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Abstract. With recently improved instrumental accuracy, the
change in the heat content of the oceans and the correspond-
ing contribution to the change of the sea level can be deter-
mined from in situ measurements of temperature variation
with depth. Nevertheless, it would be favourable if the same
changes could be evaluated from just the sea surface temper-
atures because the past record could then be reconstructed
and future scenarios explored. Using a single column model
we show that the average change in the heat content of the
oceans and the corresponding contribution to a global change
in the sea level can be evaluated from the past sea surface
temperatures. The calculation is based on the time-dependent
diffusion equation with the known fixed average upwelling
velocity and eddy diffusivity, as determined from the steady-
state limit. In this limit, the model reduces to the 1966 Munk
profile of the potential temperature variation as a function of
depth.

There are no adjustable parameters in the calculation and
the results are in good agreement with the estimates obtained
from the in situ data. The method allows us to obtain rele-
vant timescales and average temperature profiles. The eval-
uation of the thermosteric sea level change is extended back
to the beginning of accurate sea surface temperature records.
The changes in sea surface temperature from 1880 until the
present time are estimated to have produced a thermosteric
sea level rise of 35 mm. Application to future IPCC sce-
narios gives results similar to the average prediction of more
complex climate models.
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1 Introduction

Increasingly accurate estimates of the change in ocean
heat content have become available in the past two years
(Domingues et al., 2008; Levitus et al., 2009) thus providing
information on the major part of the global heat accumula-
tion. The temperatures of the ocean interior reflect the vari-
ations of the past sea surface temperatures up to the present
time. Improving the understanding of this unknown func-
tional relationship should provide insight into the mechanism
of global warming resulting from climate change. The re-
sulting global thermosteric sea level increase is an important
component in the predictions of future climate change sce-
narios.

Simple models that use spatial averaging over the whole
or parts of the global ocean have in the past been success-
ful in intuitive interpretation of the basic features of ocean
profiles. More recently, attempts have been made to apply
simple global average models to sea level modeling (Rahm-
storf, 2007; Grinsted et al., 2009; Siddal et al., 2009). Mod-
eling just the global ocean heat content increase and the ther-
mosteric part of the sea level rise is a simpler task, which
can be put on a more quantitative basis and integrated with
existing knowledge. We use here a time-dependent version
of the Munk (1966) classic steady state analysis of poten-
tial temperature and salinity variation as a function of depth
and show that it provides an accurate description of average
global ocean heat content and thermosteric sea level change.

The calculation by Munk (1966) is based on the steady
state balance between the turbulent diffusion and upwelling.
We explore the time dependence of the average ocean warm-
ing using the mixing equation, which combines vertical dif-
fusion and advection (see e.g. Stewart, 2009):
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whereψ(z,t) is the potential temperature or tracer density,
Az the vertical eddy diffusivity andW the mean vertical
velocity. Munk (1966) reviewed the data and determined
the characteristic lengthAz/W from a fit to the thermocline
in the Pacific between 1 km and 4 km depth andAz/W2

from the vertical distribution of14C. The resulting values
Az≈1.3×10−4 m2/s andW≈1.2 cm/day are used throughout
this work.

Most of the changes in the ocean heat content result-
ing from climate change are presently occurring in the top
1000 m. If the simple advection-diffusion model of Eq. (1)
were valid in this region, changes due to the surface warming
could be calculated independently of the established steady-
state thermocline because Eq. (1) is linear and superposition
holds. In the subsequent sections we show that using the
advection-diffusion model with Munk’s average values for
Az andW to calculate the average ocean heat content and
sea level change produces accurate results. Apart from the
arbitrary choice of the reference zero value for the change
in heat content and sea level, we need no adjustable parame-
ters. The applicability of the advection-diffusion model with
Munk’s values forAz andW is thus extended to the calcu-
lation of average global temporal variations, including those
occurring in the upper ocean.

In the next section we begin the analysis with a discussion
of the response to a step change in surface temperature. The
solution is required in the subsequent section, which uses sea
surface temperatures as measured from 1880 to calculate the
change in ocean heat content and thermosteric sea level. The
approach is validated by the very good agreement with the
findings based on in situ data. The report ends with a brief
discussion, including the evaluation of the future steric sea
level increase predicted from present-day temperatures and
from standard IPCC scenarios.

2 Response to a step change in sea surface temperature

Properties of the solution for a step change in surface tem-
perature are interesting because they indicate the time scales
of the problem and the ultimate steric sea level change for
each degree of surface warming. Let us assume the ocean is
in the natural steady state temperature distribution and make
a step change in surface temperature at timet = 0, so that
ψ(z,t)=0 for t < 0 andψ(0,t)=1 for t > 0. The depthz is
measured downwards from the surface and the velocityW

is hence negative. The solution of Eq. (1) for this boundary
condition is found using Laplace transforms (Ogata, 1970;
Lee, 1999)
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where erfc is the complementary error function. In the
steady state limitt→ ∞, Eq. (1) reduces to the Munk profile
ψ(z,∞)= exp(−Wz/Az). The boundary condition at the
bottom of the ocean is not included, as it has very little effect
over a time scale of 1000 years or less. Working in the limit
of infinite depth does not lead to an observable difference in
the results.

Integratingψ(z,t) over the depth gives a characteristic
lengthλ(t), which can be interpreted as the extent of the pen-
etration of the change from the surface
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The Munk limiting value isλ(∞)= −Az/W ≈ 0.9 km.
In applications addressing the effects of temperature

change at the ocean surface, the calculated average potential
temperature change profile must be added to the already ex-
isting steady-state thermocline profile. The approach to the
limit as a function of depth and time after a step change is
shown in Fig. 1.

The approach towards the new steady state can be exam-
ined by calculating the total change in the heat content of the
oceans as a function of time. We integrate the temperature
change profile over all depths and use 4186 J/(kg K) for the
average specific heat and 3.61×108 km2 for the global ocean
surface area. The result is shown in Fig. 2, and the steady
state limit is 1.4×1024 J of absorbed heat for a 1 K increase
in the surface temperature. The slow approach to the limit is
reminiscent of simple diffusion, where the diffusion length,
defined asL=

√
4Dt , increases as the square root of time.

We estimate the characteristic time asτ = λ2(∞)
/
(4Az)=

Az
/
(4W2)≈ 50 years. During that time nearly half of the

heat transfer has been completed. The diffusion gradually
becomes slower, and the change in the heat content beyond
200 years can be accurately fitted with an exponential func-
tion with the characteristic time of 280 years.

The corresponding thermosteric increase in the global sea
level needs to take into account the variation of thermal ex-
pansion coefficient with temperature and salinity. We used
the average global ocean profiles of temperature and salinity
(Levitus, 1982) and an accurate 25-term approximation to
the equation of state for seawater (McDougall et al., 2002) to
evaluate the average thermal expansion coefficient as a func-
tion of depth. The values fall rapidly fromα=2.4×10−4/K
at the surface toα=0.8×10−4/K at 5000 m depth. The cal-
culated change in the sea level as a function of time is also
shown in Fig. 2. Compared to the variation in the heat con-
tent, the sea level increases more rapidly in the initial period
after a temperature change when heat is absorbed closer to
the surface, and more slowly after hundreds of years when
the heat penetrates into deeper ocean where the coefficient of
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Fig. 1. Average potential temperature change profiles after a step
change of temperature at the surface. The evaluation uses Munk’s
values for the vertical diffusivity and vertical drift velocity. The
time after the change in years is shown in the figure for the first
five curves. The top red curve is the steady-state limit and the one
immediately below corresponds to 1000 years.

thermal expansion is small. The asymptotic value is 13 cm
for each degree of surface warming.

3 Evaluation of the heat content and sea level change
from surface temperatures

The measured variation in global sea surface temperatures
may be considered as a sum of small step changes. Exploit-
ing the superposition property of Eq. (1) we may evaluate a
composite change by adding a number of solutions for a step
change. If SST(t) is the externally given sea surface tem-
perature, a series of small changes is multiplied by the step
change solution Eq. (2) and integrated over time to obtain the
change in temperature profile

ϑ(z,t)=

t∫
0

dSST(t ′)

dt ′
ψ(z,t− t ′)dt ′. (4)

The temperature change profile Eq. (4) was evaluated in dis-
crete time. We use the step of one year corresponding to
annual values of mean sea surface temperatures at the centre
of the time step. Denoting the average sea surface tempera-
ture for the yeari as SST(i) and using the solution for a step
change, Eq. (2), the composite solutionϑ(z,n,k) describing
the temperature change in yearn resulting from the sea sur-
face temperature changes beginning in the yeark is evaluated
as

ϑ(z,n,k)=

n∑
i=k+1

[SST(i)−SST(i−1)]ψ(z,n− i+1). (5)

We select the GISS average global ocean surface tempera-
tures (GISS, 2010) shown in Fig. 3 as the input data in the

Fig. 2. Full line: heat content change of the global ocean following
a 1◦C step increase of the surface temperature (left-hand scale);
dotted line: the corresponding sea level change (right-hand scale).

evaluation. Although temperatures in the GISS data set fluc-
tuate from year to year, we do not apply smoothing as the in-
tegration process itself provides sufficient averaging. The al-
ternative global sea surface temperature dataset HadCRUT3
(CRU, 2009) is similar but shows somewhat greater vari-
ability due to a different interpolation method. Repeating
the calculations with this dataset leads to similar results (not
shown).

The warming of the global ocean calculated from the sea
surface temperature data using Eq. (5) is illustrated in Fig. 4.
In this and all the following figures, the effect of surface tem-
perature changes before 1880 is not included in the calcula-
tion, which is equivalent to the assumption that the climate
was then in steady state.

Integrating over finite depth ranges as in Eq. (3) of the pre-
vious section leads to the corresponding changes in ocean
heat content due to the surface temperature changes since
1880. The integration can still be performed analytically.
The result for the upper 700 m is shown in Fig. 5 to-
gether with two estimates based on the comprehensive re-
view and evaluation of all available in situ measurements by
Domingues et al. (2008) and Levitus et al. (2009). The calcu-
lation has no adjustable parameters other than the choice of
the reference zero. For Domingues et al. (2008) and also for
the calculated values, this was selected by matching the av-
erage value to Levitus et al. (2009) in the period where eval-
uations overlap. The heat content change calculated for the
depths 700–5000 m is relatively small, as the surface change
takes a long time to reach greater depths (see Fig. 1).

Using the average depth-dependent thermal expansion co-
efficient as in Fig. 2 leads to the estimated sea level change
shown in Fig. 6. The position of zero is chosen by matching
the average value in the period 1950–2003.
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Fig. 3. NASA GISS ocean surface temperatures (GISS, 2010) used
as the input in this study. The estimated 2σ error in the data (shown
as shading) decreases from 0.1 K at the beginning of 20th century
to 0.05 K in recent times (Hansen et al., 2006). In this and the sub-
sequent figures, errors in the model results that originate from the
errors in the input sea surface temperatures are not shown, because
random errors mostly cancel in integration and systematic errors are
not known.

Fig. 4. Average temperature change in the top 500 m of the oceans
resulting from surface temperature changes since 1880. At the
deeper end of the figure annual variations are averaged out but
decadal variations are still visible.

4 Discussion

Use of the advection-diffusion model of Eq. (1) to calculate
the average ocean heat content and associated changes in sea
level is supported by the results shown in the previous sec-
tion. The major evidence comes in the agreement with the
heat content 0–700 m calculated from the average sea surface
temperature by the direct estimates available for the recent
past (Domingues et al., 2008; Levitus et al., 2009). The sea
level change is also in very good agreement with the earlier
estimate for 0–700 m (Fig. 6). It is remarkable that the agree-
ment is obtained without adjustable parameters, using the av-
erage values for eddy diffusivity and upward drift velocity
determined by Munk (1966). It should also be noted that the
diffusivity and drift velocity values were determined from
data taken at larger depths, while this analysis indicates that
they are also applicable in the 0–700 m range, where most of

Fig. 5. Ocean heat content change over the depths 0–700 m calcu-
lated here from sea surface temperatures (red) and estimated using
in situ measurements: Domingues et al., 2008 (blue), Levitus et al.,
2009 (green). All curves show annual values positioned in the mid-
dle of the year. The dashed line at the bottom shows the calculated
heat content change for depths greater than 700 m.

the warming is observed. Average sea level rise in the period
1961–2003 atributed to thermal expansion was calculated as
0.49 mm/year, which can be compared to the IPCC estimate
of 0.42±0.12 mm/year (Bindoff et al., 2007, Table 5.3).

The sensitivity of the agreement with the direct estimates
was tested by varying the diffusivity and drift velocity pa-
rameters away from Munk values. To measure the good-
ness of fit, we used the estimate of either Domingues et
al. (2008) or Levitus et al. (2009) when only one is avail-
able, and the average of the two over the 1955–2003 pe-
riod when both are available. Minimising the rms differ-
ence between the calculated and the directly estimated values
we foundAz≈0.9×10−4 m2/s instead ofAz≈1.3×10−4 m2/s
while the drift velocity value ofW≈1.2 cm/day remained un-
changed. The decrease of rms error was 12%. However, the
rms difference between Domingues et al. (2008) and Levi-
tus et al. (2009) is not smaller than the rms difference be-
tween the calculated and directly estimated values. Given
the present level of accuracy in the heat content measure-
ment and modeling an improvement of the fit of this order
does not justify introducing adjustable parameters by vary-
ing the empirical Munk values.

The generally good agreement of the model with the di-
rectly estimated heat content over the 58-year period 1950–
2008 suggests that during that time there were no major
changes in the values of average parametersAz andW . The
lack of detailed agreement on the annual timescale may re-
flect both the limitation of the simple model that ignores
variations of the global mean vertical velocity and diffusion
and the limiting accuracy of the currently best estimates of
changes in the global ocean heat content.
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Fig. 6. Thermosteric sea level changes resulting from heat changes
in the depths 0–700 m as calculated here from annual sea surface
temperatures are shown in red. Changes calculated from in situ
measurements (Domingues et al., 2008) are shown in blue as a
3-year average with oneσ error. The dashed line at the bottom
shows the calculated thermosteric contribution from depths larger
than 700 m.

The results presented include only the effects driven by the
surface warming since 1880. Estimates based on measure-
ments (Domingues et al., 2008) show that by far the largest
contribution to thermosteric sea level change originates from
the upper 300 m, where the equilibration time scale is of the
order of 50 years. Global surface temperature reconstruc-
tions do not indicate major changes over the 1830–1880 pe-
riod (Jansen et al., 2007; Jones and Mann, 2004) and the eval-
uation beginning in 1880 is probably adequate to describe
most of the effect in the upper ocean. The initial period in
the reconstructions presented here is nevertheless subject to
more uncertainty.

The warming of the deep ocean is much slower, and ear-
lier changes in the global climate may still be spreading to
deeper layers. The sea level change originating from the
ocean warming below 700 m evaluated here is small, because
of both the limited warming and small expansion coefficient.
We estimate about 0.04 mm/yr for the most recent 50 years.
This value does not agree with 0.20±0.1 mm/yr conjectured
by Domingues et al. (2008).

The steady upward drift in the Munk model is balanced by
the downwelling flows, which may have varied in heat con-
tent during the analysis period. The abyssal heat budget is
dominated by flows at the boundaries rather than deep dif-
fusivity (Scott and Marotzke, 2002, and references therein).
The contributions resulting from the changes in downwelling
flows, which are neglected in the present model, are impor-
tant to the overall heat budget, even though they have a less
pronounced effect on the sea level change. Promising new
methods combining space gravimetry with altimetric mea-
surements (see e.g. Cazenave et al., 2009) will provide more
insight into the closure of the sea level change budget.

Fig. 7. Dotted line: future projection of the thermal expansion con-
tribution to sea level rise based on the formal assumption that sea
surface temperature will not increase beyond the changes of 1880–
2008. Projections for the thermal expansion contribution to sea
level rise corresponding to IPCC future climate scenarios (starting
in 2009) are shown as red (A2), brown (A1B) and green (B1) lines.
They are not far from the average projections for the rise obtained
from more complex climate models (Meehl et al., 2007, Fig. 10.31).

The method of calculating average ocean heat content and
the associated sea level change using only surface tempera-
tures opens up the possibility of expanding our knowledge
into the past and future. In order to illustrate the timescale
of the sea level response we show in Fig. 7 the unrealistic
scenario where all warming of the sea surface had stopped
and the present average temperature is maintained into the
future. The figure shows the slow rate of the approach to
the steady state value. In this example we had 35 mm rise
since 1880 and we are committed to a further 30 mm. These
increases are listed only as an illustration, and the present
level of greenhouse gasses in the atmosphere already leads
to a commitment for significant future warming (Meehl et
al., 2007, Fig. 10.4).

A more realistic projection can be obtained using IPCC
scenarios A2 (“high”), A1B (“medium”) and B1 (“low”).
Global temperatures until 2100 were taken as the climate
model averages provided by IPCC (Meehl et al., 2007,
Fig. 10.5) and aligned with the measured sea surface temper-
ature by matching the averages in the period 2000–2008. The
contribution of thermal expansion to changes in sea level was
calculated using these composite 1880–2100 temperatures as
the input (Fig. 7). In order to compare the results with eval-
uations from climate models we use the IPCC methodology
and calculate the average thermal expansion between 1980–
1999 and 2090–2099 periods. The results are (with the IPCC
range in parentheses, Meehl et al., 2007, Table 10.7) A2:
0.21 m (0.14–0.35), A1B: 0.19 m (0.13–0.32), B1: 0.13 m
(0.10–0.24).

In summary, we show that a simple global average cal-
culation of ocean warming based on the advection-diffusion
model and using the values of the coefficients determined
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in the past from steady-state measurements accurately re-
produces much more detailed recent data. In the amount
of input information required, there is a vast difference be-
tween the average and detailed calculations. The method de-
scribed, which uses only global averages, provides a useful
tool to understand the past heat content and associated sea
level changes and to project the effect of present-day surface
temperature changes into the future.
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