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ABSTRACT

It

Estimates of sea level rise during the period 1856-1991 due to thermal expansion are presented. The estimates
are based on an ocean model that consists of three zonally averaged ocean basins representing the Atlantic,
Pacific, and Indian Oceans. These basins are connected by a circumpolar basin that represents the Southern
Ocean. The ocean circulation in the model was prescribed. Surface ocean forcing was calculated from observed
sea surface temperatures. Global mean forcing and regionally varying forcing were distinguished. Different
parameterizations of ocean heat mixing were incorporated. According to the model presented, global mean sea
level rise caused by thermal expansion over the last hundred years ranged from 2.2 to 5.1 cm, a best estimate
being 3.5 cm.

tntl'vduEction

Iq the past, sea level changes have varied widely on
different time and space scales. On longer 'timescaleshetages

the global mean sea level varied by more
than a hundred meters, but after the latest deglaciation
went sea level changes have been considerably
mailer. Many different processes affect sea, level
change. Some'of these, for example, isostatic adjust-
ment of the earth's crust, tectonic movements, and river
sedimentation, have only regional effects. Others, like
melting of large continental ice sheets, smaller ice caps,
and glaciers and thermal expansion of sea water are ofre°bal,Interest,

although the latter is thought to be of
V910nal importance also (Mikolajewicz et al. 1990).

'kiability uncertainties processes
hell , hamper the determination of recent sea level

b e e. Nevertheless, according to most estimates
sea'sd on tide-gauge measurements, the global mean

a level rise over the last hundred years was 10-20
em (DOuglas 1991; Woodworth 1993). Melting of gla-
a[s and small ice caps and thermal expansion of sea

° this a generally thought to be the main contributors
relatis rise, but there are still uncertainties about their

98 a importance.' Whereas according to Barnett

sea le el my a
small part of the observed global mean

estimated
rise is

that done-oth
thermal
rd of theaobobserved sea level
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change could be explained by thermal expansion, and
Gornitz et al. (1982) even considered that one-half was
due to thermal expansion. Both Warrick and Oerlemans
(1990) and Wigley and Raper (1993) calculated that
thermal expansion and the melting of glaciers and small
ice caps were of approximately equal importance for
the sea level rise. The contribution made by melting of
the Greenland ice sheet was smaller.

Estimates of the contribution made by thermal ex-
pansion to the observed sea level rise are hindered by
the complex behavior of the density of sea water.
Knowledge of the history of the three-dimensional
ocean temperature and. salinity fields is required for
these estimates because the density of sea water is a
nonlinear function of pressure, salinity, and tempera-
ture. Because of the lack of observations, this knowl-
edge is not available. A general circulation model of
the oceans (OGCM) could therefore serve as an im-
portant tool to..estimate thermal expansion. In> a few
studies, such models have been used to study future
thermal expansion in relation to global warming,, Using
a prescribed ocean surface forcing, Mikolajewicz et al.
( 1990) found regional changes in sea level rise due to
thermal expansion that are of the same order as the
global mean. On the other hand, Church et al. (1991)
presented calculations of sea level rise caused by -ther-
mal expansion that contain hardly any regional varia-
tions:. Their ventilated isopycnal ocean model was, as
in the present analysis, forced by a prescribed atmo-
spheric temperature change: Cubasch et al. (1992) used
a coupled atmosphere-ocean GCM to estimate thermal
expansion over the net hundred years. According- to
their results, the sea level will rise by less than has been
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FiG. 1. (a) Geometry of the three zonally averaged ocean basins that are joined at 55°S to form the Southern Ocean. Oceans are represented

by black bars and land areas are represented by white bars. The lengths of the black bars represent the ocean basin widths used in them
calculations. Bar centers are chosen so to follow the curvature of the earth: therefore distances between bar centers have no meaning.

(b)

Schematic review of the ocean circulation pattern. Upwelling and downwelling are represented by vertical arrows and meridional velocities
are represented by horizontal arrows.

estimated on the basis of simple upwelling -diffusion
models, although they attribute a major part of the dif-
ference to the previous warming history prior to the
start of the integration. Gregory (1993) studied global
and local sea level changes on the basis of a model run
of 75 yr, also with a coupled atmosphere-ocean GCM,
while Manabe and Stouffer (1994) performed integra-
tion of a coupled atmosphere-ocean GCM in order to
speculate about future thermal expansion over a period
of 500 yr.

However, no simulations of past thermal expansion
made on the basis of GCMs have been published.
Church et al: (1991) used a three-dimensional venti-
lated ocean model and estimated that thermal expan-
sion of the oceans between 1900 and 1980 was 5.5 cm.
They forced their model by assuming that there was a
globally uniform increase in the atmospheric tempera-
ture. Nevertheless, most estimates of past thermal ex-
pansion are based on simple one-dimensional (upwell-
ing,) diffusion models. Gornitz et al. (1982) were the
first to estimate thermal expansion of sea water over
the past hundred years assuming that the global mean
surface air temperature increased by about 0.4°C. They
used a one-dimensional ocean model in which ocean
mixing is parameterized by diffusion. Because a pure
diffusion model leads to an isothermal steady-state
ocean temperature profile, Wigley and Raper (1987,
1993) used a one-dimensional upwelling -diffusion en-
ergy-balance climate model. In such models global. uni-
form upwelling is assumed to be balanced by high-
latitude downwelling; which is a simple representation
of the thermohaline circulation. Inclusion of the advec-
tive upwelling term ensures more realistic steady-state
vertical ocean temperature distributions. Wigley and
Raper (1993) tuned their model-calculated radiative
forcing so that simulated changes in the global mean
air temperature in the past were comparable to obser-

vations. They determined that thermal expansion dur-

ing the period 1880-1990 contributed 2.7-5.6 cm to

the observed global mean sea level rise, a best estimate

being 3.8 cm. e
Because latitudinal variations in ocean temperature

are of the same order as vertical variations, it is
ques<

tionable whether thermal expansion can be correctly

simulated with a one-dimensional (vertical) M°de

Wigley and Raper (1987, 1993) partly dealt with this

problem by subdividing their ocean into three zones p
and

present
temperature

on coefficient. In the
own

approach is used: 'a two-diensional pwelling"-ji'r

fusion ocean model is used to estimate past the

expansion. Although in most previous studies the oc in
surface was forced by radiation, the ocean forcing

this study is based on observations of sea surface
tern'

peratures. We examine the effect on thermal expansion

of a global mean forcing type and regionally varYing

forcing types. In addition, we consider the import
of several parameterizations of the ocean heat mtxl"S

Section 2 describes the ocean model and these Parato'

eterizations and section 3 deals with the ocean surf

forcing. the results of simulations of the thermal e
pansion of sea water over the last hundred years ar
presented in section 4.

2. The thermal expansion model

An idealized ocean model was used for the sir odei
tions of the thermal expansion of the oceans. T.he

m l)
consists of three zonally averaged (two-dimenstdln
ocean basins representing the Atlantic, Pacific, al"

to
than Oceans. The Atlantic Ocean extends from

550S

80°N, the Pacific Ocean from 55°S to 600N, and

Indian Ocean from 55°S to 20°N. As shown in fig.
la

the three basins are connected by a circumpolar basin

-4-

)

model.

hemisphere, each with its
per
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(55°S-70°S), which represents the Southern Ocean.
The total ocean depth of 4000 in is divided into 10
horizontal layers of increasing thickness with depth, the
thickness of the uppermost layer measuring 50 m. Fur-
ther vertical refinement scarcely affects the results of
the model. The horizontal resolution is five meridional
degrees. Each ocean basin is assumed to have a frac-
tional zonal width that varies with latitude.

The global thermohaline circulation is prescribed by
downwelling in the northern Atlantic (65°-80°N) and
1n the Southern Ocean basin, which balances uniform
°PWelling elsewhere. The meridional velocities in the
UPPermost and lowest model layers are calculated by
mass conservation. This circulation pattern is shown
schematically in Fig. lb. For the uniform upwelling
Velocity a typical value of 4 in yr-' was used as stan-
dard for all three basins; the value is based on isotope
tracer studies (e.g., Hoffert and Flannery 1985). The
downwelling velocity in, the northern Atlantic Ocean,
representing the production of North Atlantic Deep
Water (NADW), was obtained by assuming a produc-
ton rate of 20 Sv (Sv =, 106 m3 s.-`), which is consis-
tent with estimates made by Gordon (1986). The ther-

ohaline circulation was closed by downwelling in the
Southern Ocean resulting in a production rate of 16.6
Sv

of Antarctic Bottom Water (AABW).
Because the ocean model is forced by anomalies of

observed sea surface temperatures (see section 3), the
ocean temperature field is divided into a zonally aver-
aged initial temperature field and a small superposed

ldemPerature perturbation field. The initial temperature
is assumed to be in thermal equilibrium and con-stant
in time. The temperature perturbation field ac-

"ounts for the propagation of the surface forcing
throughout the ocean. Ocean heat mixing is strongly
affected by mesoscale motions, which are not resolved
by the model. A classic method of dealing with this
problem is to parameterize the ocean heat mixing by
diffusion.

The perturbation temperature field is then af-
ected by advection and diffusion both horizontally and
vertically and can be calculated from

at + 1 a(wT)
R f Cos (p a(p aZ

;._ 1 aTl a (Kv-
cos a f cos cpKy

a p /J1 + az az /I

(1)

Tis the perturbation temperature, R is the earth's
each

u Parat ly
( h

+fP
fractional ocean an width

latitude,
Z is the meridional velocity, w is the vertical velocity,
sioll

is
the vertical coordinate, K is the horizontal diffu-

i cftoefficient, and K,, is. the vertical diffusion coef-
c1ent.

1'oWever thereare large uncertainties about this pa-
retenzation and especially about the magnitude of
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the diffusion coefficient. In simple upwelling-diffu-
sion models, K,, is often taken to be 0.634 cm2 s-' (e.g.,
Warrick and Oerlemans 1990). Assuming an upwell-
ing rate of 4 in yr-', the scale depth amounts to 500
in, which seems quite reasonable in view of observa-
tions of vertical temperature profiles (Hoffert et al.
1980). Wigley and Raper (1993) used the slightly
higher value of 1.0 cm? s -' as standard for the vertical
diffusion coefficient. This constant value was also
adopted in the National Center for Atmospheric Re-
search GCM by Washington and Meehl (1989). But
in the well-known GFDL (Geophysical Fluid Dynam-
ics Laboratory) model, a vertical diffusion coefficient
that varied with depth was, used for several years
(Bryan and Lewis.1979) , whereas the diffusion in the
Hamburg GCM, was of a more numerical nature
(Maier-Reimer et al. 1993). In. tracer studies too, dif-
ferent values can be found for the diffusion coefficient.
An interesting tracer study was performed by Gargett
(1984), who argued that the diffusion coefficient
should depend on the vertical stability of the water col-
umn. She therefore suggested that the diffusion coef-
ficient should vary in inverse proportion to the Brunt-
Vaisala frequency. However, others like Redi (1982)
take the view that mesoscale ocean mixing occurs
mainly along isopycnal surfaces. In her opinion, the
orientation of the parameterized mixing should be cal-
culated from the local slope of these surfaces.

To examine the effect that different parameteriza-
tions of the ocean heat mixing have on thermal expan-
sion, three parameterizations are used in this study. In
the first case, the ocean heat mixing is parameterized
by a constant horizontal and vertical diffusion coeffi-
cient. For the horizontal diffusivity, K is taken equal
to 4.75 X 106 cm2 s '. This value is consistent with
values usually chosen in two-dimensional ocean mod-
els (e.g., Watts and Morantine 1990; Stocker et al.
1992). For the vertical diffusivity, Kv is taken equal to
1.0 cm2 s -', but some sensitivity experiments concern-
ing this value will be presented. In the second case the
vertical diffusivity depends on the vertical stability of
the water column, as suggested by Gargett (1984). In
this parameterization, K,, = aN-' and N is the Brunt-
Vaisalafrequency {N= [-g(p0)-'(ap/az)]12}.Al-
though Gargett estimated a to be equal to 1.0 X

10_3

cm2 S_', in this paper a is taken equal to 3.6 X 10-'
cm2 s' after Kraus (1990). Because the largest ver-
tical variations in the density field are generally found
in the upper part of the ocean, this parameterization
implies an increasing diffusion coefficient with depth.
Again Kh is taken equal to 4.75 X 106 cm2 s -'. In the
last case, the idea of isopycnal diffusion is tested using
a technique introduced by Redi (1982) . First, the local
slope of the isopycnal surface in the ocean is deter-
mined and then a mixing tensor is introduced that con-
ducts the diffusion in that direction. This technique is
also used now in the GFDL model (Manabe et al.
1991.). Constant values are chosen for the isopycnal
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+
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and diapycnal diffusion coefficients (1.0 x 10' cm2 S-1
and 1.0 cm2 s-', respectively).

To estimate thermal expansion in the past, one
should use an initial temperature field that represents
the past state of the oceans. Because the past state is
unknown, an initial temperature field is used that is
based on the present-day Levitus (1982) dataset. Since
the ocean temperature fields toward the end of the nine-
teenth century were probably lower than today, an ex-
periment was performed in which the initial ocean tem-
peratures were reduced by one degree. The model re-
sults were affected only negligibly by this cooling. The
Levitus dataset is also used to prescribe the ocean sa-
linity fields. Then the thermal expansion of sea water,
caused by changes in the perturbation temperature
fields of the oceans, can be calculated using the equa-
tion of state given in Gill (1982, 600). The global mean
thermal expansion is obtained by area weighting of the
zonally averaged values.

3. Ocean forcing

Of course it would be useful if we could calculate
thermal expansion over the last hundred years from ob-
served changes in the three-dimensional ocean temper-
ature and salinity fields. Unfortunately, however, this
is not possible because no data exist for several ocean
areas during large parts of this period. Therefore, most
estimates of past thermal expansion have been obtained
by the use of energy-balance climate models. Since the
climate of the earth is affected by changes in radiative
forcing, estimates of past climate forcing can be made
from observed concentrations of greenhouse gases. A1-
though the relationships between concentrations of
greenhouse gases and radiative forcing have been fairly
well established (e.g., Shine et al. 1990), there, are
large uncertainties in the relationships between changes
in radiative forcing and temperature changes. These un-
certainties are due to complex interactions and (possi-
ble) feedbacks between the different components of the
climate system. In simple energy-balance climate mod-
els these uncertainties are reflected by a feedback pa-
rameter, which is specified by the change in the equi-
librium global mean temperature (L T2.) due to a dou-
bling of the C02 concentration. This feedback
parameter is thereby estimated to range from 1.5° to
4.5°C. The global mean surface temperature warming
since the late nineteenth century is estimated to be
0.45°C (Folland et al. 1992), although considerable un-
certainties remain. Model-calculated radiative forcing
derived from observed concentrations of greenhouse
gases can therefore be adjusted so that the simulated
past global mean temperature change reflects the ob-
servations (e.g., Wigley and Raper 1993). Past thermal
expansion can then be calculated from the associated
changes in the ocean temperature profiles.

We used another approach. Since our attention is fo-
cused on the ocean only, it seems a good idea to take

VOLUME"8

observed surface temperatures as a starting point to cre-
ate ocean forcing, instead of observed concentrations
of greenhouse gases. The ocean forcing in this study is
derived from anomalies in observed sea surface ten"
peratures (SST). Following the most direct way, model
SST perturbations are simply equated with observed
SST anomalies. The inducement to use this forcing
method is the lack of knowledge of past surface heat
fluxes. Estimations of these fluxes from observed con-
centrations of greenhouse gases, as is done in most pre'
vious studies, are based on the assumption that"the en-
hanced greenhouse effect was the sole forcing mecha=
nism present. Obviously, these estimated surface heat
fluxes do not show the interannual variability that Is
observed in the SST data. By equating model SST per-
turbations with observed SST anomalies, the possible
influence of these short-term climate fluctuations can
be investigated. If the surface heat fluxes were known
exactly and if a climate model would exist that calcu-

lates changes in SST due to changes in the surface hey
flux perfectly, then model-calculated changes in
would resemble exactly the observations.

The deep sea temperatures are linked to the mixed'
layer temperatures by the advection-diffusion equa-

tion (1) . So, in principle, the effective forcing of dthe

deep sea in the present study is the same compared st
the increased surface heat flux method used in in
previous studies. However, the two forcing methods

differ in practice because of the lack of knowledge
of

the surface heat fluxes and because of the lack of(and
errors in) observations of SST. Consequently,

the

choice of the forcing method affects the model SS

directly and the deep sea temperatures indirectly by

way of the advection -diffusion equation. The
differ'

ences-in the temperature distributions in the ocean in

terior obtained with' the two types of forcing will reflect

the uncertainties in our observational and
theoretical

knowledge of the (past) climate, but will not refl

physically different forcing methods. The forcing

method used in this study is therefore a reasonableane
interesting tool for estimating thermal expansion in tof
past and for comparing these estimates with results
previous studies. Furthermore, the effects on globeasily
pansion of a regional varying ocean forcing can
be examined by use of observed SST. as

The idea of using observed surface temperatures
W

forced
adopted by Church et al. (1991). However, they in-
their ocean model by a global mean temperature
crease that was based on both land and ocean

data

Jones et al. (1986) compared records over

land.,od

e
over oceans for 15 regions in which land anddltmh

uo

gh
observations were made in close proximity. af_

their results showed good agreement for the Pen° heir
ter 1946, there were considerable differences ili

era-

earlier records of sea surface and surface air tepbe

tures. These discrepancies are generally thought sur-
caused, at least partly, by systematic errors in

_sea
tin-

face temperature measurements. The change from

SST

Altt
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Insulated bucket measurements to a mixture of insu-
lated bucket and engine intake measurements around
World War II seems to be the most important reason
for these errors.

Since ocean data are now readily available, only sea
surface temperatures are used in this paper. Two well-
known marine datasets are the Comprehensive Ocean-
Atmosphere Data Set (COADS) (Woodruff et al.
'1987) and the United Kingdom Meteorological Office
(UKMO) dataset (Bottomley et al. 1990). The latter
contains observations of sea surface temperatures and
nighttime marine air temperatures, whereas COADS
contains the complete set of shipboard observations.
Jones et al. (1991) compared these two datasets and
found important differences in the analyses of the data
or the period prior to 1940. These differences are

caused largely by various adjustments that were made
to correct for changing methods of measuring SST,
changes to ships, and changes to shipping routes. Fur-
thermore, different grid and time intervals were used
in the analyses. Here a new UKMO analysis is used, in
which the CORDS was used to fill in missing values
In the Bottomley et al. dataset. In this analysis, im-
proved instrumental corrections were applied concern-
ing the wooden and canvas bucket measurements (Par-

_ker et al. 1994). This new UKMO dataset was updated"to
1991; its data coverage exceeds that of the COADS.

dais Parisons between the new UKMO analysis and the
considered by Jones et al. (1991) were presented

by Folland et al. (1992).
The UKMO dataset used in this study provides

monthly mean anomalies of SST on a 5° X 5° grid for
the period 1856-1991. Due to the lack of observations,
not all anomaly series were complete. Some anomaly
Values for the northern and southern high latitudes are
missing, particularly during the first half of this period.
The spatial coverage is also incomplete around World

4 lI. However, the dataset also provides seasonal
SST anomalies for several regions, including the North
and South Atlantic, Pacific, and Indian Oceans. More-
°Ver,. global and hemispheric mean seasonal SST
anomalies. are presented. All these seasonal anomaly
series are complete. Three different ocean forcing types
were derived for this spatial and temporal coverage of
the dataset. The first is based on the complete time se-
he" of lo al mean seasonal SST anomalies and iscalled ", lo al forcing." The second forcing type is°bt,ined

from six seasonal SST anomalies, connected
with the Northern or Southern Hemispheric part of each
°cean. This forcing type is called "regional forcing."
The third ocean forcing type is based on the monthly
mean SST anomalies for each 5° x 5° field. Because
the ocean model used in this study consists of three
ZOnally, averaged ocean basins, zonal mean anomaliesare

calculated from these 5° X 5° values for each ocean
b11n To deal with the incompleteness of some anom-
40 series; we combined anomaly values for the most
n0jrthern and southern parts of each ocean. This means

that for the Atlantic Ocean anomaly values north of
55°N are combined into a single anomaly series, so are
anomaly values south of 35°S. For the Pacific Ocean
these limits are 45°N and 35°S, and for the Indian
Ocean, 10°N and 35°S. Therefore, inaccuracies in sea
level rise caused by thermal expansion, which are in-
troduced by this forcing method, are probably largest
for the high-latitude areas. However, because the high-
latitude ocean areas are small compared to the total
ocean area and because the expansion coefficient is
much less in colder waters, these inaccuracies will
hardly affect the global mean sea level rise. Because
this third ocean forcing type has a more two-dimen-
sional nature, it is called "2D forcing."

The SST anomalies provided by the UKMO dataset
are based on observations for the 1951-1980 period.
This period was chosen because of the relatively good
coverage with regard to the observations. Figure 2
shows these global mean seasonal SST anomalies for
the entire period 1856-1991 and the 5-yr running mean
values. These smoothed averages show fluctuations,
with a dip of about 0.3°C in the beginning of the twen-
tieth century, followed by a gradual rise of over 0.4°C
over 30 yr; then there is another 30-yr period of little
long-term change followed by another rise toward the
end of the twentieth century. The average values for
the Pacific Ocean (not shown) look similar to the
global means, but the curve of these values for the At-
lantic Ocean shows a somewhat steeper rise after the
dip at the beginning of the twentieth century, whereas
the average curve for the Indian Ocean shows a some-
what steeper rise toward the end of the twentieth cen-
tury. Because model SST perturbations are equated
here with observed SST anomalies, all these anomalies
have to be offset in order to have the first years of the
simulation as the zero-mean reference period, So start-
ing the simulation in 1856 and 'using the same 30-yr
reference period as Bottomley et al. (1990), we have
to use the offset SST anomalies based on observations
for the period 1856-1885. Since the data coverage dur-
ing this period is poor and the emphasis of this study
is on thermal expansion over the past hundred years,
most simulations presented here start in 1891 and have
1891-1920 as the zero-mean reference period.

4. Experiments

a. Global and regional forcing

In the first experiment, model SST perturbations
were equated with the global mean seasonal SST anom-
alies, as shown in Fig. 2. The propagation of this ocean
surface forcing throughout the deep ocean during the
period 1891-1991 was determined by the advection-
diffusion equation (1 ), using a constant vertical dif-
fusion coefficient of K, = 1.0 cm2 s-'. The resulting
temperature changes were used to calculate changes in
the density field. On the assumption that the ocean grid-
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FIG. 2. Global mean seasonal SST anomalies and the running mean values for 5 yr.
The period 1951-1980 is the reference period.

box volumes remain constant, these local density vari-
ations are translated into local sea level variations. In
Fig. 3a these values are shown for each separate ocean
basin. The local sea level variations in the high northern
Atlantic Ocean are remarkably large. In this part of the
Atlantic Ocean basin the downwelling represents the
formation of NADW. So in this ocean area, perturba-
tions of the sea surface temperature are transported
downward both by diffusion and by advection, leading
to relatively large values of local thermal expansion.
However, this local thermal expansion has only a minor
effect on the global mean sea level rise because of the
small surface area involved. In the northern Pacific
Ocean, considerably smaller local expansion rates are
found because of the absence of downwelling there.
Moreover, the initial temperature field affects the ther-
mal expansion: since the Atlantic Ocean is warmer than
the Pacific Ocean north of 20°N in the present state, the
high expansion rates due to the downwelling effect are
intensified by the larger thermal expansion coefficients
in the northern Atlantic Ocean. In the Pacific and Indian
Oceans, in which there is only upwelling, the general
trend is that local contributions are highest near the
equator. The higher ocean temperatures in this area
cause larger thermal expansion coefficients.

The amounts of local thermal expansion in each
ocean basin at the end of the simulation are combined
by area weighting to obtain zonally averaged values for
one fictitious global ocean. These values are shown in
Fig. 3b for the global forcing type considered above,
as well as for the other two forcing types. The zonal

mean values in the high northern latitudes are remark'
ably large for all three ocean forcing types. However,

this is misleading to a certain extent since the nOrtbt
ernmost latitudes of the fictitious global ocean
only of the part of the Atlantic Ocean basin that is .rep'
resentative of downwelling NADW. As mentioned be
fore, these local Atlantic. contributions have, only. a IN
nor affect on global mean sea level rise because of the
small surface area involved.

The results for the three ocean forcing types bear
strong resemblance. As the trends in the observed SS

anomalies are somewhat more pronounced in the
latitudes, especially in the northern Atlantic ocean, the
largest amounts of thermal expansion in the. Norther'
Hemisphere are found for the 2D forcing type. Vsl18

the other two forcing.. types, this trend is spread More

evenly, leading to higher rates of thermal expanse D
near the equator. Irregularities in the results for the 29
forcing type are caused by the two-dimensional natur
of the surface ocean forcing. By area weighting of the

zonally averaged values we can estimate the globthe
mean sea level rise due to thermal expansion during t e

selected period. Since about 60% of the oceans areitsit'
'uated in the Southern Hemisphere, this global mes

value is hardly affected by the different forcing
Model-calculated values are 3.37, 3.44, and 3.47
for global, regional;- and 2D forcing, respectively-

b. Start of the simulations
djA

In the previous experiment the simulations starte
so1,891 and the observed SST anomalies were Offset

- - - -
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FIG. 4. Global mean sea level rise (cm) caused by thermal expansion for the simulation started
in 1856 and for the simulation started in 1891. The results are shown for the 2D forcing type.

ing history prior to the start of the simulations in 1891.
However, model results were affected by the choice of
the zero-mean reference period. Since the period 1856-
1885 was the zero-mean reference period in the longer
simulations, the offset of the SST anomalies was then
based on an inferior data coverage. Nevertheless, it is
interesting to compare the results of the two experi-
ments.

In Fig. 4, the model-calculated global mean sea level
change caused by thermal expansion is shown for the
simulation started in 1856 and for the simulation started
in 1891, in case of the 2D forcing type only. Although
the first simulation started 35 yr earlier, we were sur:
prised to find that the final sea level rise was larger in
the second simulation. This is due to the dip in the
observed SST anomaly values around the turn of the
century, which cause a sea level fall in this period. The
calculated sea level rise during the first 35 yr in the first
simulation is largely offset by this sea level fall,
whereas in the second simulation this dip is mainly
enclosed in the zero mean reference period. However,
after the turn of the century differences in offset values
cause higher temperature anomalies in the second sim-
ulation, leading to larger thermal expansion rates. Dif-
ferences in thermal expansion between the three forc-
ing types are more pronounced in the longer simula-
tions. Model-calculated values for the global mean sea
level rise for the simulations started in 1856 are 2.96,
3.00, and 2.59 cm for global, regional, and 2D forcing,
respectively.

c. Ocean heat mixing

An aspect of special interest in studies of thermal
expansion is the effect of uncertainties in vertical
ocean heat mixing. To investigate these

uncertainties'

we used various parameterizations of the ocean heat

mixing. In the first simulations the ocean heat mtxtn8

was parameterized by diffusion, using uniform
horl'

d
zontal and vertical diffusion coefficients. We varie

the magnitude of the vertical diffusion coefficient
Kv

and chose the same values as Wigley and RaPer

(1993) for comparison. Since the steady-state
sOlu_

tions in upwelling -diffusion models are deterfill"
by the value of the ratio Kv/w, simulations were Per'

formed for K,, = 0.5, 1.0, and 2.0 cm2 s ' with an

without changing this ratio. Doubling and halvillf
of

w in the experiments were associated with doubling
and halving of the downwelling rates of NADW

a

AABW for mass conservation reasons. As for
acer-

tain value of the vertical diffusion coefficient, the re'l
sults were most pronounced for a constant ratio K

Ch
w, only results are shown for experiments in
this ratio remained the same. the

In addition, a simulation was performed in which er.
vertical diffusivity was assumed to depend on tulati°0
tical stability of the water column. In this sim
Kv = aN-', with N is the Brunt- Vaisi la frequency

anty,

a = 3.6 X 10-1 cmz s '. If the water column was jn
stably stratified, K,, = 1.0 X 102 cmz s was used.

a third simulation, the concept of isopycnal
dtffuslon

h

-

tical
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FiG. 5. Global mean sea level variation (cm) caused by thermal expansion during the period
1891-1991. The results are shown for the 2D forcing type. Ocean heat mixing is parameterized
by constant vertical. diffusion coefficients (1 -3, dotted lines), by a. stability-dependent vertical
diffusion coefficient (4, solid line), and by isopycnal diffusion (5, solid line).

was, tested using a constant diapycnal and isopycnal
diffusion coefficient (1.0 cm2 s -' and 1,0 X 10'cm2 S-1 respectively).

In Fig. 5, we. present the resulting estimates of the
global mean sea level rise caused by thermal expansion
during the period 1891-1991 as 5-yr running means
for'the 2D forcing type only. During the first part of
the

simulation, thermal expansion is hardly affected by
the different parameterizations of the ocean heat mix-
ing* Thereafter, however, the choice of the parameter-

Oil does affect the thermal expansion. Using a uni-
tr vertical diffusion coefficient, the downward heat

the sport is faster for larger diffusion coefficients and
Warming of the deeper ocean layers is larger, which

v

elbe

y for the mean sea level rise obtainednin
or a constant ratio Kvl w are 2.48, 3.47,tad experimentp

s 4cmforKv=0.5, cm2 s re-&

These values are very similar to those given
if Wlgley and Raper, but slightly smaller. However,.

the diffusivity is assumed to depend on thCertlcletability
of the water column, the model cal-

ulates a larger sea level fall at the beginning of the
twentteth,century, due to the dip in the observed SST

nllies. Because this dip reduced the stability of the
Coeer part. of the water column, larger vertical diffusion
N,fficients were determined during this period, which

Perturbation
aster

Because of this larger sea level
negative

fall, the

final sea level rise is smaller than for the K,, =. 0.5
cm2 s-' simulation (viz. 2.18 cm for the 2D forcing
type). If the isopycnal diffusion method is used, model-.
calculated global mean sea level rise is smaller than for
a constant vertical. diffusion coefficient until about
1950. Thereafter the sea level seems to rise faster. The
final global mean sea level rise (3.63 cm for the 2D
forcing type) is almost- the same as for the K,, = 1.0
cm? S-1 simulation.

The physical processes responsible for mixing in the
interior of the oceans are poorly understood. To param-
eterize the ocean mixing by diffusion, assumptions
have to be made concerning the magnitude of the dif-
fusion coefficients and the orientation of the diffusion.
All the parameterizations of the ocean heat mixing used
in this study seem to be reasonable and it is difficult to
prefer one rather, than the other. The variations in the,
model results obtained for various parameterizations
should therefore be considered to reflect the existing
uncertainties in ocean heat mixing. These uncertainties
are of the same order as those introduced by the choice
of the starting point of the simulations. However, the
longer simulations have the major disadvantage of a
poor data coverage in the beginning of the simulation
period. Therefore, in this study, global mean sea level
rise caused by thermal expansion over the past hundred
years is estimated to be in the range of 2.2-5.1 cm,. a
best estimate being 3.5 cm. In spite of the fact that we
used a more sophisticated model in this study and a

4

,

the

more to

1.0, and 2.0 -' ,ectively,

tabilit

SST

.......... .....>

1
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different approach to force the ocean model, the values
found for thermal expansion differ only slightly from
previous estimates.

5. Conclusions
Estimates of sea level rise due to thermal expansion

during the period 1856-1991 have been presented. Our
study differs from most previous studies in that we used
a zonally averaged ocean model, in which the ocean
circulation is prescribed. The model consists of three
ocean basins, representing the Atlantic, Pacific, and In-
dian Oceans, which are connected by a circumpolar
basin that represents the Southern Ocean. The ocean
surface forcing was based on observed sea surface tem-
peratures instead of radiative forcing. Experiments
were done with three forcing types, which are of a
global, a regional, and a more two-dimensional nature.
In the model, only ocean temperature perturbations
were considered since the initial temperature field was
assumed to be in thermal equilibrium. Because the
ocean temperatures at the beginning of the selected pe-
riod are unknown, the present-day temperatures were
chosen as the initial temperature distribution.

Mainly due to downwelling in the northern Atlantic
Ocean, which represents the production of North At-
lantic Deep Water, local thermal expansion in the
northern Atlantic Ocean is considerably larger than in
the northern Pacific Ocean. Furthermore, model cal-
culations indicate that local thermal expansion is some-
what higher in the Northern Hemisphere in case of the
2D forcing than in case of the global forcing. Results
in terms of global mean sea level rise differ only
slightly. Model results .are: also affected by the choice
of the starting point of the simulations. If the calcula-
tions are started in 1856, thermal expansion rates are
found to be lower than if the calculations are started in
1891. However, the data coverage toward the end of
the nineteenth century is poor, so that expansion rates
in the longer simulations are uncertain.

Different parameterizations of the ocean heat mixing
were also considered in this study, namely diffusion by
use of uniform diffusion coefficients, diffusion in
which the vertical diffusivity was assumed to depend
on the vertical stability of the water column, and iso-
pycnal diffusion. Because -all these parameterizations
seem to be reasonable, differences in the model results
are considered to reflect the existing uncertainties con-
cerning ocean mixing. In this study, global mean sea
level rise caused by thermal expansion over the past
hundred years is estimated to be in the range 2.2-5.1
cm, a best estimate being 3.5 cm. These values are
smaller than the values estimated by Church et al.
(1991), who also used observed temperatures to force
their (three-dimensional) ocean model. Part of the dif-
ference may be explained by the fact that they used
observed global mean surface air temperatures,
whereas we used observed zonal mean sea surface tem-
peratures.

Values found for thermal expansion in this study are
in close agreement with previous estimates obtained by
means of simpler one-dimensional upwelling-diffu-
sion models. This agreement is due to-the fact that such
a model represents the equatorial and midlatitudinal
ocean areas reasonably. On the other 'hand, we found
relatively large rates of local. thermal expansion in the
high-latitude downwelling areas, which are not repre-
sented in one-dimensional models. These local values
have only a minor effect on the global mean sea level
rise because of the small ocean areas on high-latitudes,

In spite of the slight differences in global mean sea
level rise obtained by means of our model and by
means of simpler one-dimensional models, it is useful
to estimate thermal expansion by means of the more
sophisticated model. An advantage of our model corn'
pared with one-dimensional models is the more real-

istic representation of the ocean thermohaline circula-

tion. The ratio of the polar-sinking water temperature
change to the global mean temperature change is de-

termined in our model by the integration of the advec'
tion-diffusion equation, whereas this ratio has to be

prescribed in the one-dimensional models. Further
more, to estimate thermal expansion in the future, an

atmospheric energy-balance model can be coupled
as,

ily to our ocean model, together with a sea ice model.

By means of such a climate model, one can exammne
the effect of several climate aspects on thermal expan"
sion, which require some horizontal resolution such as

the albedo -temperature feedback and possible changes
in the sea ice coverage. However, a disadvantage Of all

upwelling -diffusion models compared with GC1VI1`ls

the extremely simple representation of processes 'in"

volved in the penetration and distribution of heat from

the surface to the interior of the ocean. Since these
plifications make the upwelling- diffusion' models

cheap in computer time, they still are useful to perform

a wide range of sensitivity experiments.
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