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Abstract

Since the mid-20th century, there is substantial increase in the average measured
temperature of the Earth's near-surface air and oceans, which is now known as "global
warming". Global mean surface temperature increased 0.74 £ 0.18 °C during the 100
years ending in 2005. The Intergovernmental Panel on Climate Change (IPCC) concludes
that most of the increase since the mid-twentieth century is "very likely" due to the
increase in anthropogenic greenhouse gas concentrations. Natural phenomena such as
solar variation combined with volcanoes probably had a small warming effect from
pre-industrial times to 1950 and a small cooling effect from 1950 onward. Climate model
projections summarized by the IPCC indicate that average global surface temperature will
likely rise a further 1.1 to 6.4 °C during the twenty-first century. This range of values
results from the use of differing scenarios of future greenhouse gas emissions as well as
models with different climate sensitivity. Although most studies focus on the period up to
2100, warming and sea level rise are expected to continue for more than a thousand
years even if greenhouse gas levels are stabilized. The delay in reaching equilibrium is a
result of the large heat capacity of the oceans. In this review, the temporal and spatial
variability of the heat content in the world ocean are estimated, and temperature changes
in different layers of the ocean are compared with model results. Besides, linear trends in
salinity for the world ocean from 1955 to 1998 are calculated and analyzed.

1. Introduction



Oceans cover approximately 71% of the Earth's surface and have great impact on the

biosphere. The evaporation of these oceans is how we get most of our rainfall, and their

temperature determines our climate and wind pattern. The Intergovernmental Panel on

Climate Change (IPCC) (1995), the World Climate Research Program (WCRP) (1995)

and the U.S. National Research Council (NRC) (1999) have identified the role of oceans

as being critical to understanding the variability of Earth’s climate system. Physically we

expect this to be so because of the high density and specific heat of seawater. Oceans

also have the thermal inertia and heat capacity to help maintain and ameliorate climate

variability.

Studies using instrumental data to evaluate a warming trend of Earth’s climate system

due to increasing concentrations of greenhouse gases (GHGs) have focused on surface

air temperature and sea surface temperature (IPCC 1995). These variables have shown

an average warming of approximately 0.6°C at Earth’s surface during the past 100 years.

Recent comparisons (Mann et al. 1998; Mann 1999; Briffa et al. 1995) with paleoclimatic

proxy data indicate that the observed increase in surface temperature during the past

century is unprecedented during the past 1000 years. The results of these studies, along

with similar results found using general circulation model (GCM) and energy balance

model (Tett et al. 1999; Crowley 2000; Delworth et al. 2000; Stott et al. 2000), which

include forcing by the observed time-dependent increase in GHGs and sulfate aerosols,

as well as changes in solar irradiance and volcanic aerosols, provide evidence that the

warming of Earth’s surface during the past few decades is of anthropogenic origin.

Despite the agreement between models and observations, it is conceivable that some of



the surface warming might be compensated by a cooling of other parts in Earth’s climate
system. Conversely, additional warming may be occurring in other parts of the climate
system, such as the recently observed warming of the world ocean (Levitus et al. 2000).

In this review, we first looked at the interannual-to-decadal variability of the heat
content (mean temperature) of the world ocean from the surface through 3000 m depth for
the period 1948-1998 (Levitus et al. 2000), then we compared the temporal variability of
the heat content of the world ocean, of the global atmosphere, and of components of
Earth's cryosphere during the latter half of the 20th century (Levitus et al. 2001). The
results of two different models forced by observed and estimated concentrations of
greenhouse gases and the direct effect of sulfate aerosols on the atmosphere are
compared with observations (Barnett et al. 2001; Levitus et al. 2001). Interannual
variability in upper ocean heat content is studied using satellite altimetric height combined
with in situ temperature profiles (Willis et al. 2004). At last, salinity changes during the
period 1955-1998 for the world ocean are estimated to study the large-scale trends in
salinity over this period (Boyer et al. 2005).
2. Temporal Variability of Upper Ocean Heat Content

Figure 1 shows the variability of yearly heat content anomalies in the upper 300 m for
1948 to 1998 for individual ocean basins defined using the Equator as a boundary. The
anomaly fields for the Atlantic and Indian oceans, for both the entire basins and Northern
and Southern Hemisphere basins of each ocean, show a positive correlation. In each
basin before the mid-1970s, temperatures were relatively cool, whereas after the

mid-1970s these oceans are in a warm state. The year of largest yearly mean



temperature and heat content for the North Atlantic is 1998.

Both Pacific Ocean basins exhibit quasi-bidecadal changes in upper ocean heat

content, with the two basins positively correlated. During 1997 the Pacific achieved its

maximum heat content. A decadal-scale oscillation in North Pacific sea surface

temperature (Pacific Decadal Oscillation) has been identified (Nitta et al. 1989; Trenberth

1991), but it is not clear if the variability we observe in Pacific Ocean heat content is

correlated with this phenomenon or whether there are additional phenomena that

contribute to the observed heat content variability.

Figure 2 shows the heat content for 5-year running composites by individual basins

integrated through 3000-m depth. The distributions are presented through 3000-m depth

for consistency. There is a consistent warming signal in each ocean basin, although the

signals are not monotonic. The signals between the Northern and Southern Hemisphere

basins of the Pacific and Indian oceans are positively correlated, suggesting the same

basin-scale forcings. The temporal variability of the South Atlantic differs significantly from

the North Atlantic, which is due to the deep convective processes that occur in the North

Atlantic. Before the 1970s, heat content was generally negative. The Pacific and Atlantic

oceans have been warming since the 1950s, and the Indian Ocean has warmed since the

1960s. The delayed warming of the Indian Ocean with respect to the other two oceans

may be due to the sparsity of data in the Indian Ocean before 1960. The range of heat

content for this series is on the order of 20 x10%? J for the world ocean.
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Fig. 1. Time series for the period 1948-1998 of ocean heat content (10°* J) in the upper 300 m for the Atlantic,
Indian, Pacific, and world oceans.
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Fig. 2. Time series of 5-year running composites of heat content (10?2 ]) in the upper 3000 m for each major ocean
basin. The linear trend is estimated for each time series for the period 1955-1996, which corresponds to the period of
best data coverage. The trend is plotted as a red line. The percent variance accounted for by this trend is given in the

upper left corner of each panel.



3. GCM Model simulation results compared with observations

Figure 3 shows the estimated temporal variability of global ocean and atmospheric
heat content, based on instrumental data for the 1955-1996 period. The atmospheric
sensible heat content is based on the National Centers for Environmental
Protection/National Center for Atmospheric Research (NCEP/NCAR) reanalysis fields
(Kalnay et al. 1996) and is shown as anomalies averaged for 1-year period. The ocean
heat content curve is based on analyses of 5-year running composites of historical ocean
data. Other components of atmospheric energy change, associated with changes in the
latent heat of evaporation and geopotential height field, are an order of magnitude smaller
than the change in sensible heat in the NCEP/NCAR analyses. The increase in observed
ocean heat content is 18.2x10%* J (based on the linear trend for the 1957-1994 period but
prorated to 1955-1996), whereas the increase in atmospheric heat content is more than

an order of magnitude smaller.
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Fig. 3. Time series of various components of the observed and simulated global heat content. The observed global

ocean heat content is shown in black; the open circles denote the observed global mean atmospheric heat content. The

red curve denotes the ensemble mean global ocean heat content from a set of three simulations (experiment GSSV)

using a coupled ocean-atmosphere model. The blue curve denotes the same for an additional set of three simulations

(experiment GS), which is similar to experiment GSSV except that the radiative effects of changes in solar irradiance

and volcanic aerosols are omitted.



The observed increase in oceanic heat content is compared to the simulation results of

a coupled model of Earth’s climate system. The coupled ocean-atmosphere-ice model is

developed at the Geophysical Fluid Dynamics Laboratory (GFDL), and is higher in spatial

resolution than an earlier version used in many previous studies of climate variability and

change (Manabe et al. 1991; Manabe et al. 1994) but employs similar physics. The

coupled model is global in domain and consists of GCMs of the atmosphere (spectral

model with rhomboidal 30 truncations, corresponding to an approximate resolution of

3.75° longitude by 2.25° latitude, with 14 vertical levels) and ocean (1.875° longitude by

2.25° latitude, with 18 vertical levels). The model atmosphere and ocean communicate

through fluxes of heat, water, and momentum at the air-sea interface. Flux adjustments

(which did not vary interannually) are used to facilitate the simulation of a realistic mean

state. Over oceanic regions, a thermodynamic sea ice model is used that includes the

advection of ice by surface ocean currents.

Results are presented from two ensembles of integrations (each has three members).

In the first ensemble (denoted GSSV), the radiative effects of the observed temporal

variations in GHGs, sulfate aerosols, solar irradiance, and volcanic aerosols over the past

century are included (Levitus et al. 2001). The ensemble members differ in their initial

conditions, which are chosen from widely separated points in a 900-year-long control

integration. The second ensemble (denoted GS) differs from the first by omitting the

radiative effects of changes in solar irradiance and volcanic aerosols, while retaining the

effects of changes in GHGs and sulfate aerosols.

For the GSSV ensemble, based on a linear trend, the simulated heat content



increased by 19.7 x10% J over the period 1955 to 1996, which is in excellent agreement
with the observed estimate (18.2 x10% J). However, it must be stressed that substantial
uncertainties exist in the specification and parameterizations of the model radiative forcing,
particularly with respect to the effects of sulfate aerosols and volcanic activity. In addition,
the ocean heat content estimates are based on a data set characterized by coverage that
varies with time (Levitus et al. 1998). Thus, the close agreement between the simulated
and observed ocean heat content increases must be evaluated in the light of these
uncertainties.

For the GS ensemble, the simulated increase of ocean heat content is approximately
70% larger than in GSSV or than the observed estimate. Based on an additional set of
experiments, the difference in ocean heat content increase between GSSV and GS is
primarily due to the radiative effects of volcanic activity. The difference between GSSV
and GS highlights the important role that volcanic activity appears to play in ocean heat
content during the late 20th century. In the GSSV ensemble, volcanoes contributed an
average global adjusted radiative forcing of -0.5W/m? at the tropopause over the period
1960-1999 (Andronova et al. 1999). This offsets an important fraction of the
anthropogenic forcing during the same period.

Although there is excellent agreement between the simulated and observed ocean
heat content increases over the long term (from the 1950s to the 1990s), substantial
differences exist on the decadal scale. In particular, simulated decadal variations are
smaller in amplitude than the observed variations, and there are differences in phase. The

causes of these differences need to be identified. Possible causes include an



underestimation by the model of the internal variability of the ocean-atmosphere system
on decadal scales and uncertainties in the estimates of past radiative forcing.
Inadequacies in the ocean observational data may also play a role.

4. PCM Model simulation results compared with observations

Another model is the Parallel Climate Model (PCM), which is a state-of-the-art global
climate model. Using no flux-correction scheme, it is a cooperative effort between a
number of universities and government laboratories in the United States.

Figure 4 shows the decadal changes over the last 45 years in the heat content of the
upper 3000 m of the water column estimated from observations and a similar set of
heat-content changes, relative to a 300-year control run climate, which was computed
from five different realizations of the PCM forced by observed and estimated
concentrations of greenhouse gases and the direct effect of sulfate aerosols in the
atmosphere. There is an unexpectedly close correspondence between the observed
heat-content change and the average of the same quantity from the five model
realizations. These results were obtained by subsampling the model data at the same
locations and times where observations existed. When the scatter between the multiple
model runs is included (shaded regions), it becomes apparent that there is little or no
significant difference between model and observations, even though the heat-content
changes vary among ocean basins. The main exception occurs in the 1970s, when the
observations show a decadal anomaly that the model runs do not reproduce. It is not
possible, given the manner in which it was forced, that the model could have captured this

specific decadal signal. However, the model does produce, in both its anthropogenically



forced runs and control run, decadal fluctuations that have the same magnitude and time
scale as those associated with the observed anomaly of the 1970s. In any event, the
anomaly does not alter the close correspondence between model and observations

(Barnett et al. 2001).
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Fig. 4. Decadal values of anomalous heat content in  Fig. 5. Decadal temperature anomalies (°C) in various
various ocean basins. The heavy dashed line is from  ocean basins since 1870 from the PCM. Gray-shaded
observations, and the solid line is the average from five  regions indicate signals statistically distinguishable
realizations of the PCM forced by observed and  from zero.

estimated anthropogenic forcing. Both curves show

significant warming in all basins since the 1950s.

The vertical development of the oceanic warming signal in the PCM for the world’s
oceans is shown in Figure 5 (Barnett et al. 2001). The time evolution is from the start of
the integrations (1870) through the year 2000, for the average of the five-member
ensemble. The scatter among the five realizations allowed us to estimate a standard
deviation that was used to filter the results so that temperature anomalies exceeding a
90% confidence limit are indicated by the gray shaded areas. The nature of the warming

in the various oceans is markedly different. The Atlantic, particularly the South Atlantic,



shows strong vertical convection taking the signal to depth quite rapidly. The South
Atlantic regional average includes portions of the model’'s deep-water formation region in
the Weddell Sea, so the rapid penetration to depth is expected. The signal is larger in the
North Atlantic, but does not appear to penetrate as rapidly, possibly because the regional
averaging area in that ocean is large relative to the space scales of deep vertical mixing.
In the other oceans, the signal is more consistent with what one would expect from a
purely diffusive process. It is important to note that there is little deep water formed in the
South Pacific regional average, which otherwise would be expected to resemble the
South Atlantic regional average. At any rate, it is apparent that the signal in the world

ocean comes from the Atlantic in the model simulations.
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Fig. 6. . Modeled and observed temporal and vertical changes in the temperature in the

upper 2000 m of the data-rich North Pacific and North Atlantic Oceans. Grayshaded

regions denote areas where changes are statistically different from zero.

The temporal evolution of the model’s vertical temperature structure is compared with
observations in Figure 6, for the North Pacific and North Atlantic Oceans. In the North

Atlantic, the observations show a near-surface warming since about 1980, whereas the



model begins warming at about 1950. This result may be partially due to the presence of a
single, noisy observation set compared with the smoother, ensemble average. However,
the penetration of warming with time and depth is otherwise similar between the model
and observations. The more-or-less diffusive penetration in the North Pacific is captured
in the model, although the very near-surface structure is again somewhat different. These
discrepancies in near-surface behavior may be due to the large interannual and decadal
variability that the model, running with no real-world input, cannot be expected to capture
(unless it were to be forced by the observed fluxes of heat, momentum, and moisture).
The model also contains no natural external forcings such as solar or volcanic
mechanisms (Stott et al. 2000). The key point is that the substantial differences in the way
the observed warming has penetrated to depth in the two oceans is reasonably well
captured by the PCM, albeit with the caveats noted above (Barnett et al. 2001).
5. Interannual variability in upper ocean heat content

Figure 7 shows the two maps of 10-year (1993-2003) heat content change along with
the data availability over the time series (Willis et al. 2004). Also shown are the zonal
integrals of the maps in watts per meter of latitude. The zonal integral was used rather
than the zonal average in order to reflect the contribution of each latitude band to the
globally integrated rate of heat storage. It is clear that most of the signal in the 10-year
change can be resolved from in situ data alone. Only in the Southern Ocean, where data
are sparse, the in situ only estimate fails to recover much of the signal. The global rate of
heat storage from the in situ only estimate is 0.81 W/m?. This agrees within error bars with

the 0.86 + 0.12 W/m? warming rate calculated using the difference estimate. Furthermore,



the smaller in situ only warming rate is consistent with the variance reduction implied by

the altimeter twin experiment when in situ data are used to estimate a globally averaged

guantity.
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Fig. 7. Maps of 10-year change in heat content in W/m®. (a) Difference estimate (combined altimeter and
in situ data); (b) Estimate from in situ data alone. The curves on the right-hand side show the zonal

integral of the maps in watts per meter of latitude; (c) Number of in situ profile per 10° box.

Figure 8 shows maps of heat storage calculated by differencing the heat content maps.
A large amount of interannual variability is present in the maps with the largest signals due
to the onset and decay of the 1997-1998 EI Nino (Willis et al. 2004). It is evident from the

maps that interannual variability in the global average is strongly influenced by variability



in the tropics, particularly in the Pacific and Indian Oceans. Indeed, much of the

interannual variability in the time series of the globally averaged heat storage is related to

the El Nino Southern Oscillation (ENSO). For instance, the 1995 panel shows a

substantial warming in the western tropical Pacific that marks the end of persistent EI Nino

conditions that lasted through the early 1990s. A similar pattern of warming is evident in

1999 and marks the onset of a persistent La Nina that remained through the latter part of

the time series.

Fig. 8. Maps of heat storage variability in W/m®. Each map is a 1-year average centered on the year shown..

In order to better illustrate the patterns of variability depicted in Figure 8, it is helpful to



compute zonal integrals over the

maps of heat content. Figure 9

shows a time-latitude plot of

zonally integrated heat content

variability (Willis et al. 2004).

Again, the most prominent

feature is the 1997-1998 EI Nino.

Subsequent to this event, it is

also possible to see the

poleward propagation of a

positive heat content anomaly,

beginning in mid-1997 at about

20°S and continuing to 30°S by

the beginning of 2000. A similar,

although weaker, signal can be

seen in the Northern

Hemisphere at approximately

the same time, suggesting that

heat from the tropics propagated

poleward into midlatitudes
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Fig. 9. Time-latitude plot of zonally integrated heat content in
units of 1x10'® Joules per meter of latitude. Contours are

0.5%10' J/m and the zero contour is thicker.
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Fig. 10. Interannual variability in heat content integrated over the

region from 20°N to 20°S (solid line) and over the entire globe
(dashed line).

subsequent to the large 1997-1998 EI Nino event. The importance of the tropical Pacific to

interannual variability on global scales is further illustrated by Figure 10, which shows heat



content integrated over the region from 20°N to 20°S. The heat content in the tropics
remained fairly stable through the peak of the El Nino event from late 1997 through early
1998. It then decreased rapidly through the end of 1998 and the first half of 1999. The
global integral also shows heat lost during this time, but somewhat less so, suggesting
that some of the heat may have been exported to the midlatitudes. The cooling, both
globally and in the tropics, gives way to rapid warming in mid-1999 with the onset of La
Nina. Without similar estimates of oceanic heat transport and/or surface heat flux, it is not
possible to determine whether the propagation features seen in Figure 9 are the result of
oceanic heat transport or are simply forced responses to signals in the atmosphere. It is
clear, however, that ENSO-related variability can be large enough to affect the global
oceanic heat budget on interannual timescales. In addition to ENSO, Figure 9 also shows
steady warming trends in several regions. In particular, a strong, fairly linear warming
trend is visible in the Southern Hemisphere, centered on 40°S. This region accounts for a
large portion of the warming in the global average. Warming is also apparent at high
latitudes in the Northern Hemisphere due to warming in the North Atlantic as previously
documented by Levitus et al. (2000).
6. Large-scale trends in salinity for the world ocean

Figure 11 shows the linear trends representing the least-squares fit to the zonal
average salinity anomaly at each latitude for each pentad from 1955-1959 through
1994-1998 for the Atlantic, Pacific, and Indian Ocean basins and the World Ocean from
the surface to 3000 m depth (Boyer et al. 2005). To document the relative importance of

the linear trend compared with other interannual and longer scale variability in the 44-year



record, Figure 12 shows the percent variance accounted for by the linear trend for each

basin. A significant trend is defined as an increase or decrease in salinity of more than

0.0005/yr (Boyer et al. 2005).
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Fig. 11. Linear trend in salinity (10™*/year) of the zonally averaged pentadal salinity anomaly 1955-1959
to 1994-1998 for a) Atlantic Ocean, b) Pacific Ocean, c¢) Indian Ocean, d) World Ocean. Negative salinity

trends are shaded blue. Positive salinity trends are shaded red.

The Atlantic Ocean exhibits a large freshening (negative salinity) trend in the subpolar

gyre from 45°N-70°N. A large positive salinity trend is present in the subtropics and tropics

in both the northern and southern hemisphere. In general, the results are characterized by

the linear trend accounting for a larger percent variance of subsurface salinity as

compared to surface variability. This reflects the fact that salinity variability is forced

entirely at the sea surface. The freshening of the subpolar gyre reaches very deep, with

values exceeding 0.0005/yr at 3000 m. The largest salinity increases occur between 20°S

and 20°N, with the changes penetrating deeper to the north of the equator. The salinity



trends in the Pacific Ocean are confined to shallower depths than in the Atlantic Ocean.

Regions where the magnitude of the linear trend exceeds 0.0005/yr are confined to the

top 500 m of the water column. The exception is the deep freshening south of 70°S. The

one large area of increasing salinity is in the subtropic South Pacific from the sea surface

down to 200 m depth. The Indian Ocean exhibits linear trends of increasing salinity at

almost all latitudes from the surface down to 150 m depth. The changes are most

pronounced north of 10°N. Significant salinity increase trends in this area extend to 1000

m depth. The trends in the World Ocean show changes exceeding 0.0005/yr mostly

confined to the top 500 m of the water column. The exceptions are deep freshening trends

in the higher latitudes of the Southern Ocean due to the Weddell and Ross Seas, and in

the northern hemisphere between 50°N and 75°N due to changes in deep convection in

the subpolar gyre of the North Atlantic. Both of these features reach 3000 m depth.
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Fig. 12. Percent variance accounted for by linear trend of zonally averaged pentadal salinity anomaly
1955-1959 to 1994-1998 for a) Atlantic Ocean, b) Pacific Ocean, c) Indian Ocean, d) World Ocean.

Percent variance < 60% are shaded green. Percent variance > 60% are shaded orange.



7. Summary

In this review, the interannual-to-decadal variability of the heat content of the oceans
from the surface through 3000 m depth during the period 1948-1998 is examined, the
results of two different models forced by observed and estimated concentrations of
greenhouse gases and the direct effect of sulfate aerosols on the atmosphere are
compared with observations. Interannual variability in upper ocean heat content is studied
using satellite altimetric height combined with in situ temperature profiles. At last, salinity
changes during the period 1955-1998 for the world ocean are estimated to study the
large-scale trends in salinity over this period. The agreement between model results and
observational estimates of ocean heat content supports the hypothesis that increases in
radiative forcing are the source of the warming observed between 1955 and 1996.
Because most of the increase in radiative forcing in the latter half of the 20th century is
anthropogenic, this suggests a possible human influence on observed changes in climate
system heat content.
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