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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 con-
tent of 0.075 °C–1 (Held and Soden, 2006). Smaller changes in 
potential and kinetic energy are considered negligible. Standard 
deviations for each year of data are used for uncertainties, and 
the time series starts in 1979. The warming trend from a linear fit 
from 1979 to 2010 amounts to 2 TW (1 TW = 1012 watts). 

The global average rate of continental warming and its uncer-
tainty 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 warm-
ing 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 extrapo-
late 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)

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).

1980 1990 2000 2010
−100

−50

0

50

100

150

200

250

300

Year

En
er

gy
 (Z

J)

 

 
Upper ocean
Deep ocean
Ice
Land
Atmosphere
Uncertainty



265

3

Observations:  Ocean Chapter 3

 

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.

Box 3.1 (continued)

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 larg-
est 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 trans-
fers the surface salinity signal into the ocean interior, so that subsurface 
salinity distributions are also linked to patterns of evaporation, precip-
itation and continental run-off at the sea surface. Melting and freezing 
of ice (both sea ice and glacial ice) also influence ocean salinity.

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 

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 precipita-
tion 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 precip-
itation 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 dec-
ades 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 cover-
age 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 sea-
water. 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).


