁcial decadal variability while one (Stammer et al., 2010) apparently rejected these data on dynamical grounds.
More recent estimates assimilating better-corrected data sets (Giese
et al., 2011) also result in reduced artiﬁcial decadal variability during
this time period.
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Figure 3.1 | (a) Depth-averaged 0 to 700 m temperature trend for 1971–2010
(longitude vs. latitude, colours and grey contours in degrees Celsius per decade). (b)
Zonally averaged temperature trends (latitude vs. depth, colours and grey contours in
degrees Celsius per decade) for 1971–2010 with zonally averaged mean temperature
over-plotted (black contours in degrees Celsius). (c) Globally averaged temperature
anomaly (time vs. depth, colours and grey contours in degrees Celsius) relative to the
1971–2010 mean. (d) Globally averaged temperature difference between the ocean
surface and 200 m depth (black: annual values, red: 5-year running mean). All panels
are constructed from an update of the annual analysis of Levitus et al. (2009).
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The globally averaged temperature difference between the ocean surface and 200 m (Figure 3.1d) increased by about 0.25ºC from 1971 to
2010 (Levitus et al., 2009). This change, which corresponds to a 4%
increase in density stratiﬁcation, is widespread in all the oceans north
of about 40°S.

3

A potentially important impact of ocean warming is the effect on sea
ice, ﬂoating glacial ice and ice sheet dynamics (see Chapter 4 for a
discussion of these topics). Although some of the global integrals of
UOHC neglect changes poleward of ±60° (Ishii and Kimoto, 2009) or
±65° (Domingues et al., 2008) latitude, at least some parts of the Arctic
have warmed: In the Arctic Ocean, subsurface pulses of relatively warm
water of Atlantic origin can be traced around the Eurasian Basin, and
analyses of data from 1950–2010 show a decadal warming of this
water mass since the late 1970s (Polyakov et al., 2012), as well as a
shoaling, by 75 to 90 m (Polyakov et al., 2010). Arctic surface waters
have also warmed, at least in the Canada Basin, from 1993 to 2007
(Jackson et al., 2010).

3.2.3

Upper Ocean Heat Content
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sea surface, and the near-surface trends are consistent with independently measured SST (Chapter 2). The global average warming over
this period is 0.11 [0.09 to 0.13] °C per decade in the upper 75 m,
decreasing to 0.015°C per decade by 700 m (Figure 3.1c). Comparison
of Argo data to Challenger expedition data from the 1870s suggests
that warming started earlier than 1971, and was also larger in the
Atlantic than in the Paciﬁc over that longer time interval (Roemmich et
al., 2012). An observational analysis of temperature in the upper 400
m of the global ocean starting in the year 1900 (Gouretski et al., 2012)
ﬁnds warming between about 1900 and 1945, as well as after 1970,
with some evidence of slight cooling between 1945 and 1970.
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Figure 3.2: | (a) Observation-based estimates of annual global mean upper (0 to 700
m) ocean heat content in ZJ (1 ZJ = 1021 Joules) updated from (see legend): Levitus et
al. (2012), Ishii and Kimoto (2009), Domingues et al. (2008), Palmer et al. (2007) and
Smith and Murphy (2007). Uncertainties are shaded and plotted as published (at the
one standard error level, except one standard deviation for Levitus, with no uncertainties provided for Smith). Estimates are shifted to align for 2006–2010, 5 years that are
well measured by Argo, and then plotted relative to the resulting mean of all curves
for 1971, the starting year for trend calculations. (b) Observation-based estimates of
annual 5-year running mean global mean mid-depth (700 to 2000 m) ocean heat content in ZJ (Levitus et al., 2012) and the deep (2000 to 6000 m) global ocean heat
content trend from 1992 to 2005 (Purkey and Johnson, 2010), both with one standard
error uncertainties shaded (see legend).

Global integrals of 0 to 700 m UOHC (Figure 3.2a) estimated from ocean
temperature measurements all show a gain from 1971 to 2010 (Palmer
et al., 2007; Smith and Murphy, 2007; e.g., Domingues et al., 2008; Ishii
and Kimoto, 2009; Levitus et al., 2012) . These estimates usually start
around 1950, although as noted in Section 3.2.1 and discussed in the
Appendix, historical data coverage is sparse, so global integrals are
increasingly uncertain for earlier years, especially prior to 1970. There
is some convergence towards agreement in instrument bias correction
algorithms since AR4 (Section 3.2.1), but other sources of uncertainty
include the different assumptions regarding mapping and integrating
UOHCs in sparsely sampled regions, differences in quality control of
temperature data, and differences among baseline climatologies used
for estimating changes in heat content (Lyman et al., 2010). Although
there are still apparent interannual variations about the upward trend
of global UOHC since 1970, different global estimates have variations
at different times and for different periods, suggesting that sub-decadal
variability in the time rate of change is still quite uncertain in the historical record. Most of the estimates in Figure 3.2a do exhibit decreases for a few years immediately following major volcanic eruptions in
1963, 1982 and 1991 (Domingues et al., 2008).

the heating rate required to account for this warming: 118 [82 to 154]
TW (1 TW = 1012 watts) for Levitus et al. (2012), 98 [67 to 130] TW
for Ishii and Kimoto (2009), 137 [120 to 154] TW for Domingues et
al. (2008), 108 [80 to 136] TW for Palmer et al. (2007), and 74 [43 to
105] TW for Smith and Murphy (2007). Uncertainties are calculated
as 90% conﬁdence intervals for an ordinary least squares ﬁt, taking
into account the reduction in the degrees of freedom implied by the
temporal correlation of the residuals. Although these rates of energy
gain do not all agree within their statistical uncertainties, all are positive, and all are statistically different from zero. Generally the smaller
trends are for estimates that assume zero anomalies in areas of sparse
data, as expected for that choice, which will tend to reduce trends and
variability. Hence the assessment of the Earth’s energy uptake (Box
3.1) employs a global UOHC estimate (Domingues et al., 2008) chosen
because it ﬁlls in sparsely sampled areas and estimates uncertainties
using a statistical analysis of ocean variability patterns.

Again, all of the global integrals of UOHC in Figure 3.2a have increased
between 1971 and 2010. Linear trends ﬁt to the UOHC estimates for
the relatively well-sampled 40-year period from 1971 to 2010 estimate

Globally integrated ocean heat content in three of the ﬁve 0 to 700 m
estimates appear to be increasing more slowly from 2003 to 2010 than
over the previous decade (Figure 3.2a). Although this apparent change
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3.2.4
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is concurrent with a slowing of the increase global mean surface temperature, as discussed in Box 9.2, this is also a time period when the
ocean observing system transitioned from predominantly XBT to predominantly Argo temperature measurements (Johnson and Wijffels,
2011). Shifts in observing systems can sometimes introduce spurious
signals, so this apparent recent change should be viewed with caution.
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3000
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Deep Ocean Temperature and Heat Content
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Below 700 m data coverage is too sparse to produce annual global
ocean heat content estimates prior to about 2005, but from 2005 to
2010 and 0 to 1500 m the global ocean warmed (von Schuckmann and
Le Traon, 2011). Five-year running mean estimates yield a 700 to 2000
m global ocean heat content trend from 1957 to 2009 (Figure 3.2b)
that is about 30% of that for 0 to 2000 m over the length of the record
(Levitus et al., 2012). Ocean heat uptake from 700 to 2000 m likely
continues unabated since 2003 (Figure 3.2b); as a result, ocean heat
content from 0 to 2000 m shows less slowing after 2003 than does 0
to 700 m heat content (Levitus et al., 2012).

6000

Global sampling of the ocean below 2000 m is limited to a number
of repeat oceanographic transects, many occupied only in the last
few decades (Figure 3.3b), and several time-series stations, some of
which extend over decades. This sparse sampling in space and time
makes assessment of global deep ocean heat content variability less
certain than that for the upper ocean (Ponte, 2012), especially at middepths, where vertical gradients are still sufﬁciently large for transient
variations (ocean eddies, internal waves, and internal tides) to alias
estimates made from sparse data sets. However, the deep North Atlantic Ocean is better sampled than the rest of the globe, making estimates of full-depth deep ocean heat content changes there feasible
north of 20ºN since the mid-1950s (Mauritzen et al., 2012).
Based on the limited information available, it is likely that the global
ocean did not show a signiﬁcant temperature trend between 2000 and
3000 m depth from about 1992–2005 (Figures 3.2b and 3.3a; Kouketsu
et al., 2011). At these depths it has been around a millennium on average since waters in the Indian and Paciﬁc Oceans were last exposed to
air–sea interaction (Gebbie and Huybers, 2012).
Warming from 1992 to 2005 is likely greater than zero from 3000 m
to the ocean ﬂoor (Figures 3.2b and 3.3a; Kouketsu et al., 2011), especially in recently formed Antarctic Bottom Water (AABW). South of the
Sub-Antarctic Front (Figure 3.3b), much of the water column warmed
between 1992 and 2005 (Purkey and Johnson, 2010). Globally, deep
warming rates are highest near 4500 m (Figure 3.3a), usually near
the sea ﬂoor where the AABW inﬂuence is strongest, and attenuate
towards the north (Figure 3.3b), where the AABW inﬂuence weakens.
Global scale abyssal warming on relatively short multi-decadal time
scales is possible because of communication of signals by planetary
waves originating within the Southern Ocean, reaching even such
remote regions as the North Paciﬁc (Kawano et al., 2010; Masuda et
al., 2010). This AABW warming may partly reﬂect a recovery from cool
conditions induced by the 1970s Weddell Sea Polynya (Robertson et
al., 2002), but further north, in the Vema Channel of the South Atlantic,
observations since 1970 suggest strong bottom water warming did not
commence there until about 1991 (Zenk and Morozov, 2007).
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Figure 3.3 | (a) Areal mean warming rates (ºC per decade) versus depth (thick lines)
with 5 to 95% conﬁdence limits (shading), both global (orange) and south of the
Sub-Antarctic Front (purple), centred on 1992–2005. (b) Mean warming rates (ºC per
decade) below 4000 m (colour bar) estimated for deep ocean basins (thin black outlines), centred on 1992–2005. Stippled basin warming rates are not signiﬁcantly different from zero at 95% conﬁdence. The positions of the Sub-Antarctic Front (purple line)
and the repeat oceanographic transects from which these warming rates are estimated
(thick black lines) also shown. (Data from Purkey and Johnson, 2010.)

In the North Atlantic, strong decadal variability in North Atlantic Deep
Water (NADW) temperature and salinity (Wang et al., 2010), largely
associated with the North Atlantic Oscillation (NAO, Box 2.5) (e.g., Yashayaev, 2007; Sarafanov et al., 2008), complicates efforts to determine
long-term trends from the historical record. Heat content in the North
Atlantic north of 20°N from 2000 m to the ocean ﬂoor increased slightly from 1955 to 1975, and then decreased more strongly from 1975
to 2005 (Mauritzen et al., 2012), with a net cooling trend of –4 TW
from 1955–2005 estimated from a linear ﬁt. The global trend estimate
below 2000 m is +35 TW from 1992 to 2005 (Purkey and Johnson,
2010), with strong warming in the Southern Ocean.

3.2.5

Conclusions

It is virtually certain that the upper ocean (0 to 700 m) warmed from
1971 to 2010. This result is supported by three independent and consistent methods of observation including (1) multiple analyses of
subsurface temperature measurements described here; (2) SST data
(Section 2.4.2) from satellites and in situ measurements from surface
drifters and ships; and (3) the record of sea level rise, which is known
to include a substantial component owing to thermosteric expansion
(Section 3.7 and Chapter 13). The warming rate is 0.11 [0.09 to 0.13]°C
per decade in the upper 75 m, decreasing to about 0.015°C per decade
by 700 m. It is very likely that surface intensiﬁcation of the warming
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Box 3.1 | Change in Global Energy Inventory
The Earth has been in radiative imbalance, with less energy exiting the top of the atmosphere than entering, since at least about 1970
(Murphy et al., 2009; Church et al., 2011; Levitus et al., 2012). Quantifying this energy gain is essential for understanding the response
of the climate system to radiative forcing. Small amounts of this excess energy warm the atmosphere and continents, evaporate water
and melt ice, but the bulk of it warms the ocean (Box 3.1, Figure 1). The ocean dominates the change in energy because of its large
mass and high heat capacity compared to the atmosphere. In addition, the ocean has a very low albedo and absorbs solar radiation
much more readily than ice.
The global atmospheric energy change inventory accounting for speciﬁc heating and water evaporation is estimated by combining
satellite estimates for temperature anomalies in the lower troposphere (Mears and Wentz, 2009a; updated to version 3.3) from 70°S
to 82.5°N and the lower stratosphere (Mears and Wentz, 2009b; updated to version 3.3) from 82.5°S to 82.5°N weighted by the ratio
of the portions of atmospheric mass they sample (0.87 and 0.13, respectively). These temperature anomalies are converted to energy
changes using a total atmospheric mass of 5.14 = 1018 kg, a mean total water vapor mass of 12.7 =1015 kg (Trenberth and Smith, 2005),
a heat capacity of 1 J g–1 °C–1, a latent heat of vaporization of 2.464 J kg–1 and a fractional increase of integrated water vapor content of 0.075 °C–1 (Held and Soden, 2006). Smaller changes in
potential and kinetic energy are considered negligible. Standard
300
deviations for each year of data are used for uncertainties, and
Upper ocean
Deep ocean
the time series starts in 1979. The warming trend from a linear ﬁt
Ice
from 1979 to 2010 amounts to 2 TW (1 TW = 1012 watts).
250
The global average rate of continental warming and its uncertainty has been estimated from borehole temperature proﬁles
from 1500 to 2000 at 50-year intervals (Beltrami et al., 2002).
The 1950–2000 estimate of land warming, 6 TW, is extended into
the ﬁrst decade of the 21st century, although that extrapolation
is almost certainly an underestimate of the energy absorbed, as
land surface air temperatures for years since 2000 are some of
the warmest on record (Section 2.4.1).
All annual ice melt rates (for glaciers and ice-caps, ice sheets
and sea ice from Chapter 4) are converted into energy change
using a heat of fusion (334 = 103 J kg–1) and density (920 kg
m–3) for freshwater ice. The heat of fusion and density of ice may
vary, but only slightly among the different ice types, and warming the ice from sub-freezing temperatures requires much less
energy than that to melt it, so these second-order contributions
are neglected here. The linear trend of energy storage from 1971
to 2010 is 7 TW.
For the oceans, an estimate of global upper (0 to 700 m depth)
ocean heat content change using ocean statistics to extrapolate to sparsely sampled regions and estimate uncertainties
(Domingues et al., 2008) is used (see Section 3.2), with a linear
trend from 1971 to 2010 of 137 TW. For the ocean from 700 to
2000 m, annual 5-year running mean estimates are used from
1970 to 2009 and annual estimates for 2010–2011 (Levitus et
al., 2012). For the ocean from 2000 m to bottom, a uniform rate
of energy gain of 35 [6 to 61] TW from warming rates centred on
1992–2005 (Purkey and Johnson, 2010) is applied from 1992 to
2011, with no warming below 2000 m assumed prior to 1992.
Their 5 to 95% uncertainty estimate may be too small, as it
(continued on next page)
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Box 3.1, Figure 1 | Plot of energy accumulation in ZJ (1 ZJ = 1021 J) within
distinct components of the Earth’s climate system relative to 1971 and from 1971
to 2010 unless otherwise indicated. See text for data sources. Ocean warming
(heat content change) dominates, with the upper ocean (light blue, above 700 m)
contributing more than the mid-depth and deep ocean (dark blue, below 700 m;
including below 2000 m estimates starting from 1992). Ice melt (light grey; for
glaciers and ice caps, Greenland and Antarctic ice sheet estimates starting from
1992, and Arctic sea ice estimate from 1979 to 2008); continental (land) warming
(orange); and atmospheric warming (purple; estimate starting from 1979) make
smaller contributions. Uncertainty in the ocean estimate also dominates the total
uncertainty (dot-dashed lines about the error from all ﬁve components at 90%
conﬁdence intervals).
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Box 3.1 (continued)

assumes the usually sparse sampling in each deep ocean basin analysed is representative of the mean trend in that basin. The linear
trend for heating the ocean below 700 m is 62 TW for 1971–2010.
It is virtually certain that the Earth has gained substantial energy from 1971 to 2010 — the estimated increase in energy inventory
between 1971 and 2010 is 274 [196 to 351] ZJ (1 ZJ = 1021 J), with a rate of 213 TW from a linear ﬁt to the annual values over that
time period (Box 3.1, Figure 1). An energy gain of 274 ZJ is equivalent to a heating rate of 0.42 W m-2 applied continuously over the
surface area of the earth (5.10 = 1014 m2). Ocean warming dominates the total energy change inventory, accounting for roughly 93% on
average from 1971 to 2010 (high conﬁdence). The upper ocean (0-700 m) accounts for about 64% of the total energy change inventory.
Melting ice (including Arctic sea ice, ice sheets and glaciers) accounts for 3% of the total, and warming of the continents 3%. Warming
of the atmosphere makes up the remaining 1%. The 1971–2010 estimated rate of oceanic energy gain is 199 TW from a linear ﬁt to
data over that time period, implying a mean heat ﬂux of 0.55 W m–2 across the global ocean surface area (3.60 = 1014 m2). The Earth’s
net estimated energy increase from 1993 to 2010 is 163 [127 to 201] ZJ with a trend estimate of 275 TW. The ocean portion of the trend
for 1993–2010 is 257 TW, equivalent to a mean heat ﬂux into the ocean of 0.71 W m–2 over the global ocean surface area.

signal increased the thermal stratiﬁcation of the upper ocean by about
4% (between 0 and 200 m depth) from 1971 to 2010. It is also likely
that the upper ocean warmed over the ﬁrst half of the 20th century,
based again on these same three independent and consistent, although
much sparser, observations. Deeper in the ocean, it is likely that the
waters from 700 to 2000 m have warmed on average between 1957
and 2009 and likely that no signiﬁcant trend was observed between
2000 and 3000 m from 1992 to 2005. It is very likely that the deep
(2000 m to bottom) North Atlantic Ocean north of 20°N warmed from
1955 to 1975, and then cooled from 1975 to 2005, with an overall
cooling trend. It is likely that most of the water column south of the
Sub-Antarctic Front warmed at a rate of about 0.03°C per decade from
1992 to 2005, and waters of Antarctic origin warmed below 3000 m at
a global average rate approaching 0.01°C per decade at 4500 m over
the same time period. For the deep ocean. Sparse sampling is the largest source of uncertainty below 2000 m depth.

3.3

Changes in Salinity and Freshwater Content

3.3.1

Introduction

The ocean plays a pivotal role in the global water cycle: about 85% of
the evaporation and 77% of the precipitation occurs over the ocean
(Schmitt, 2008). The horizontal salinity distribution of the upper ocean
largely reﬂects this exchange of freshwater, with high surface salinity
generally found in regions where evaporation exceeds precipitation,
and low salinity found in regions of excess precipitation and runoff
(Figure 3.4a,b). Ocean circulation also affects the regional distribution
of surface salinity. The subduction (Section 3.5) of surface waters transfers the surface salinity signal into the ocean interior, so that subsurface
salinity distributions are also linked to patterns of evaporation, precipitation and continental run-off at the sea surface. Melting and freezing
of ice (both sea ice and glacial ice) also inﬂuence ocean salinity.

has increased since the 1970s, at a rate consistent with the observed
warming (Sections 2.4.4, 2.5.5 and 2.5.6).
It has not been possible to detect robust trends in regional precipitation and evaporation over the ocean because observations over the
ocean are sparse and uncertain (Section 3.4.2). Ocean salinity, on the
other hand, naturally integrates the small difference between these
two terms and has the potential to act as a rain gauge for precipitation minus evaporation over the ocean (e.g., Lewis and Fofonoff,
1979; Schmitt, 2008; Yu, 2011; Pierce et al., 2012; Terray et al., 2012;
Section 10.4). Diagnosis and understanding of ocean salinity trends
is also important because salinity changes, like temperature changes,
affect circulation and stratiﬁcation, and therefore the ocean’s capacity
to store heat and carbon as well as to change biological productivity.
Salinity changes also contribute to regional sea level change (Steele
and Ermold, 2007).
In AR4, surface and subsurface salinity changes consistent with a
warmer climate were highlighted, based on linear trends for the period
between 1955 and 1998 in the historical global salinity data set (Boyer
et al., 2005) as well as on more regional studies. In the early few decades the salinity data distribution was good in the NH, especially the
North Atlantic, but the coverage was poor in some regions such as the
central South Paciﬁc, central Indian and polar oceans (Appendix 3.A).
However, Argo provides much more even spatial and temporal coverage in the 2000s. These additional observations, improvements in the
availability and quality of historical data and new analysis approaches
now allow a more complete assessment of changes in salinity.
‘Salinity’ refers to the weight of dissolved salts in a kilogram of seawater. Because the total amount of salt in the ocean does not change,
the salinity of seawater can be changed only by addition or removal of
fresh water. All salinity values quoted in the chapter are expressed on
the Practical Salinity Scale 1978 (PSS78) (Lewis and Fofonoff, 1979).

Regional patterns and amplitudes of atmospheric moisture transport
could change in a warmer climate, because warm air can contain more
moisture (FAQ 3.2). The water vapour content of the troposphere likely
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Frequently Asked Questions

FAQ 3.1 | Is the Ocean Warming?
Yes, the ocean is warming over many regions, depth ranges and time periods, although neither everywhere nor
constantly. The signature of warming emerges most clearly when considering global, or even ocean basin, averages
over time spans of a decade or more.
Ocean temperature at any given location can vary greatly with the seasons. It can also ﬂuctuate substantially
from year to year—or even decade to decade—because of variations in ocean currents and the exchange of heat
between ocean and atmosphere.
Ocean temperatures have been recorded for centuries, but it was not until around 1971 that measurements were
sufﬁciently comprehensive to estimate the average global temperature of the upper several hundred meters of
the ocean conﬁdently for any given year. In fact, before the international Argo temperature/salinity proﬁling ﬂoat
array ﬁrst achieved worldwide coverage in 2005, the global average upper ocean temperature for any given year
was sensitive to the methodology used to estimate it.
Global mean upper ocean temperatures have increased over decadal time scales from 1971 to 2010. Despite large
uncertainty in most yearly means, this warming is a robust result. In the upper 75 m of the ocean, the global average
warming trend has been 0.11 [0.09 to 0.13]°C per decade over this time. That trend generally lessens from the
surface to mid-depth, reducing to about 0.04°C per decade by 200 m, and to less than 0.02°C per decade by 500 m.
Temperature anomalies enter the subsurface ocean by paths in addition to mixing from above (FAQ3.1, Figure
1). Colder—hence denser—waters from high latitudes can sink from the surface, then spread toward the equator
beneath warmer, lighter, waters at lower latitudes. At a few locations—the northern North Atlantic Ocean and the
Southern Ocean around Antarctica—ocean water is cooled so much that it sinks to great depths, even to the sea
ﬂoor. This water then spreads out to ﬁll much of the rest of the deep ocean. As ocean surface waters warm, these
sinking waters also warm with time, increasing temperatures in the ocean interior much more quickly than would
downward mixing of surface heating alone.

3

In the North Atlantic, the temperature of these deep waters varies from decade to decade—sometimes warming,
sometimes cooling—depending on prevailing winter atmospheric patterns. Around Antarctica, bottom waters have
warmed detectably from about 1992–2005, perhaps due to the strengthening and southward shift of westerly
winds around the Southern Ocean over the last several decades. This warming signal in the deepest coldest bottom
waters of the world ocean is detectable, although it weakens northward in the Indian, Atlantic and Paciﬁc Oceans.
Deep warming rates are generally less pronounced than ocean surface rates (around 0.03ºC per decade since the
1990s in the deep and bottom waters around Antarctica, and smaller in many other locations). However, they occur
over a large volume, so deep ocean warming contributes signiﬁcantly to the total increase in ocean heat.
Estimates of historical changes in global average ocean temperature have become more accurate over the past
several years, largely thanks to the recognition, and reduction, of systematic measurement errors. By carefully
comparing less accurate measurements with sparser, more accurate ones at adjacent locations and similar times,
scientists have reduced some spurious instrumental biases in the historical record. These improvements revealed
that the global average ocean temperature has increased much more steadily from year to year than was reported
prior to 2008. Nevertheless, the global average warming rate may not be uniform in time. In some years, the ocean
appears to warm faster than average; in others, the warming rate seems to slow.
The ocean’s large mass and high heat capacity allow it to store huge amounts of energy—more than 1000 times
that in the atmosphere for an equivalent increase in temperature. The Earth is absorbing more heat than it is
emitting back into space, and nearly all this excess heat is entering the oceans and being stored there. The ocean
has absorbed about 93% of the combined heat stored by warmed air, sea, and land, and melted ice between 1971
and 2010.
The ocean’s huge heat capacity and slow circulation lend it signiﬁcant thermal inertia. It takes about a decade
for near-surface ocean temperatures to adjust in response to climate forcing (Section 12.5), such as changes in
greenhouse gas concentrations. Thus, if greenhouse gas concentrations could be held at present levels into the
future, increases in the Earth’s surface temperature would begin to slow within about a decade. However, deep
ocean temperature would continue to warm for centuries to millennia (Section 12.5), and thus sea levels would
continue to rise for centuries to millennia as well (Section 13.5). (continued on next page)
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FAQ 3.1, Figure 1 | Ocean heat uptake pathways. The ocean is stratiﬁed, with the coldest, densest water in the deep ocean (upper panels: use map at top for orientation). Cold Antarctic Bottom Water (dark blue) sinks around Antarctica then spreads northward along the ocean ﬂoor into the central Paciﬁc (upper left panel: red arrows
fading to white indicate stronger warming of the bottom water most recently in contact with the ocean surface) and western Atlantic oceans (upper right panel), as well
as the Indian Ocean (not shown). Less cold, hence lighter, North Atlantic Deep Water (lighter blue) sinks in the northern North Atlantic Ocean (upper right panel: red
and blue arrow in the deep water indicates decadal warming and cooling), then spreads south above the Antarctic Bottom Water. Similarly, in the upper ocean (lower
left panel shows Paciﬁc Ocean detail, lower right panel the Atlantic), cool Intermediate Waters (cyan) sink in sub-polar regions (red arrows fading to white indicating
warming with time), before spreading toward the equator under warmer Subtropical Waters (green), which in turn sink (red arrows fading to white indicate stronger
warming of the intermediate and subtropical waters most recently in contact with the surface) and spread toward the equator under tropical waters, the warmest and
lightest (orange) in all three oceans. Excess heat or cold entering at the ocean surface (top curvy red arrows) also mixes slowly downward (sub-surface wavy red arrows).

3.3.2

Global to Basin-Scale Trends

The salinity of near-surface waters is changing on global and basin
scales, with an increase in the more evaporative regions and a decrease
in the precipitation-dominant regions in almost all ocean basins.

3.3.2.1 Sea Surface Salinity
Multi-decadal trends in sea surface salinity have been documented in
studies published since AR4 (Boyer et al., 2007; Hosoda et al., 2009;
Roemmich and Gilson, 2009; Durack and Wijffels, 2010), conﬁrming the trends reported in AR4 based mainly on Boyer et al. (2005).
The spatial pattern of surface salinity change is similar to the distribution of surface salinity itself: salinity tends to increase in regions
of high mean salinity, where evaporation exceeds precipitation, and
tends to decrease in regions of low mean salinity, where precipitation

dominates (Figure 3.4). For example, salinity generally increased in the
surface salinity maxima formed in the evaporation-dominated subtropical gyres. The surface salinity minima at subpolar latitudes and the
intertropical convergence zones have generally freshened. Interbasin
salinity differences are also enhanced: the relatively salty Atlantic has
become more saline on average, while the relatively fresh Paciﬁc has
become fresher (Figures 3.5 and 3.9). No well-deﬁned trend is found
in the subpolar North Atlantic , which is dominated by decadal variability from atmospheric modes like the North Atlantic Oscillation (NAO,
Box 2.5). The 50-year salinity trends in Figure 3.4c, both positive and
negative, are statistically signiﬁcant at the 99% level over 43.8% of
the global ocean surface (Durack and Wijffels, 2010); trends were less
signiﬁcant over the remainder of the surface. The patterns of salinity
change in the complementary Hosoda et al. (2009) study of differences
between the periods 1960–1989 and 2003–2007 (Figure 3.4d), using a
different methodology, have a point-to-point correlation of 0.64 with
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