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4 The Development of Atmospheric General Circulation Models

Figure 2.1 Lewis Fry Richardson (188B53), signed and dated 1931, when
Richardson was aged 50 (photograph by Walter Stoneman; copy courtesy of
Oliver Ashford).

to the atmosphere (Abbe, 1901), and he idedtithe system of mathematical
equations that govern the evolution of the atmosphere.’ &lwrk was reviewed
recently by Willis and Hooke (2006). The Norwegian scientist Vilhelm Bjerknes
undertook a more explicit analysis of the weather prediction problem from a
scienti ¢ perspective (Bjerknes, 1904). His stated goal was to make meteorology
an exact science, a true physics of the atmosphere.

Later, Lewis Fry Richardson (Figure 2.1) attempted a direct solution of the
eqguations of motion, and presented the results in his Weakther Prediction by
Numerical Proces$Richardson, 1922). The book opened with a discussion of
then-current practice. Richardson described the use of an index of weather
maps, constructed by classifying old synoptic charts into categories. The index
assisted the forecaster tod previous maps resembling the current one and thus
deduce the likely development by studying the evolution of these earlier cases.
This “analog approachwas at the heart of operational forecasting until the
modern era, and forecast skill remained rather static. Indeed, Sverre Petterssen
(2001) described the advances prior to the computer era as occurtiragieo-
pathic dos€'s



CTOOLSMIMS/CUPI2120402WORKINGFOLDERIDDORTA0521190060C02:30 7 [3-17)27.8.2010 1:06AM

From Richardson to early humerical weather prediction 7

Forecasting was a haphazard process, very imprecise and unreliable. The fore-
caster used crude techniques of extrapolation, knowledge of local climatology, and
guesswork based on intuition; forecasting was more an art than a science. The
observations of pressure and other variables were plotted in symbolic form on
a weather map and lines were drawn through points with equal pressure to reveal
the pattern of weather systems — depressions, anticyclones, troughs, and ridges. The
forecaster used experience, memory, and a variety of empirical rules to produce a
forecast map. The primary physical process attended to by the forecaster was
advectionthe transport of uid characteristics and properties by the movement of
the uid itself. But the crucial quality of advection is that it is nonlinear, the human
forecaster may extrapolate trends using an assumption of constant wind, but is quite
incapable of intuiting the subtleties of complex advective processes.

The technique of “weather typing” was used with limited success. This was the
method underlying the index of weather maps, mentioned by Richardson. Current
meteorological conditions were compared with the historical record. If a close
match was found, it was assumed that the evolution of the ow for the following
days would be similar to that observed on the previous occasion. However, the
atmosphere shows little tendency to repeat itself. Richardson was not optimistic
about this method. He wrote in his Preface that

“The forecast is based on the supposition that what the atmosphere did then, it will do again
now ... The past history of the atmosphere is used, so to speak, as a full-scale working
model of its present self”.

(Richardson, 1922)

Bjerknes had contrasted the precision of astronomical prediction with the “radically
inexact” methods of weather forecasting. Richardson returned to this theme, poin-
ting out that the Nautical Almanac

“that marvel of accurate forecasting”

is not based on the principle that astronomical history repeats itself. Given the
complexity of the atmosphere, why should we expect a present weather map to be
exactly represented in a catalogue of past weather?

In Europe meteorology was studied in many universities, and researchers applied
physical principles to atmospheric problems. Bjerknes had dreamed of mathema-
tical forecasting but, nding it impractical, had marshaled his team in Bergen to
develop more feasible methods. They developed mechanistic models of extra-
tropical weather systems and described the life-cycles of mid-latitude depressions
and their associated warm and cold fronts. Although the models of polar fronts and
the life-cycles of extra-tropical depressions are conceptual in nature, they are
founded on sound scienti ¢ principles. Frontal and air-mass theory gradually
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came to have a profound in uence on operational practice on both sides of the
Atlantic. Bjerknes visited America to promote the new ideas and many of his
Bergen students played major roles in the advancement of American meteorology,
both in government agencies and universities.

2.3 Key developments, 19201950

Richardson was several decades ahead of his time in what he attempted to do. At the
time of the First World War, computational weather forecasting was impractical for
at least four reasons.

First, observations of the three-dimensional structure of the atmosphere were
available only on a very occasional basis, with inadequate coverage and never in
real time. The registering balloons had to be recovered and the recordings analyzed
to recover the data, a process that took days or even weeks. Second, the numerical
algorithms for solving the atmospheric equations were subject to instabilities that
were not understood. Thus, the numerical solution might bear little or no resem-
blance to the solution of the continuous equations. Third, the balanced nature of
atmospheric ow was inadequately understood, and the imbalances arising from
observational and analysis errors confounded Richardson’s forecast. Fourth, the
massive volume of computation required to advance the numerical solution could
not be done, even by a huge team of human computers. Indeed, Richardson’s
estimate of 64,000 computers, the number of people needed to do the calculations
for a useful forecast in real time, was a serious under-estimate. It has been reckoned
that one million people would have been required for the task (Lynch, 1993). Thus,
what Richardson devised was a “method without a means”.

A number of key developments in the ensuing decades set the scene for progress.
Developments in the theory of meteorology provided crucial understanding of atmo-
spheric dynamics, in particular the balance of the atmosphere and the means of
eliminating spurious high-frequency gravity waves. Advances in numerical analysis
led to the design of algorithms which were stable and faithfully replicated the true
solution. Timely observations of the atmosphere in three dimensions were becoming
available following the invention of the radiosonde, which provided measurements of
pressure, temperature, humidity, and winds through a vertical column of the atmo-
sphere. Finally, the development of digital computers provided a way of attacking the
enormous computational task involved in weather forecasting.

In addition to the technical developments, the socio-political framework of the
mid century provided a crucial impetus. Progress in meteorology has often followed
from natural or human-made catastrophes. The Second World War was a spectacular
example. Military operations on land, air, and sea all depend heavily on accurate
weather forecasts. The role of weather in Operation Overlord — the D-day invasion
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The Princeton team studied the severe storm of Thanksgiving Day, 1950
using two-and three-level quasi-geostrophic models. After some tuning, they
found that the cyclogenesis could be reasonably well simulated. Thus, it
appeared that the central problem of operational forecasting had been cracked.
However, it transpired that the success of the Thanksgiving forecast had been
something of a uke: early multi-level models were consistently worse than the
simple barotropic equation; and it was the single-level model that was used
when regular operations commenced in 1958. A fuller discussion can be found
in Lynch (2006). The trials and triumphs of the Joint Numerical Weather
Prediction Unit, which will appear again in Chapter 3, and the establishment
of operational computer forecasting are described comprehensively in a recent
book (Harper, 2008).

2.5 Advancing computer technology

Advances in computer technology over the past half-century have been spec-
tacular. The increase in computing power is encapsulated in an empirical rule
called Moore’s Law, which implies that computing speed doubles about every
18 months. Thus, a modern micro-processor has far greater power than the ENIAC
had. Recently, Lynch & Lynch (2008) decided to repeat the ENIAC integrations
using a programmable cell-phone, which was called the Portable Hand-Operated
Numerical Integrator and Computer, or PHONIAC. This technology has great
potential for generation and display of operational weather forecast products.

The oft-cited paper in Tellus(CFvN) gives a complete account of the computa-
tional algorithm and discusses four forecast cases. Lynch (2008) presented the
results of repeating the ENIAC forecasts using a Matlab program eniac.m,
run on a laptop computer (a Sony Vaio, model VGN-TX2XP). The main loop of the
24-hour forecast ran in about 30 ms. Given that the original ENIAC integrations
each took about one day, this time ratio — about three million to one — indicates the
dramatic increase in computing power over the past half-century. The program
eniac.m was converted from Matlab to a Java application, phoniac. jar,
for implementation on a cell-phone. The program was tested on a PC using
emulators for three different mobile phones. A basic graphics routine was also
written in Java. When working correctly, the program was downloaded onto a Nokia
6300 cell-phone for execution.

Charney et al (1950) provided a full description of the solution algorithm for the
BVE. The programs eniac .m and phoniac . jar were constructed following
the original algorithm precisely, including the speci cation of the boundary condi-
tions and the Fourier transform solution method for the Poisson equation. Hence,
given initial data identical to that used in CFvN, the recreated forecasts should be
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circulations with ascending motion at one latitude coupled to descending motion at
another through meridional ow:

“We see the appearance of a de nite three-celled circulation, with an indirect [or reverse]
cell in middle latitudes and two somewhat weaker cells to the north and south. This is a
characteristic feature of ... unstable baroclinic waves”.

(Phillips, 1956, p. 144)

Von Neumann was hugely impressed by Phillips” work, and arranged a conference
at Princeton University in October 1955, Application of Numerical Integration
Techniques to the Problem of the General Circulatioonsider its implications.
The work had a galvanizing effect on the meteorological community. Within ten
years, there were several major research groups modeling the general circulation of
the atmosphere, the leading ones being at the Geophysical Fluid Dynamics
Laboratory, the National Center for Atmospheric Research, the University of
California, Los Angeles, the Lawrence Livermore National Laboratory, and the
United Kingdom Meteorological Of ce These research efforts will appear again in
Chapters 3 and 9.

The development of comprehensive models of the atmosphere is undoubtedly
one of the nest achievements of meteorology in the twentieth century. Following
Phillips’ seminal work, several general circulation models (GCMs) were developed,
including various physical processes such as solar heating, terrestrial radiation,
convection, and small-scale turbulence. Advanced models are under continuing
re nement and extension, and are increasing in sophistication and comprehensive-
ness. They simulate not only the atmosphere and oceans but also a wide range of
geophysical, chemical, and biological processes and feedbacks. The models, now
called Earth system modelare applied to the eminently practical problem of
weather prediction and also to the study of climate variability and humankind’s
impact on it. There is no doubt that the study of climate change and its impacts is of
enormous importance for our future. Global climate models are the best means we
have of anticipating likely changes.

2.7 Uncertainty and probability

The chaotic nature of the atmospheric ow, most clearly elucidated by Lorenz
(1963), imposes a limit on predictability, as unavoidable errors in the initial state
grow rapidly and render the forecast useless after some days. The most successful
means of confronting this obstacle is to run a collection, or ensemble, of forecasts,
each starting from a slightly different initial state, and to use the combined outputs to
deduce probabilistic information about future changes in the atmosphere.
Probability forecasts for a wide range of weather events are generated for use in
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