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Abstract 

Approximate estimations of future climate change can be produced by implementing 

numerical global climate models.  In this study, versions 2.6 and 2.7 of the University of 

Victoria Earth System Climate Model (ESCM) were employed.  Compared to other climatic 

projections, the novelty of this study consists in a significant extension of the projection 

period to the time-scale of 4200 years, and in comparisons of the results obtained with two 

sequential versions 2.6 and 2.7 of ESCM. Version 2.6 of ESCM couples the atmospheric, 

oceanic and ice processes. Version 2.7 of ESCM accounts for solar and ice-sheet forcing, as 

well as coupling land-vegetation-atmosphere-ocean carbon, and allows inclusion of ocean 

biology and dynamic vegetation modules.  Our comparison exhibits essential quantitative and, 

moreover, qualitative differences in the parameters under consideration, which are surface air 

temperature, sea-ice and snow volumes, and surface pressure in a column of water averaged 

globally.  The observed differences are attributed to the biological blocks added to ESCM 

version 2.7, changed numerics and explicit ice-sheet forcing.  Furthermore, the non-steric sea-

level change has been used to model corresponding gravity field changes (here in terms of 
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geoid height) by evaluating Newton’s volume integral and study the differences between the 

two software versions under consideration.  In line with the model results, the estimated geoid 

height changes also exhibit a significant difference between the experiments’ outcomes. 
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1. Introduction 

 

For the last few decades, global environmental change has attracted particular attention, not 

only to the scientific community (e.g. Braganza et al., 2003; Manabe and Stouffer, 1979), but 

also to the general public (e.g. Kolbert, 2005).  Special focus is given to a change in global 

sea-level as an indicator of environmental change.  This is due to the possible socioeconomic 

impact of any long-term change, such as inundation of coastal cities.  Furthermore, a long-

term sea-level rise will have a great impact on population and infrastructure of low-lying 

nearshore areas (e.g. Intergovernmental Panel on Climate Change, 2001). 

Even though the numerical weather/climate predictions is an arguable subject in itself (e.g. 

Lorenz, 1967) and the present-day estimates of individual components such as thermal 

expansion (eustatic), fresh-water influx due to melting of snow and land ice, as well as 

terrestrial water storage influencing the global sea-level, are highly uncertain (e.g., Cazenave 

and Nerem, 2005), scientists from different branches of geoscience are now embarking on 

future sea-level predictions (e.g. Rignot et al., 2003; Sun and Hansen, 2003). 

Predictions of atmosphere and/or ocean parameters with high spatial and temporal 

resolution can be obtained from three-dimensional numerical global climate models. Such 

models are comprehensive in the sense that they are able to give a detailed description of, for 



instance, individual weather systems in the atmosphere and/or regional currents in the ocean.  

These models account for these physical processes by adopting deterministic expressions and 

parameterisations available at the time of release.  

Nevertheless, even the most modern computational facilities do not provide sufficient 

power to run either multiple and/or long time-scale (e.g., hundred to thousand years) 

experiments using these comprehensive global climate models because they are very 

demanding on computational time and recourses. Meanwhile, in long-term climate 

projections, only general trends of the main processes are of interest, so high temporal 

resolution and detailed descriptions are probably excessive. 

Therefore, most of the studies that tackle long-term sea-level variations on time-scales from 

hundreds to thousands of years employ two other types of models, namely conceptual global 

climate models and climate models of intermediate complexity. Inductive (or tutorial) models 

of the first type are very simplistic, frequently one- or two-dimensional, and only consider the 

main processes taking place in the system Earth (e.g. Paillard, 1998).  

Models of the second type (e.g. Claussen et al., 2001) embed the best features from both 

comprehensive and conceptual climate models using some acceptable simplifications for 

some processes of lesser importance, in parallel with more detailed deterministic description 

of other processes, which may be of greater importance to a particular scholar or project team. 

Thanks to their relative simplicity, these models allow for long-term (e.g. tens of thousands of 

years) and/or an essential number of sensitivity experiments (e.g. Church et al., 2001). To 

emphasize the fact that the outcomes of such long-term predictions cannot yet be validated, 

they are usually called projections. 

In this study, the University of Victoria Earth System Climate Model (ESCM; Weaver et 

al., 2001) was employed. This model is of the above second type, numerically representing 

the primary thermodynamic and hydrological components of the Earth’s climate system in a 



spherical grid. The surface balances and feedbacks of heat, freshwater and momentum of 

impulse are described using a diffusive energy-moisture balance atmospheric module. 

General ocean circulation is simulated using primitive equations of motion. The 

thermodynamics and elastic-viscous plastic dynamics of sea-ice are represented by modules 

with different levels of complexity involving some parameterizations and the momentum 

balance equations. 

The ESCM model was selected because all the model modules are available to download 

from a public domain website (http://wikyonos.seos.uvic.ca/model/), and the model 

developers claim that it is able to represent present-day climate reasonably well (Weaver et 

al., 2001) when validating model results versus actual measurements. This was also 

demonstrated in that the model provides a reliable basis for estimation of global thermohaline 

circulation (e.g. Weaver et al., 1999), the past climates (e.g. Weaver et al., 1998 and 2003; 

Cottet-Puinel et al., 2004), as well as - most importantly for this study - long-term (up to year 

2500 A.D.) future climate projections (e.g. Weaver et al., 2001). 

In the present study, results obtained from two subsequent versions (2.6 and 2.7) of the 

ESCM are compared in order to clarify how the recent upgrade affects projections of long-

term sea-level change and corresponding changes in the Earth’s gravity field (notably the 

geoid). This study focuses solely on the changes of sea-level and gravity field; thus a more 

comprehensive description and analysis of other global climate changes lie beyond the scope 

of this paper. Both ECSM model versions have been applied to a greenhouse-warming 

scenario using a 2% annual increase of the initial concentration (365 ppm in year 2000) of 

carbon dioxide (CO2). Therefore, the difference in results can be solely attributed to the 

changes introduced in the 2.7 version of ESCM. 

 



2. Computational recourses and software employed 

 

ESCM can be run (and was tested here) on different platforms operating under, e.g., AIX, 

DARWIN, IRIX, Linux, and some others. In this study, a PC with Pentium IV 2.80 GHz 

processor and 1.00 GB of RAM ran under Mandrake Linux v.8.2 was used. The Mandrake 

(later on Mandriva, http://www.mandriva.com/) Linux operating system is an open source 

[free] software. To compile the ECSM model, another freely downloadable software, the Intel 

Fortran Compiler for Linux (http://www.intel.com/cd/software/products/asmo-

na/eng/compilers/flin/219857.htm), was installed and implemented. 

A 100-year projection period had been taking a little more than one day of clock time, 

while the real-time computations had taken about two months in total. To avoid data loss 

related to occasional power outages in Western Australia, the model was executed using the 

command allowing for running it in consecutive steps saving 10-year averaged results over 

200-year model periods. Under these conditions, each NetCDF archive with 200-year 2D and 

3D computational outcomes has a size of about 100 MB. 

During a model run, the results can easily be visualised using the freely available NetCDF 

(Network Common Data Form, http://www.unidata.ucar.edu/software/netcdf/) interface as the 

data are saved in NetCDF archives. The interface and associated library were developed by 

the Unidata Program at the University Corporation for Atmospheric Research as a machine-

independent format for representing scientific data. To numerically analyse and plot the 

results of the model runs, the MatLab computing environment with a suitable NetCDF 

Toolbox was used, which is also available from the public domain 

(http://www.unidata.ucar.edu/software/netcdf/software.html#MATLAB). 

 

 



3. Description of the ESCM versions 2.6 and 2.7 and parameters used 

 

Version 2.6 of the ESCM was made available for public use in January 2003 

(http://wikyonos.seos.uvic.ca/model/2.6.html). This version numerically represents the 

primary thermodynamic and hydrological components of the Earth’s climate system by 

coupling the atmosphere-ocean-ice processes. The surface balances and feedbacks of heat, 

freshwater and momentum of motion are described in the atmospheric module based on 

Fanning and Weaver’s (1996) diffusive energy-moisture balance. General ocean circulation is 

modelled by the Modular Ocean Model (MOM 2; Pacanowski, 1996) using primitive 

equations of motion. Parameterizations and the momentum-balance equations are used to 

describe the thermodynamics and elastic-viscous plastic dynamics of sea-ice (e.g., Semtner, 

1976; Bitz et al., 2001; Holland et al., 2001). Land ice sheets were not included in this version 

of the ECSM model. 

In July 2004, a new version of the ECSM model appeared 

(http://wikyonos.seos.uvic.ca/climate-lab/model.html). This version 2.7 includes new modules 

of ocean biology and dynamic vegetation (Cox, 2001; Cox et al., 2001), coupled carbon 

coming from land-vegetation-atmosphere-ocean, and accounts for solar and ice-sheet forcing. 

Some numerics of the model were also changed (Michael Eby, 2006, pers. comm.). The 

Greenland and Antarctic ice sheets remain constant under the used scenario because the land-

ice dynamics are not considered, as the land-ice module is not yet publicly available.  

In this study, the total period over which the computations were performed was 4200 model 

years. First, both versions of the model were run from “cold start” in year 0 until year 2000 

under default model options with present-day (2005) radiative forcing in a spherical grid with 

latitudinal resolution of 3.6
o
 and longitudinal resolution of 1.8

o
 (i.e., 100 by 100 nodes). 

Confirming Weaver et al. (2001), the results of such a preliminary run are in good agreement 



with the present-day climate and provide stable (zero or near-zero yearly averaged drifts of 

the parameters under consideration) initial conditions for further climate experiments.  

After that, starting from year 2000, the two versions of the ESCM models were forced with 

a linear 2% per year (7.3ppm year
-1
) CO2 increase rate and were run for 2200 years more (Fig. 

1). This period was selected because, under this scenario, version 2.6 shows similar results to 

the ones demonstrated by Makarynskyy et al. (2005), i.e., respective complete and more than 

half melt of the initial sea-ice and snow volumes averaged globally. 

We are aware that the selected climatic scenario leads to CO2 concentrations that are higher 

than 15000 ppm by the end of the computations. Meanwhile, even in the case the known 

reserves of fossil fuel (~5000 Gt) were burnt and kept in the atmosphere, the concentration 

would be around 12000 ppm. Therefore, such a scenario is rather unrealistic reflecting some 

artificially induced climate change produced by some arbitrarily specified thermal forcing. 

Nevertheless, the use of the specified CO2 increase rate over the indicated 2000-year period 

allowed shortening the total time needed to accomplish computational experiments and to 

estimate changes in the Earth’s gravity field induced by sea ice and snow melting. 

 

 

3.1 Oceanic parameters 

 

The remaining sea-ice and snow volumes are of special importance here because they 

determine sea-level changes due to the sea-water volume/mass increase. The other important 

model variables are surface air temperature (SAT; measured/modelled at ~1.5 m above the 

underlying surface) and surface pressure (Ps) in a column of water. The latter is regarded as 

the implicit ocean-free surface in terms of pressure under the rigid lid approximation used in 



MOM2 (Pacanowski, 1996). Such an approximation excludes the high-frequency external 

gravity waves from consideration and thus speeds up the computations.  

An estimate of sea-level height change ΔHm (between two time instants) due to any ocean-

water mass change (non-steric sea-level change) can be easily derived from the surface water 

pressure change ΔPs as 
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ΩΔΩΔ =                                                                                    (1) 

where �s is the surface water layer density, and g  is the gravitational acceleration computed as 

a function of latitude (e.g., Moritz, 1980). Here Ω=(λ,θ) denotes the coordinate pair of 

spherical longitude λ and co-latitude (polar distance) θ. 

To evaluate global steric sea-level change �Hst in each computational grid node between 

years 2000 and 4200, the following expression was used: 

DTC)(H st ⋅⋅= ΔΩΔ                                                                                              (2) 

where C is the coefficient of water thermal expansion (e.g. Knauss, 1979; McDougall, 1987): 
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where T is the mean water layer temperature, and �T is the temperature change between years 

2000 and 4200; � is the mean water-layer density calculated as a function of the water 

temperature, salinity and pressure at a certain depth; and D is the water layer thickness. There 

are 19 water layers from 0 m to 5396 m considered in the ESCM runs.   

Finally, the total sea-level change is given by the sum of the sea-level changes caused by the 

ocean-water mass change (cf. Eq. 1) and the steric sea-level change (cf. Eq. 2), i.e., 

)(H)(H)(H stm ΩΔΩΔΩΔ +=                                                                              (4) 

The non-steric sea-level change ΔHm has been taken here as a measure to indicate water-mass 

changes throughout the global ocean. 



3.2 Geodetic parameters 

 

The water-mass changes can be converted into changes of the Earth’s gravity field (here in 

terms of geoid height) either in the space domain by numerical integration or in the frequency 

domain by expressing Newton’s integral as a spherical harmonic expansion by evaluating 

Newton’s volume integral (e.g., Kuhn and Featherstone, 2003; Kuhn and Seitz, 2005).  

Following the latter approach, the gravitational potential V(Ω,r) at location (Ω,r), where r 

stands for the radial distance measured from the geocentre to (Ω,r), located on or above the 

mean reference sphere with radius R is expressed by  
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with the fully normalised spherical harmonic coefficients nmV  and the surface spherical 

harmonics (e.g., Hobson, 1955) 
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In Eq. (6), )(cosPnm θ  denotes the associated Legendre functions of the first kind for degree n 

and order m (e.g., Heiskanen and Moritz, 1967).  

The fully normalized spherical harmonic coefficients are given by an infinite sum of 

spherical harmonic coefficients nm,pκ  representing surface density functions (e.g., Ramillen, 

2002; Kuhn and Featherstone, 2003) 
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assuming that the surface mass layer is referred to the reference sphere (r=R). In Eq. (7), p is 

the order of approximation, and )( •Γ  denotes the gamma function and the fully normalized 

spherical harmonic coefficients nm,pκ  of the surface density functions are given by 
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Here, the surface density function is expressed by the ocean water-mass changes described by 

the non-steric sea-level change ΔHm (cf. Eq. 1) and the density of ocean water �(Ω) (here a 

constant mass-density of 1027 kg m-3 has been applied).  

Using the change in gravitational potential (cf. Eq. 5) the change in geoid height is given by 

Bruns’s formula (e.g. Rummel and van Gelderen, 1995, 1999) 
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where )r,(V Ω  is evaluated on the reference sphere ( Rr = ), γ is normal gravity on the 

reference ellipsoid, and the spherical harmonic coefficients for the geoid height are given by 

(cf. Eq. (7) divided by γ) 

γ
nm

nm
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It should be mentioned that the latter approach assumes the Earth to be a rigid body, thus 

neglecting any visco-elastic response to the ocean water mass changes. 

 

 

4. Comparisons of results from the ESCM versions 2.6 and 2.7 

 

The top panel of Fig. 1 gives a graphical representation of the CO2 scenario used in our 

model experiments from year 0 to 4200, as well as a time-series of the estimated SAT 

averaged globally and at 10-year time intervals. A comparison of the SAT graphs (Fig. 1) 

demonstrates that in the preliminary model runs up to present-day conditions (year 2000) the 

models produce a similar SAT, although version 2.7 gives slightly higher values (by about 

0.5oC). Furthermore, the seasonal variations (bottom panel of Fig. 1) of the SAT is similar for 



both versions with version 2.7 having higher minimum values (about 1oC). The picture 

changes drastically when the CO2 concentration starts to increase: the SAT in version 2.6 

grows quickly, quasi-logarithmically, from about 14oC to 30oC while version 2.7 

demonstrates much slower SAT increase from about 14.5
o
C to 17

o
C. 

Such differences in the SAT significantly influence the rate at which snow and sea-ice melt. 

This is demonstrated in the top panels of Figs. 2 and 3, which show the temporal evolution of 

global averages of the snow and sea-ice volume, respectively. Notably, the volumes of snow 

and sea-ice accumulated by the ECSM models in the preliminary experiments, as well as their 

seasonal variations (see the bottom panels of Figs. 2 and 3), are essentially larger from 

version 2.6 producing about 6 x 1013 m3 of snow and about 8 x 1012 m3 of sea-ice more than 

version 2.7 for the same 2000-year time period. The ECSM model developers found the 

agreement between version-2.6-simulated and observed present-day ice satisfying, 

acknowledging that the ESCM overestimates the ice thickness (Weaver et al., 2001).  

In the version 2.6 ESCM experiment, the process of melting occurs in complete 

correspondence with the SAT increase: almost linearly for snow decreasing its volume more 

than twice from 16 x 1013 m3 to 7 x 1013 m3, and in a very steep, “collapsing” fashion for the 

sea-ice volume that decreases from 18 x 10
12

 m
3
 to almost zero in 2200 years’ time. The same 

consideration applies to version 2.7 ECSM model run, in which a slower SAT increase 

produces a slower melting of both snow and sea-ice. Therefore, by the end of the experiment, 

there are still about 10.5 x 1013 m3 of snow and 5 x 1012 m3 of sea ice, which are about 87.5% 

and 62.5% of the initial volumes, respectively. 

Seemingly, the inclusion of the Greenland and the Antarctic ice sheets in version 2.7 of 

ESCM has resulted in almost no seasonal variations in snow volume (bottom panel of Fig. 2) 

because the ice sheets provide some room for snow accumulation missing in the previous 

version 2.6 of ESCM. 



The latitudinally averaged SAT and surface lid pressure Ps for year 4200 are presented in 

Fig. 4. The plots of SAT from both these models show very similar curves, though with 

overall lower temperatures of about 10oC to 15oC for version 2.7. Results for the Ps latitudinal 

variations differ significantly in the polar regions where version 2.6 produces much lower 

values by around 10,000 kg m-1 s-2 in the Arctic and 25,000 kg m-1 s-2 in Antarctica. In the 

mid-latitude and equatorial regions, instead, version 2.6 produces slightly higher values than 

version 2.7. Therefore, in version 2.6, more water is moved from the polar regions into mid-

latitude and equatorial regions by oceanic currents and due to lesser gravitational attraction. 

The averaged differences in sea-surface temperature (SST) from both these model versions 

(Fig. 5) generally show similar tendencies, although with values smaller by one order of 

magnitude from version 2.7. Such differences between versions 2.6 and 2.7 are related to a 

significantly lower SAT in the latest version experiment. A prominent feature present in these 

both latitudinal distributions is that between 30
o
S and 70

o
S, the SST is higher by about 4

o
C 

comparatively to the Equatorial water, which would be expected to be the warmest. This 

feature is attributed to the heating of the continuous water “belt” in the Southern Hemisphere 

under our employed CO2 scenario.  

As a consequence of the differences in air temperature, water temperature and surface 

pressure (or water mass) distributions, the total sea level change between the years 2000-4200 

obtained from the two model versions are different (Fig. 6). To a great extent, these total 

changes result from steric sea-level changes. In general, the sea-level changes obtained from 

version 2.6 are one order of magnitude larger than those obtained from version 2.7. 

Furthermore, significant differences can be seen in the Antarctic region, as well as in mid-

latitude and equatorial regions (Fig. 6).  

Firstly from Fig. 6, there is a sharp “spike” next to the North Pole points, followed by a 

decrease in the total sea-level change. Secondly, the absolute minimum present at about 80oS 



in the version 2.6 experiment (Fig. 6, top panels) is also reproduced by version 2.7 though 

moved slightly northwards. Therefore, independently of overall significant discrepancies in 

the obtained outcomes, the sea-level changes in the Arctic and Antarctic are driven by similar 

processes in both these models. 

The spatial distribution of the non-steric and steric sea-level change, as well as the total sea-

level change, from the model versions 2.6 and 2.7 are illustrated in Figs. 7-9. As mentioned 

above, most of the total sea-level change is due to the steric effect (i.e., mostly thermal 

expansion). The results shown in Fig. 7 show a similar structure with overall negative values 

in the polar region and positive values in mid-latitude regions. The parameters under 

consideration from the version 2.7, however, demonstrate values smaller by one order of 

magnitude. 

 

 

5. Discussion 

 

This study has compared some model results obtained from the ESCM versions 2.6 and 2.7. 

It was shown that both versions produce essentially different outcomes under the same 

atmospheric CO2 increase scenario. Therefore, the significantly different results can be 

attributed to the different forcing functions used by the two models, particularly the absence 

and the presence of the ice-sheet forcing in version 2.6 and 2.7, respectively. Clearly, 

introduction of the Greenland and Antarctic ice sheets in version 2.7, which worked as large 

scale “coolers”, contributed to a much slower rate of SAT increase. On the other hand, the 

inclusion of the dynamic vegetation and ocean biology modules in version 2.7 probably 

resulted in further consumption of atmospheric CO2 and thus acted also towards a slowing 



down of the rate of global warming. However, further studies are necessary, which lie beyond 

the scope of the present study. 

The changes in the model numerics and climatic forcing resulted in very different volumes 

of snow and sea-ice accumulated by the models during our preliminary 2000-year runs (Figs. 

2 and 3). Therefore, we expected that the smaller snow and sea-ice volumes from version 2.7 

would melt much faster than significantly larger ones from version 2.6, but this was not the 

case due to a much slower atmosphere/ocean water temperature increase. Under the influence 

of much slower warming in the version 2.7 experiment, these parameters were not changed to 

a significant extent and, therefore, contributed very little to the non-steric sea-level change 

from year 2000 to 4200 (Fig. 6), which was proportional to the total mass change for this 

period. Meanwhile, the steric sea-level changes, which virtually determined the total sea-level 

changes in both models, followed the general trend in the air and water temperature, which 

was much weaker in version 2.7. 

The non-steric sea-level change was taken to derive the effect on the gravity field. Here, the 

geoid height changes given by Eqs. (9-10) were calculated. The geoid height changes 

represent the vertical change of the particular equipotential surface best coinciding with the 

initial sea-level. In order to derive the necessary spherical harmonic coefficients of the 

equipotential change, only the linear term of Eq. (7) was evaluated. This term accounts for 

about 95% of the total signal (e.g. Rummel et al. 1988, Kuhn and Featherstone 2003). The 

geoid height change obtained from ECSM models 2.6 and 2.7 are illustrated in Fig. 10, also 

exhibiting a difference of one order of magnitude. The gravity fields’ structure is similar to, 

but much smoother than, that of the total sea-level change because gravity potential is a 

smoother function. 

The similar structure of the non-steric sea-level changes (cf. Fig. 7) and the corresponding 

geoid changes (Fig. 10) show that our ECSM-obtained sea-level changes are realistic in the 



sense that the new sea-level represents in general an equipotential surface. This means that the 

gravitational attraction effect has been included in its determination (e.g., Farrell and Clark, 

1976). 

 

 

6. Endnote 

 

It must be noted that the later upgrade (version 2.7) of ESCM is considered to be more 

realistic because it explicitly includes the polar and Greenland ice sheets, thus providing 

closer to the present-day climate initial conditions than version 2.6.  Therefore, the future 

research in this direction will be focussed on the complete melting of the accumulated by year 

2000 snow and sea-ice in order to estimate a realistic time span during which this can happen. 

Additional sensitivity experiments will be performed with recent upgrades of the ESCM to 

clarify the role of different model components of the system Earth. 
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