
 23

A Chronology and Future of Earth System Modeling 
 

Warren M. Washington 
National Center for Atmospheric Research, Boulder, Colorado USA 

 
 

The Start of Earth System Modeling 
 
The beginning of Earth System Modeling can be traced to Vihelm Bjerknes, who in 1904 articulated 

the principles, which are: “If it is true, as every scientist believes, that subsequent atmospheric states 

develop from the preceding ones according to physical law, then it is apparent that the necessary and 

sufficient conditions for the rational solution of forecasting problems are the following: 1) A 

sufficiently accurate knowledge of the state of the atmosphere at the initial time. 2) A sufficiently 

accurate knowledge of the laws according to which one state of the atmosphere develops from 

another.” 

 
Although Bjerknes’s words apply more to weather prediction, they are still relevant for climate 

modeling because such models were the precursors to General Circulation Models (GCMs) of the 

atmospheric and oceans which later became major components of state-of-the-art climate models. 

These models are rapidly becoming Earth System Models.  During World War I, as an ambulance 

driver for the Red Cross, Lewis Fry Richardson actually formulated the prediction equations into a 

form that is quite similar to modern day climate models in principle. He actually performed a 

calculation while on duty in France using a mechanical calculator.  In the latter part of his book he 

actually outlined how the calculations could be carried out in parallel fashion very similar to how 

modern supercomputer systems perform the computations. So what we have been doing for the last 

eighty years has been following the dream of pioneers and we are seeing it realized. We have made 

splendid and spectacular progress, however, there have been many obstacles to overcome and the 

challenge for the future is to continue on the path of inclusion of more detailed physical processes 

such as clouds, ecology, higher resolution, and the finding of improved methods of solving the model 

equations that are more computationally efficient. John von Neumann of the Princeton Institute for 

Advanced Study realized in the 1940s that the first general purpose electronic computer could be used 

for numerical weather prediction. The first model was developed by the team lead by Jules Charney. 

One of members of the Princeton group was Norman Phillips, who in early 1950s actually performed 

the first general circulation model prediction of atmospheric “climate”. This calculation became quite 

successful and led the way for development of more realistic and sophisticated models of the 

atmosphere. 

 

The Modeling Family Tree 
 
Figure 1 shows the general circulation model family tree produced by Paul Edwards of the University 

of Michigan.  See web page www.aip.org/history/sloan/gcm/intro.html. Note the early development of 

Australian Numerical Meteorological Research Centre (ANMRC) model and the later evolution to the 

Bureau of Meteorology Research Centre (BMRC) model systems. I might add that Kamal Puri of 

BMRC visited the National Center for Atmospheric Research (NCAR) in the late 1970s and 

introduced our center to spectral modeling, particularly, the modeling techniques developed by 

William Bourke. This is what we call a paradigm shift in science -  a new and better way of doing the 

science. As Figure 1 shows, the Australian effort continue towards better and evolving climate models. 
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Fig. 1:  GCM Family Tree from Paul Edwards. 

 
One of the reasons that climate models are developed is to explore the recent past and future climate 

change. There are several questions to try and answer.  Can climate models help understand recent 

climate change? We believe they can and they are the most reliable tool for investigating future 

climate change.  Can we verify climate models with observations?  The world climate modeling 

community is doing that, but there are still many difficulties in being able to see if the models are 

doing all of the correct things. There are still problems but on the whole, the model results are 

agreeing well with observations. The atmospheric sciences are very fortunate in that we have 

enormous amounts of historical in situ and satellite data to compare with our models. Without such 

data we would not have made progress. We are, of course, more limited in our observational data of 

the ocean and cryospheric components of climate system. Why do model projections of future climate 

change differ? The exact reasons are still not completely known, however, we are working closely and 

collaboratively with our colleagues both nationally and internationally to sort out why computer 

models give different projections of future climate change. Already we see indications that the 

cloudiness and its radiative interactions is a big factor in determining the sensitivity of climate models 

to global warming from increasing concentrations of greenhouse gases.  

 

Recent Climate Change 
 
Figure 2 shows the changes in CO2 atmospheric concentration from a thousand years ago to the 

present. You can see the rapid CO2 increase in the last part of the 20
th
 century. The measurement of 

CO2 comes from air bubbles trapped in the glacier ice cores at the time the snow fell. The cores are 

taken from the large ice sheets of Greenland and Antarctica. In the same ice core are other greenhouse 

gases of methane and nitrous oxide. At the bottom of the graph is shown the surface air temperatures 

over the last thousand years. During most recent times after the 1860s we have worldwide direct 

instrumental measurements of temperature and for times before 1860 or so we use tree rings and coral 

sediments proxy data (See Mann et al. 1999). The proxy data is calibrated by using the instrumental 
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record for establishing correlations. This figure shows that the period in the last 30–50 years is 

unusually warm.  Mann et al. (2003) later showed that this temperature record can be extended back 

to 2000 years, so we have an excellent indication that the late 20
th
 century warming is remarkably 

different.  On the far right side of the figure are future projections of surface air temperature from 

several climate models. Note that there is substantial spread of projections. The world community is 

trying to find out why some models are more or less sensitive to increasing greenhouse gases. In spite 

of the uncertainty it is clear that the climate will be warming significantly. Figure 2 also shows the 

sulfate aerosol concentrations with time. In the latter part of the century the concentrations have 

decreased due to emission controls on power plants. The sulfate aerosols act to regionally cool the 

climate system but their impact is much less than warming effect of increased greenhouse gases.  

 

 

 

Fig. 2:  Global averaged carbon dioxide, methane, sulfate aerosols, and temperatures are 
shown as a function of time.  Michael Prather prepared this figure from IPCC (2001) data. 

 
Essentially all climate models are showing that there is substantial warming that is likely to take place 

between now and the year 2100.  The projected sea ice and snow distributions dramatically shrink in 

terms of horizontal size as well as thickness.  Glaciers around the world are also showing substantial 

melting. 

 

Contemporary Climate Models are Becoming Earth System Models 
 
At this point it may be useful to examine what is in contemporary climate models as shown in Figure 

3. As can be seen there are atmospheric, ocean, sea ice and land cover components of climate system 

represented in schematic fashion. Within the atmospheric component there are land and vegetation 

processes as well as snow, soil moisture, and river transport. The latter brings fresh water to the 

oceans to complete the water cycle.  Both solar and infrared radiation and its interaction with clouds 

and convection are also included. Some of the climate models include some aspects of ecology and 

biogeochemistry. 

 




