
-80 -60 -40 -20 0 20 40 60 80 100 150 200

 +120°  -180 °  -120 °  - 60 °     0°  + 60°

 -75 °

 -60 °

 -45 °

 -15 °

   0°

 +15°

 +45°

 +60°

 +75°

Figure 3: Transport stream function in 106 m3/s from the 16-year average. Some of the
contours in the high latitude Southern Ocean have been omitted. The function is set to
zero on the western boundaries (from a code of B. Klinger).

Figure 4: 106w (z = 117.5 m) in m/s. Regions of suction (wE > 0) and pumping
(wE < 0) are distinct but noisy even after 16 years of averaging. The regions of equa-
torial upwelling (not an Ekman velocity), and subtropical gyre downward pumping are
conspicuous. Complex structures at high latitudes are not discussed in this paper nor is
the non-Ekman flow on the equator. Note the non-uniform contour intervals. White curve
denotes the zero contour. Compare to Fig. 13 in the Appendix., noting the different ranges
and colorbars.
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Figure 3: Transport stream function in 106 m3/s from the 16-year average. Some of the
contours in the high latitude Southern Ocean have been omitted. The function is set to
zero on the western boundaries (from a code of B. Klinger).

Figure 4: 106w (z = 117.5 m) in m/s. Regions of suction (wE > 0) and pumping
(wE < 0) are distinct but noisy even after 16 years of averaging. The regions of equa-
torial upwelling (not an Ekman velocity), and subtropical gyre downward pumping are
conspicuous. Complex structures at high latitudes are not discussed in this paper nor is
the non-Ekman flow on the equator. Note the non-uniform contour intervals. White curve
denotes the zero contour. Compare to Fig. 13 in the Appendix., noting the different ranges
and colorbars.
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which are discussed in Chapter 3. However, comparison of the 
global, annual mean time series of near-surface temperature 
(approximately 0 to 5 m depth) from this analysis and the 
corresponding SST series based on a subset of the International 
Comprehensive Ocean-Atmosphere Data Set (ICOADS) 
database (approximately 134 million SST observations; Smith 
and Reynolds, 2003 and additional data) shows a high correlation 
(r = 0.96) for the period 1955 to 2005. The consistency between 
these two data sets gives confi dence in the ocean temperature 
data set used for estimating depth-integrated heat content, and 
supports the trends in SST reported in Chapter 3. 

There is a contribution to the global heat content integral 
from depths greater than 700 m as documented by Levitus et al. 
(2000; 2005a). However, due to the lack of data with increasing 
depth the data must be composited using fi ve-year running 
pentads in order to have enough data for a meaningful analysis 
in the deep ocean. Even then, there are not enough deep ocean 
data to extend the time series for the upper 3,000 m past the 
1994–1998 pentad. There is a close correlation between the 0 
to 700 and 0 to 3,000 m time series of Levitus et al. (2005a). A 
comparison of the linear trends from these two series indicates 
that about 69% of the increase in ocean heat content during 
1955 to 1998 (the period when estimates from both time series 
are available) occurred in the upper 700 m of the World Ocean. 
Based on the linear trend, for the 0 to 3,000 m layer for the period 
1961 to 2003 there has been an increase of ocean heat content 
of approximately 14.2 ± 2.4 × 1022 J, corresponding to a global 
ocean volume mean temperature increase of 0.037°C during 
this period. This increase in ocean heat content corresponds to 
an average heating rate of 0.21 ± 0.04 W m–2 for the Earth’s 
surface. 

The geographical distribution of the linear trend of 0 to 
700 m heat content for 1955 to 2003 for the World Ocean is 
shown in Figure 5.2. These trends are non-uniform in space, 
with some regions showing cooling and others warming. Most 
of the Atlantic Ocean exhibits warming with a major exception 
being the subarctic gyre. The Atlantic Ocean accounts for 
approximately half of the global linear trend of ocean heat 
content (Levitus et al., 2005a). Much of the Indian Ocean has 
warmed since 1955 with a major exception being the 5°S to 
20°S latitude belt. The Southern Ocean (south of 35°S) in the 
Atlantic, Indian and Pacifi c sectors has generally warmed. 
The Pacifi c Ocean is characterised by warming with major 
exceptions along 40°N and the western tropical Pacifi c. 

Figure 5.3 shows the linear trends (1955 to 2003) of zonally 
averaged temperature anomalies (0 to 1,500 m) for the World 
Ocean and individual basins based on yearly anomaly fi elds 
(Levitus et al., 2005a). The strongest trends in these anomalies 
are concentrated in the upper ocean. Warming occurs at most 
latitudes in all three of the ocean basins. The regions that 
exhibit cooling are mainly in the shallow equatorial areas and in 
some high-latitude regions. In the Indian Ocean, cooling occurs 
at subsurface depths centred on 12°S at 150 m depth and in 
the Pacifi c centred on the equator and 150 m depth. Cooling 
also occured in the 32°N to 48°N region of the Pacifi c Ocean 
and the 49°N to 60°N region of the Atlantic Ocean. Regional 
temperature changes are discussed further in Section 5.3. 

5.2.2.2 Variability of Heat Content

A major feature of Figure 5.1 is the relatively large increase 
in global ocean heat content during 1969 to 1980 and a sharp 

Figure 5.2. Linear trends (1955–2003) of change in ocean heat content per unit surface area (W m–2) for the 0 to 700 m layer, based on the work of Levitus et al. (2005a). The 
linear trend is computed at each grid point using a least squares fi t to the time series at each grid point. The contour interval is 0.25 W m–2. Red shading indicates values equal 
to or greater than 0.25 W m–2 and blue shading indicates values equal to or less than –0.25 W m–2.
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decrease during 1980 to 1983. The 0 to 700 m layer cooled at 

a rate of 1.2 W m–2 during this period. Most of this cooling 

occurred in the Pacifi c Ocean and may have been associated 

with the reversal in polarity of the PDO (Stephens et al., 2001; 

Levitus et al., 2005c, see also Section 3.6.3). Examination of the 

geographical distribution of the differences in 0 to 700 m heat 

content between the 1977–1981 and 1965–1969 pentads and 

the 1986–1990 and 1977–1981 pentads shows that the pattern 

of heat content change has spatial scales of entire ocean basins 

and is also found in similar analyses by Ishii et al. (2006). The 

Pacifi c Ocean dominates the decadal variations of global heat 

content during these two periods. The origin of this variability 

is not well understood.

Based on model experiments, it has been suggested that errors 

resulting from the highly inhomogeneous distribution of ocean 

observations in space and time (see Appendix 5.A.1) could 

lead to spurious variability in the analysis (e.g., Gregory et al., 

2004, AchutaRao et al., 2006). As discussed in the appendix, 

even in periods with overall good coverage in the observing 

system, large regions in Southern Hemisphere (SH) are not well 

sampled, and their contribution to global heat content variability 

is less certain. However, the large-scale nature of heat content 

variability, the similarity of the Levitus et al. (2005a) and the Ishii 

et al. (2006) analyses and new results showing a decrease in the 

global heat content in a period with much better data coverage 

(Lyman et al., 2006), gives confi dence that there is substantial 

inter-decadal variability in global ocean heat content. 

5.2.2.3 Implications for Earth’s Heat Balance

To place the changes of ocean heat content in perspective, 

Figure 5.4 provides updated estimates of the change in heat 

content of various components of the Earth’s climate system for 

the period 1961 to 2003 (Levitus et al., 2005a). This includes 

changes in heat content of the lithosphere (Beltrami et al., 2002), 

the atmosphere (e.g., Trenberth et al., 2001) and the total heat of 

fusion due to melting of i) glaciers, ice caps and the Antarctic 

and Greenland Ice Sheets (see Chapter 4) and ii) arctic sea ice 

(Hilmer and Lemke, 2000). The increase in ocean heat content 

is much larger than any other store of energy in the Earth’s heat 

balance over the two periods 1961 to 2003 and 1993 to 2003, 

and accounts for more than 90% of the possible increase in 

heat content of the Earth system during these periods. Ocean 

heat content variability is thus a critical variable for detecting 

the effects of the observed increase in greenhouse gases in the 

Earth’s atmosphere and for resolving the Earth’s overall energy 

balance. It is noteworthy that whereas ice melt from glaciers, 

ice caps and ice sheets is very important in the sea level budget 

Figure 5.3. Linear trend (1955–2003) of zonally averaged temperature in the upper 1,500 m of the water column of the Atlantic, Pacifi c, Indian and World Oceans. The contour 
interval is 0.05°C per decade, and the dark solid line is the zero contour. Red shading indicates values equal to or greater than 0.025°C per decade and blue shading indicates 
values equal to or less than –0.025°C per decade. Based on the work of Levitus et al. (2005a). 
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Observations of the transport in the Gulf Stream

87 Sv

Figure from Rossby et al 2005

•Ship-based observations of the transport in the Gulf Stream at 70 W reveal 
that the transport is 87 Sv, nearly three times that predicted by the Sverdrup 
relation.
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Figure 3: Transport stream function in 106 m3/s from the 16-year average. Some of the
contours in the high latitude Southern Ocean have been omitted. The function is set to
zero on the western boundaries (from a code of B. Klinger).

Figure 4: 106w (z = 117.5 m) in m/s. Regions of suction (wE > 0) and pumping
(wE < 0) are distinct but noisy even after 16 years of averaging. The regions of equa-
torial upwelling (not an Ekman velocity), and subtropical gyre downward pumping are
conspicuous. Complex structures at high latitudes are not discussed in this paper nor is
the non-Ekman flow on the equator. Note the non-uniform contour intervals. White curve
denotes the zero contour. Compare to Fig. 13 in the Appendix., noting the different ranges
and colorbars.
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