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During this period, the seriess of barctreopic forecasts for the
pericd 23 - 26 November 1950 were completed. These forecests used
500-mb heights ea input data. Altogether six 2h-hour forecasts were
made using e time interval of one hour Iand a pregision of 2710 45 the
solution of the Polsson equation. The l2-hour forecasts were quite
good except during the period 1500 GCT 24 November - 1500 Z 25 November
when baroclinic effects seem to have been gquite important. The correla-
tion between predicted and observed 12-hour 500-mb héight changes was
generally greater than 0.8 except during the sbove period. The 2h-hour
forecasts were somewhat less accurate.

* The firet 12-hour baroclinic forecast was finished on August 25.
The model for this forecast is based on the use of two grid points in
the vertical at p = 300 and p = 700 wb., With scme slight simplification
this reduces to a two-level barctropic (but not non-divergent) model.
The initial data consisted of 700~ and 300-mb heights ovér North America
at 1500 GCT 24 November 1950. Mmtutinltn*hﬁhrocnnic
deepening of the storm seemed to be most pronounced. A 500-mb forecast
can be cbtained from this model 1f it 1s assumed that the 500-zb height
change is proportional to the 300- and TOO-mb height changs. Using a
relationship of this kind based on the agsumptiocn that afnﬂfap = constant
( 9 = potential temperature), s prediction was made of the 500-mb height
changes from 1500 Z on the 24th to 0300 Z on the 25th. The correlation
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coefficient batween these barcclinically roraonﬁt changes and the cbserved
changsn was 0.78% compared to a figure of 0.78* for the correlation be-
tween the bharotropically forecast changes and the astual changes. -
However, the initlal 500-ub tendencies from the t-'o.-hylr nodel
seemed %o promise a greater improvement over the barotropic forecast than

was given by the ectual finite l2-howr forecest. The reason for this is

as yet unknown. In attempting to go on to a 2b-hour forecast, the poten-
tial vorticity (which is supposedly conserved end is sceled in the machine
to 1ie initially between about + 3/32 and + 7/8) became negative at a grid
point to the east north-east of the storm center. This ocourred at the
39th time step, the length of the time step being 1/2 hour. The m show-
ing of the l2-hour finite change ve. the initial tendencies was dm pri-
marily te & weakening of the initial height fall center to the south-sast
of the stoerm. This could be due to a systematic truncation error vhereby
the potential vorticities became smaller with time. Before attempting a
more complete analysis of this phenomenon, however, it was considered ad-
visable to maks u.:mthor forecast. We are therefore at the moment in the
process of making a 2-layer prediction based on initial data from the
23rd of November 1950/

The input data for the barotropic forecasts and the 2-layer fore-
casts have been obtained directly from analyzed charts of the 500~ or
300- end 700-mb levels. (The two latter having been analyzed by Hovmbller
and the former by Fhillips.) There is some reason to suspect that the
use of data at & given level as m.dtommoimmmu.w
with regpect to the verticel coordinste vitiates any comparison between
various models. We therefore hope to redo some of the barotropic and 2-layer

' )
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computations using initiel date which has been "aﬁoma" in this manner.
Vertical velocities my de commuted from the 2-layer model. They
have been computed for 1500 GCT on the 2lth and shov a good correlation
with the actual distribution of cloudiness and precipitaticn.
The change from the barotropic toc the 2-layer model (~ 17 July

1952) coincided with the begimning of o period during which error-free
functioning of the computer has been somevhat rarer than during the pre-
ceding months. To aid in diagnosing malfunctions of the wachine, a form
of the barstropic ccde has buen rewritten by Glen lewis to check all of
the mejor arithmetic opermtiom which oceur in the normal form of the
barotropic code, and has proved quite useful. The barotropic dode itself
bas been rewritten with the object of "speeding it up". As a result wve
now believe that a 2i-hour barotroplc ferecast for the reglon of North
America can be made in about 10 minutes of full speed computation time on
the Princeton machine. A major featwre in this revision requires the
storege of additional past velues of the streem function (/ . In every
time step prior to the Lisbmamn solution of the Polsson equation for 4’ »
an initial guess for |/ 1s made by extrapolation from the pagt (-
values at each interior grid point. It 15 believed that this method will
glve an inftial estimate of (/ differing from the true finite-difference
solution of the Poisson equation by 2 quanmtity of the order of 29,
Bince the accuracy required for W ia only E'm, only one binary place
need be relaxed by the Liebmann process. The absolute saving in time

L made possible by this method will be greaetly increased in the more com-

plicsted models where the convergence rete of the Liebmann process is

less.

5 o r!l‘-'r." -
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Jo‘tphMbm n-pwdm itud;ofthl-mm of zonal
asymwtries in the distribution of seascnsl meen heating on the largs-scale
quasi-permanent motions of the atmosphere. His computations, based on an
idealized distribution of hltin‘.' indicate that this effect is quite
important in the lower levels (vhere the longitudinal veristion in heating
is greatest) but less so at upper levels vhere it seems to be of the same
order of magnitude as the orographical effect investigated earlier by
Charney and Eliassen. It is plamned to publish this study in the Quarterly
Journal of the Royal Meteorological Society.

 Pnillips has made calculations of the northvard transport of heat
and gemeration of kinetic energy by amplifying disturbances in the two-
leyer modsl. These indicate that the typical large scale baroclinie dis-
twrbances "produce" kinetic energy fast enough to balance the estimated
dissipation by friction and at the same time transport enough heat energy
wisurd to approximately balance the net radiational deficit. These re-
sults agree in general vith the recently published work by Kuo in the
Journal of Meteorology (vol. 9, no. §).

In mid-August Jule Charney left on & trip to viseit Buropean
meteorologists concermed with numerical forecasting and to attend a cen-
ference in Stockholam on this sub)ect during October.

On August 5th, a meeting was held at the Instituse under the chair-
manship of Professor von Neumann to explore the possibilities of routine
preparation of numericel forecasts by the Weather Bureau and the Air Force
and Navy meteorological services. It was decided that a representative
from each of these agencles visit the group at Princeton to obtain experi-
ence with our methods. A copy of the minutes of this meeting is being
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sent to each participant. Representatives from the Weather Buresu, Air
Weather Bervice, Naval Aerology, Office of Naval Research, Geophysical
Research Directorate of the Air Force, and the University of Chicago

attended the meeting.

Respectfully submitted,

N ovman. O illif

Norman A. Phillips,
Meteorology Group Member

5.
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This periocd was the first in which the I. A. 8. electronic computer
becane available for general use. A series of test computations had been
planned and much of the Group's effort during this time was devoted to
running a series of barotropic test forecasts for the 500 mb. lavel. The
following is a summary of the nature and extent of the results:

1) The synoptic period for the forecasts was November 23 to 26, 1950,
a period during vhich an umusually severe storm developed at the ground and
aloft over the eastern balf of the United States. The situation had origi-
nally been chosen as being extremely baroclinic and therefore a suitable
one on vhish to test various three-dimensional models. It was felt desir-
able to have a series of barctropic forecasts for the same period for com-
parison purposes. Forecasts for 12 and 24 hours were prepared from initial
data for the times 23 November 0300 Z, 24 November 0300 Z, 24 November 1500 Z,
25 November 0300 Z, and 25 November 1500 Z. Altogether six l2-hour forecasta
and six 24-hour forecasts were made.

2) The present memory capacity of the I. A. S. computer is more than
adequate for a tvo-dimensional forecast but becomes marginal for a three-
dimensional forecast, particularly if forecast time is a2 consideration. To
ascertain the minimum amount of digital significance needed, several predic-
tions were made for an identical period but with wvarying degrees of precision
in the stored data. It was found that 10 binary digits, an accuracy of 1 in

10

277, vas sufficient. This much accuracy is not inherent in the raw data
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but must be retained in the computation to prevent a destructive accumula-
tion of round-off errorse.

The tests alsc furnished evidence that the computations were computa-
tionally stable. If they had not been, the round-off errors would have
become so magnified as to produce large differences between forecasts with
differing storage precisioms.

3) As a more systematic check on the computational stability, forecasts
vere again made for an identical period but with different time intervals.
With a space grid interval of 300 km the computation becams unstable at a
time interval of 80 minutes. This agreed with the theoretical calculation,
according to which the space interval 2 ¥ and time interval AT mst sat-
isfy the condition Ax/at>/i U, vhere U is the meximnm particle velocity
in the forecast region.

k) To reduce the forecast time a method was devised for extending the
time interval beyond 80 minutes while keeping the computation stable. This
method wvas tested and was found to be only moderately accurate. An improved
method was suggested by Dr. Goldstine but was not tested.

It may be of interest to show vhat is involved in a 2h-hour two-dimensional
forecast. The grid contains 19 grid pointe on a side and covers an area about
the size of North America. The forecast is made in 24 one-hour steps. In
each step some 17,000 multiplications and divisions as well as 54,000 additions
and subtractions are required; altogether 206,000 orders are executed. This
takes lese than four minutes at full speed. Thus, at full speed a 24i-hour
forecast requires sbout 1 1/2 hours. Actually, however, the machine operated

at only half speed most of the time. The input and output is at the moment
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slov. It consists of a teletype reader and printer. Nearly an hour is
required to read the data in and out and to verify that what has been read
in and out is correct. Making allowance for the persomal equation, slightly
more than 50f of the total forecast time was spent in merely commmicating
with the machine. This is an obvious incongruity and will soon be remedied
by input-output devices.that will reduce the commmnication time to a negli-
gible amount. It will eventually be posaible to go from the memory of the
machine directly to an analyzed meteorclogicel chart in two or three minutes.
Methods now exist for reducing the total time 1nvolﬂd.A in & 24-hour forecast
to less than one-half hour.

In addition to the activities described above, work was continued on
preparations for three-dimensional baroclinic forecasts. This, together
wvith wvork of a more general character, will be described below:

5) A simple three-dimeneional prediction model involving two upper
levels (700 and 300 mb) was programmed and coded. Forecasts with this
model are expected to begin during the week of July 1%.

6) Ancther simple three-dimensional model involving only one upper
lavel but .utinnng both temperature and pressure data was programmed and
coded.

7) To test the utility of the machine for mfaﬂlng statistical-
meteorological computations, a program was drawn up with the aid of Dr.
Tukey at Princeton University to calculate power spectra and lag and multi-
ple correlations for a time series of :ioul and meridional indices compiled
by Dr. Willett of M. I. T. The results vill be of interest to Drs. Starr

and Lorenz of M. I. T. in their study of general circulation problems, as
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well as to ourselves.

8) Mr. Smagorinsky's work was completed on the influence of heat and
cold sources on the mean circulation in middle latitudes. Ee is now pre-
paring the paper for publicatiom.

9) Judging by the agreement that is now cbtainable between the observed
and calculated mean circulation patterms one may be justified in at least
attempting to explain certain of the 1ong-p-giod weather anomalies in terms
of statistical-mechanical concepts. Sowe thinking has been directed towards
the utilization of machine methods to deal with this problem.

- e e = =

The Meteorology Group is not equipped or ataffed to perform extensive
synoptic analyses. Accordingly such analyses have had to be performed by
outside organizations. We acknovwledge with pleasure the valuable assistance
of the U. 5. Weather Bureau in collecting, processing and plotting all the
necessary isentropic data for the 1950 November storm period. This data
will be used for the full three-dimensional forecasts. We are also indebted
to Dr. Newton and Lt. Hubert (USN) of the Stockholm University Institute of
Meteorology for two series of aynoptic analyses of 500 mb. American and

BEuropean data. These will be used for edditicnal barotropic forecastas.

Respectfully submitted,

r

‘_'v'» j. lLQ,v wld_

-
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With the completion of the computing machine at the Institute for
Advanced Study the primary activity of the Group turned from general
physical and dynamical studies of the numerical forecasting problem to
the specific tasks commected with the immediate utilization of the ma-
chine. It was apparent that the-degree of difficulty inmherent in the
three-dimensional forecast problem was too great to justify the use of
a three-dimensional model in the initial test computations. It was,
therefore, decided to deal first with the two-dimensional barotropic
model, a model that had a.l@a.dy been investigated to some extemt on the
ENIAC. 8Since the results of the ENIAC experiments were too meager to
permit drawing genmeral conclusions, an intensive series of tests with
varying grid sizes, time intervals, relaxeation methods, and mumerical
storage specifications were plamned for the Princeton machine. In addi-
tion, it was planned to perform some mumerical integrations using two-
dimensional models incorporating osun}:m baroclinic features. Programs,
flov diagrams, and codes were prepared for these test forecasts.

After the Group's first experience with the machine it was real-
ized that the best way of keeping a check on the accuracy cf a very
high-speed calculator wes not to imspect the results at the end of the
complete calculation, but to instruct the machine to check itself and
to stop vhen it had made an error. Accordingly, a series of iut_tic
chacks vere added.to the coded instructions. A code wvas also prepared
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for converting the stream functions, reed from the weather charts as
decimal numbers, directly into the initial binary worticities needed by
the machine at the start of the computation. Heretofore, the stream-
function had been taken as the dependent variable, but it was found that
round-off errors could be considerably reduced by taking instead the
abasolute vorticity for the dependent variable. The stream-function,
vwhich is needed for the time extrapolation of the vorticity, was
determined from the vorticity field by solving a Poisson's equation.

A more basic change in the formulation of the barotropic problem
wvas demanded by the decieiom to sclve the Polsson equation by a system-
atic relaxation method (modified Liebmann) rather than by finite
Fourier transforms. This required a complete change of all previous
barotropic programs and codes. Az the Liebmann method will be used in
the three-dimensiopal integrations, it was decided to use it in the
two-dimensional integrations ag well in order to gain experience. Also,
relaxation methods are logically simpler and require fewer machine orders.

The initial integrations were used primarily for locating mal-
functions in the machine and to a lesser extent to remove inaccuracies
in code and program. Several forecasts were made In one hour steps for
time intervals of four, eight, and nine hours. Because of the likeli-
hood that machins errors were made,there vas no attempt to draw conclu-
sions from these forecasts.

Research was continued into the problem of the general cirocula-
tion and long rangs forecasting through a study of the influence of
large scale heating on the mean seasonal flow pattern. Preliminary



Records of the Electronic Computer Project / Box 3 / Folder 34 / Navy progress reports, N-6-ori-139, T.O.l. July 1, 1946-September 30, 1952
From the Shelby White and Leon Levy Archives Center, Institute for Advanced Study, Princeton, NJ, USA

3.

results indicate that heating influences are virtually absent at 500 mb,
but that at low levels they, in conjunction with those of tepography,
account for the gemeral structure of the observed patterns.

The Group was again indebted to Professor Platzmen of the
University of Chicago for his help and advice in various phages of the
programming and coding wvork.

Respectfully submitted,
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1. The majority of the Group's time in the third quarter of 1951 was
spent in programming the integration of the three-dimensional gquasi-
geostrophic equation of atmospheric motion by the Institute for Advanced
Study Electronic Computing Machine, now physically completed. This was
the goal toward which the group had been working for some time, but a
number of preliminary problems had first to be solved. The decision

to attack the three-dimensional integrstion was taken after discussions
vith Professor von Neumann in which it became evident that the amount of
‘real information in pressure-temperature data is so small that the large
number of values of the dependent variable needed for the integration
could probably be stored internally. The task of programming, being a
large one, was broken into the following parts, each of which was dealt
with in turn:

(a) Selection of an appropriate coordinate system. The guasi-

geostrophic equation with ¢ =&s vertical coordinate contains mixed
derivatives, and the non-homogeneous terms are extremely complicated to
evaluate. A more suitable vertical coordinate turns out to be the po-
tential temperature, ; the mixed derivative terms disappear and the
equation becomes simpler in other respects. But even the @ system
presents difficulties because the ground is not a coordinate surface.

A third coordinate system was finally selected which preserves most of
the advantages of the (' -system and in which the ground is a coordinate
surface.

(b) Determination of boundary conditions. The lateral boundary con-

ditions were determined by a heuristic method analogous to that which was
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employed for the barotropic model. For a number of reasons, which were
regarded as sufficient, the upper boundary waa taken to be the l&00"&
isentropic surface and was assumed to remain rigid. The upper boundary
conditions were then determined in the seame manner as for the ground.

(c). BSelection of the finite difference net: Estimates of trunca-

tion error for nets of different sizes were made and it was decided to
use a horizontal grid interval of 300 km and a vertical interval cor-
responding to about 150 mb on a pressure scale. The choice of the
horizontal interval was considerably aided by previous experience with
two-dimensional models. The whole grid will embrace an area of 4000 km
x 4000 km and will contain some 1200 points.

(d). Method of solution. Various relaxation techniques were in-

vestigated and it was decided to use the modified Liebman method with
an empirically determined constant of overrelaxation.
The programming will be completed by the end of the year and

work will then begin on the code for the machine.

2. Work was continued on the problem of long-range prediction. In an
attempt to explain the factors influencing the seasonal mean upper flow
patterns the effects of variations in surface frictional stress along

latitudes is being investigated and in addition the effects of thermal

sources and sinks.

Iy In anticipation of the time when the quasi-gecostrophic equations
will have been fully exploited & method was constructed for passing to
higher approximations. These approximations were tested on dynamical

models in which the geocatrophic approximation is known to fall because
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of the smallness of the scaleVse the magnitude of the vorticities. In

each case the higher approximations were found to be satisfactory. It
can be said with some confidence that we know where to go from here.

Respectfully submitted,

EM "
ule Charney,

Group Leader



Records of the Electronic Computer Project / Box 3 / Folder 34 / Navy progress reports, N-6-ori-139, T.O.1. July 1, 1946-September 30, 1952
m the Shelby White and Leon Levy Archives Center, Institute for Advanced Study, Princeton, NJ, USA

X
' J (8] a1 \\_t'u"p.\t\\r.__

THE INSTITUTE FOR ADVARCED STUDY
THE METEOROLOGY GROUP

PROGRESS REFORT
July 1, 1951 to September 30, 1951

Contract No. N-6-ori-139,
Task Order I



Records of the Electronic Computer Project / Box 3 / Folder 34 / Navy progress reports, N-6-ori-139, T.O.l. July 1, 1946-September 30, 1952
From the Shelby White and Leon Levy Archives Center, Institute for Advanced Study, Princeton, NJ, USA

Director: John von Neumann

Members: J. Charney (University of Chicago, June 15-August 15; Burope
August 19-September 21)

J. Smagorinsky (full period)
Consultants: Norman Phillips (University of Chicago)
George Platzman (University of Chicago)

Coder: Norma Gilbarg (full period)



Records of the Electronic Computer Project / Box 3 / Folder 34 / Navy progress reports, N-6-ori-139, T.O.I. July 1, 1946-September 30, 1952
From the Shelby White and Leon Levy Archives Center, Institute for Advanced Study, Princeton, NJ, USA

1. The Eniac integration of the barotropic vorticity equation for a
series of idealized initial statee was completed by the end of June 1951.
Altogether four models were studied. These consisted of four wave-like
perturbation patterns superimposed on a zonal jet. Two were stable in
the sense that the kinetic energy of the perturbation was converted

into kinetic energy of zonal flow, and two were unstable, with an op-
posite conversion. During the third quarter of 1951 the output data

was analyzed to determine the variations in the stream pattern and ab-
solute vorticity and the transfer of energy between the stream pattern
and the basic current. Part of this work was performed at the University
of Chicago under the direction of J. Charney with Messrs. N. Phillips

and G. Platzman serving as consultants, and part in Princeton by J.
Smagorinsky, N. Gilbarg, and later N. Phillipa. It was felt, however,
that the results were too meager to warrant any general conciusion.

The interpretation was, therefore, postponed until more integrations of
a gimilar nature can be made on the Electronic Computer now nearing com-
pletion at the Institute for Advanced Study. In particular, the integra-
tions will have to be carried out for a larger time interval to determine
what ultimately becomes of the perturbation kinetic energy in stable and

unstable flows.

2. In a continuation of efforts to find a rational approach to the
problem of long-range weather prediction (Item 7, Progress Report for
July 1, 1950 to March 31, 1951) J. Smagorineky succeeded in determining
a simple Green's function for the solution of the partial differential

equation governing the influence of continental topography and friction
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on a given jet-like westerly current. This will make possible an evalu-
ation of the effects produced by the displacement and intensity changes
of the zonal jet stream. It is expected that the perturbations produced
by topography will localize the centers of action in the upper atmos-
pheres and thus provide a means for a rational introduction of the heat
and cold sources and the large-scale turbulent stresses that are re-

sponsible for the variatiems in the mean Jet stream structure.

3. One of the major problems in dynamic meteorology is to explain
the mechaniem by which angular momentum and kinetic energy are fed into
the middle latitude westerlies. It has been determined empirically that
the horizontal eddy transfer of angular momentum in the large-scale per-
turbations is sufficient to account for its loss due to surface friction.
While at the University of Chicago, J. Charney completed a theoretical
investigetion of the transfer mechanism in barctropic end baroclinic
wave systema. It was found that both stable and unstable baroclinic
perturbations give an increase in the zonal kinetic energy. The purely
barotropic effect was also evaluated by calculating the momentum changes
that occurred in the 24-hour Eniac forecasts made in 1950. In each of

the four cases studied the change was a net increase in middle latitudes.

k. During a #rip to Europe J. Charney visited a number of institutions
that have recently taken up the study of numerical weather prediction and
discussed questions of mutual interest with the personnel. The research
group of the British Meteorological Office, Air Ministry, headed by R. U.
Sutcliffe have performed some computetions with the quasli-geocatrophic

advective model and have found it tc be wenting. This is in accord with
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the group's ¢findings.  On the other hand, when the vertical advection
of entropy was taken into account the calculations agreed with cobserva-
tion as far as could be ascertained. This experience was also shared
by a number of other investigators with whom Charney consulted. One
cannot, therefore, escape the conclusion that nothing less than an in-
tegration of the complete three-dimensional quasi-geostrophic model
can lead to a major improvement in forecasting. Accordingly, the
entire group is now turning its efforts toward programming the three-
dimensional problem for the Princeton machine. In conversations with
C.-G. Rossby in Stockholm it was decided that the International
Meteorological Research Institute, of which he is the director, will
perform a large part of the preliminary testing and synoptic analysis.
Respectfully submitted,

| Y ). Cz&nxuukq

ule G. Charney
(Group Leader)
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In March and April 1960 the meteorology group carried out a series
of numerical integrations on the Electronio-lumerical Integrator and
Computer (Enies) at the U. S. Army Proving Ground, Aberdeen, Maryland.
At that time the initial data were taken from the observed heights
of the 500 wb surfaces The interest then was to determine to what
extent the barotropic model served as an approximation to the actual
motion of the atmosphere at the level of non=divergemce, c.a. 500 mb.
Another purpose was to gain experience in the mathematieal formmlation
and programsing of a mmerical forecast problem for a large soale machine.
The agreement of prediction with cbservation was sufficiently oclose %o
warract further exploration of the nature of barotropic processes in the
atmosphere. In early 1961 it was decided to plan another series of
barotropic integrations on the Eniac, this time using as initial conditions
a series of idealiged flow patterns. liere the purpose was not to obtain
forecasts that could be compared with observation, but rather to investi-
gate the properties of the general cireulation of the atmosphero that
could be explained in terms of horisomtal redistribution of energy and
angular momemtume Accordingly the second gquarter of 1951 was devoted
to this work. Among the questions to be answered were the following:

(1) How does a wave in & zonmal flow that is unstable for small
perturbations develop?

(2) vhat redistributions of emergy and momentum in the mean flow
are produced thereby?

(3) VWhat redistributions of emergy and angular momentum occeur with
the demping of a stable wave?

(4) BSince it is demonstreable that a wave can mever be completely
damped, what kind of motion finally ensues?
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(6) How does amplification and damping depend on wave length?
Amplitude? Zomal veloeity distribution?

(6) What are the laws governing the motion of & vortex in a mean
gonal flow with variable vortieity?

(7) Under what conditions does the transition some between a narrow
and a broad jet become sharper, i.e., when are blocks formed?

In order to answer these gquestions & series of wave, vortex, and
Jet models were construoted, and the integrations were programmed for the
Enisc. A certain amount of recoding was required and was carried out
with the aid of & group from the Ballistics Research laboratery in
Aberdeens In all the work we were fortunate in obtaining the cooperation
and estive participation of Messrs John Proeman, Norman Phillips and
George Platzman of the lMeteorology Department of the University of Chicago.
The sotual computations were begun on June 5 and are still in progress at
the date of writings The results of the imtegrations, which are
scheduled to be completed by June 20, will be desoribed in the next report.

Respectfully submitted,
Jule Charney
(Group leader)

June 18, 19651
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Director:

Members:

Consultants:

Computers:

John von Neumann L
Bert Bolin (January 1, 1951 to March 31, 1951)

Jule G. Charney (full period)

Thomas V. Davies (January 1, 1951 to March 31, 1951)
Ragnar Fjbrtoft (September 1, 1950 to January 7, 1951)
Joseph Smagorinsky (September 1, 1350 to March 31, 1951)
Margaret Smagorinsky (September 1, 1950 to January 31, 1951)
G. C. McVittie (October 23. 1950)

Morris Neiburger (January 27, 1951 to February 16, 1951)
George Platzman (October 1, 1950 to December 20, 1950)
Carl-Gustav Rossby (January 15, 1951 to March 10 1951)
Norma Gilbarg (full period)

Mary Lewis (January 29, 1951 to February 28, 1951)

Chih Li Tu Yang (March 1, 1951 to March 31, 1951)
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1. The analysis of the 2k-hour barotropic two-dimensional forecasts
performed on the Eniac was completed and the final results and method were
described in an article entitled "Numerical Integration of the Barotropic
Vorticity Equation:" by J. G. Charney, R. Fjbrtoft, and J. von Neumann
published in Tellus, Vol. 2, No. 4, 1950.

2. The results of the Eniac forecasts served to strengthen the con-
viction that had already been gained from the preliminary one-dimensional
computations that weather forecasting can be treated successfully by nu-
merical methods, but the forecasts were too few to permit any conclusive
evaluation of the barotropic model, particularly in view of the fact that
errors due to lack of grid resolution were in some instances so great that
they very probably obscured the model errors. It was, therefore, decided
to program r;rthsr barotropic computations for the I.A.5. electronic com-
puter whose capacity is such that one is able to use a sufficiently fine
grid. The method adopted was a modification of the procedure employed for
the Eniac calculations and necessitated certain recalculations of the com-
putational stability criteria. These were performed by von Neumann, who
also aided in setting up the general program for the machine. The final
program and flow-diagram were drawn up by Platzmen who also, with the aid
of Mrs. Smagorinsky. prepared the detailed code of instructions. This
work was completed in December. When the I.A.S. computer is ready for

operation it is planned to run forecasts from both actual and ideal ini-

. tlal situations. The latter will consist of various wave and vortex

models.
3. The Eniac results indicated clearly that conventional map

analysis and subjective interpolation of grid values are inadequate for
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numerical computation. In consequence several methods of objective smooth-
ing and interpolation were investigated by Platzman and Mrs. Smagorinsky.
With the aid of this experience it is now planned to program one or more
such objective analysis schemes for the machine.

4. A good deal of attention was devoted to what may be called "re-
tooling" for three-dimensional forecasts. It was early recognized that
two-dimensional medels, while important for a physical understanding of
the atmospheric motions, are limited in applicability, and that the time
had arrived for a concerted attack upon the three-dimensional problem. As
the three-dimensional quasi-geostrophic equations present great difficulties
for machine integration, work was continued on a simplified model devised
by Fjbrtoft embodying an advective assumption. It had already been ob-
served in connection with one of the Eniac forecasts that this model leads
to a significant improvement over the barotropic forecast. Another compu-
tation was carried out by Bolin for the November 24-25, 1950 East Coast
windetorm situation with results similar to those already obtained; the
calculated height tendencies at 500 mb were better than those obtained
two-dimensional®y, bu; the surface tendencies were poor.

5. While it may be too early to say definitely, the indications

are that the advective three-dimensional model will prove inndoqna&e, and
an effort will have to be made to solve the general three-dimensional
eqnnticn#j- In anticipation of this state of affairs von Neumann and
Charney have begun to investigate various relaxation procedures for solv-
ing these equations. One, & modified Liebmann method, has already been
applied to & two-dimensional model with reasonably.good results. It ias

now planned to try out the method on a three-dimensional forecaest for a
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very restricted region of the atmosphere.

é; In an effort to test the applicability of the two-dinensioﬁnl
barotropic model, as well as a certain highly simplified two-dimensional
baroclinic model, a program was set up for calculeting initial height
tendencies at 500 mb for a 12 hourly sequence of current weather maps.

It had been found previocusly that the initial tendencies give good in-

: dications of the success of a finite forecast. As a means of verification
the calculated tendencies were compared with the cbserved 24-hour height
change. Altogether some 25 computations were made.

With so large a sample it was expected that certain apriori
criteria for predicting the success or failure of a barotropic forecast
would be induced, and indeed some advance has been made in this direction.
Neiburger and Rossby, who were present at the analysis of the computa-
tions, participated in the task of evaluation and interpretation.

In the hope that other research groups will take up this type
of work and thus add to the present fund of experience it is planned to

publish a description of the method of computetion and of some of the

E. results.

|

’ 1. In the course of some work by Charney and Eliassen (Tellus, Vol.
; 1 No. 2, 1949) on the prediction of small perturbations in a barotropic

zonal current it was found that the quasi-stationary perturbations appear-
# ing on normal seasonal 500 mb charts can be explained by the movement of
air over the large-scale topographical irregularities in the earth's surface.

This result may be of value for the explanation of the changes in the

——_

monthly mean circulation which have been dealt with by the Extended Fore-

J.ﬁh

: cast Section of the U. S. Weather Bureau and may thus provide a means for
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attacking the problem of long-range weather prediction. If one regards
the mean perturbations merely as an orographical response to a mean zonal
current varying only with latitude the problem reduces to the simpler
one of predicting the veriations of this current. To test this hypothesis
Smagorinsky has begun a theoretical determination of the changes in the
stationary perturbations that may be expected to result from prescribed
changes in the zonal current.
8. Davies has conducted a theoretical investigation into the pro-
cess of formation of cols and cut-off vortices in the atmosphere.
9. Charney has continued to work on a statistical theory of baro-
tropic vortex motion.

Respectfully submitted,

Jule G. Charney

March 28. 1951
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Director: John ven Neumann §
Members: Jule G. Charney (full period) ‘1
Arat Eliassen (July 1, 1949-August 31, 1949)
Ragnar Fj8rtoft (September 1, 1949-June 30, 1950)
John C. Freeman (full period)

i
Consultenta: George Platzmen, University of Chicago (October 12, ;
1949-December 20, 1949)(March 2, 19k9-March 22, 1949) |

Tu-cheng Yeh, University of Chicago (December 5, 1949-
mia.m)

> pamyr J ( 16, 1950-Fe 3, 1950)
personnel on leaw;: 'T*T““mm&) bruary 3,
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An account of much of the work done during the period covered by
the first progress report appeared in two published articles: (1) "On
@ physical basis for numerical prediction of large-scale motions in the
atmosphere”, J. Charney, Journal of Msteorology, December 1940; apd (2)
"A numerical method for predicting the perturbations of the middle lati-
tude westerlies", J. Charney and A. Elisssen, Tellus, May 1949. Both .
articles suggested strongly that much would be gained in precedursl ex-
perience and knowledge of fundamental atmospheric processes by integre- |
tion of the non-linear barotropic equatioms. Accordingly the full effowts
of the steff were directed toward this end, begimning about Octaber 1949,
As it was not expected that the Princeton mschine would be in operation
for at least one year, the problem was planned for the Eniac. This me-
ching was obtained for the Group's use at the request of the U. 5. Weather
Bureau and through the courtesy of the U. S. Army Ordnsnce Department.

The following problems were attacked and solved, prinmcipelly by
von Neumann:

1) To find a method of solution adaptable to Enlac computation of the
quasi-geostrophic barotropic vorticity equation:

ime)\ 2y ® = Lix 319 % 4 $0x, »
V(z‘”— %_3’;) J 7 i d ‘lf)

2) To find the nature of the boundary eonditions.

3) To find the computational stability criteria.

k) To find reasonsble limits to the area into which influences
from the boundary of the forecast region propegate.

After the completion of this work the task of programming end cod-
Mmhmmﬂqi-mhymnm’ The BEniac was used contimuously
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in three daily shifts of eight hours each for five weeks begimning March 6,
1950. During this time two twelve-hour and four twenty-four-hour forecasts .
were made from cbserved initial data. The participants in this phase of §
the work were Charney, Fjértoft, Freeman, Platzman and Smagorinsky.
Subsequently Charney and Fjbrtoft turmed to the amalysis of the
Eniac results and to the preparation of am article for publication dsscrib-
ing these results. This work occupied the greater part of the time from '
the completion of the Eniac computations to the end of the fiscal year. ’
One noteworthy by-product of the analysis was the construction of an ele-
mentary three-dimensional modal to account for the errors in the Eniac
forecasts due to non-fulfillment of the barotropic assumptions. Preliminary
hand calculations were begun at the U. 5. Weather Bureau in Washington under
the direction of Mr. Smagorineky. The Weather Bureau also co-operated in
carrying out the necessary computations for an objective evaluation of the
Eniac forecast errors.
In sddition to the main task of integretion of the bavotropic equa-
tions, the following research wes done: Freeman completed a treatment of
blocking as a shock phenomenon by the method of characteristics. This work
is to be published as an interim project report. Charney completed an ex-
pository article entitled "Dynamic Forecasting by Numerical Process” for &
compendium of meteorological research which will be published by the
American Meteorological Soclety.
The work in progress at the end of the fiscal year comsisted of:
1) 8tudies in the applicability of the primitive hydrodynamical
equations for numerical weather prediction by Charney.
2) Investigation of the upper boundary condition for the three-
dimensional model by Charney.
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3) Theoretical studies of simplified three-dimensiomal atmospheric
models by Fjlrtoft.

4) Studies in the statistical-mechanical properties of two-
dimensional incompressible flows by Charney and Fjirtoft.

Upon completion of the Princeton computing machine it is planned
to perform some additional integrations of the barotropic equations with
a more refined finite-difference space lattice and to begin the programming
of problems in three-dimensions. At the same time we shall pursue our
theoretical studies into the physical nature of the atmospheric motions.

Respectfully submitted,

Jule Charney

October 6, 1950
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L. Introductiog.

The ultimate aim of the Weteorology Group is the development of a
mothod for the numerical integretlon of the meteorslogical equations which
ie suitable for use in conjunction with ihe elesctronic computing machine now
under construction at the Institute for Advanced Study, “efore this als can |
be realized & pumber of prelisminary yroblems sust be solved. These may be
divided roughly into threes categories: There is first the probles of the |
physical deterwination of the atmocspheric motion, i.e,., *hat are its govern-
ing laws? Secandly, given these laws in the fom of differential equations,
how may they be integrated numerically? And thirdly, shat are the data |
roquirements? To anewer these Juestions it has been proposed Lo consider a |
hierarchy of "pllot problems® embodylng susocessively more and more of the
physical, numerical, and observational aspscis of the general forecast
problem. The work of C.=0, Hossby and others has shown that the motlions |
wost susceptible of quantitative trestment at the present time are the larae- ]4‘
seale (planstary) cireulations of the atmosphere, Hence it was decided to |
confine the prelimimary investigations to thess motions. From a methodo- |
logloal point of view this 1s slearly the logieal procedurs. One should |
proceed from the known to the unkmown. Too little is known about the 4
wiallor scale motlons and too many factors must be included to warrant t

their inclusion in & firsh attenpt ab nuserical foreeasting., Just o8 one |
achieveos a dagree of certaimty in predicting the motien of a gas by trans=- '
ferring attention from the individual melecules to certain space and time

averages, so by restricting attention t¢ the major weather-producing motions Ji
of the atmoaphere, whose scale is of the order of 1000 km or mere, the 1
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random effoct of the micro-meteorologlcal motions is minimized. For these

large~scale motions the laws aay be assumed know to a just approximation and

to be expressed by the hydrodynamical equations for a non-viscous adiabatic

fluid, MNodificationscan then be iatroduced as their need is made apparent

from the discrepancies betwean the numerical forecast and the observed

motions. Wy introducing new physical factors cns at a tine into these )
nuzerical upnhnh cne has a3 control over their effect; if they were 'l
introduced all together it would be impossible to ascertaln the fastor or 1
factors vesponsible for the discrepancies. Hence the need for the above |
mentioned type of hierarchical study based in the large-scale wotions,

The primary reason for Richardson's failure may be attributed to his

attempt to do too much toeo soon,

The hydrodynamical equations govern every conceivable type of macro~ .
scopic atmospheric motionm. This is a serious defect from the meteorclogical
point of view. !tmhtmmmuuuoomthc inconsequential
sound and gravity motions of the stmosphere 1f one wishes to accurately i
predict the meteorologically significant large-scale motions. Thus if cne
doss not select the space and time differsnces for the finite difference
analogues of the hydrodvmmnical equations in a manner which leads to a
converzent approximstlon to the small-seale sound and gravity motions, the
latter will amplify in the camputation process to such an extent that they '
will utterly obscure the important large-scale motions, It has been shomn
by the Group that this difficulty can be govercome by the introduction of the
geostrophic approximatior as a deviee for filtering out the 'noise' motion
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from the hydrodymamical equation. Other methods exist for accomplishing
the sane result, netably a method propesed by Frofessor J. von Weumann, and
are also being studied,

L&

III. 3 Ve a A
The quasi-geostrophic equations have the further advantage of analytie

simplicity and can be used to sclve a number of the so—called 'pilot problems'. ‘

One ~f these concerns the magnitudes of the influence or 'signal' velocitles

in the atmosphere, If a forecast is to be made for a certain region and for

a cortain period of time, 1t is necessary to know from what distances

influences will spread into the forecast reglon during the forecast period.

By omiaidering the spread of influences in a sodion consieting of = small |

sibtaitathon sn:n Shel inniuity seblibiie S Nath Sbilile 9 Vs '

naxisus signal velocities to bo expected in an actual situstion. The

horisontal velocitises were found to be such that predictions for cne or i
’tuhpdmmnumdhhforthouauudthonﬂhmdl:ynn .

axtensive observational natwerk, The magrdtudes found for the vertical

sigral velocities fmply that stratospheric influences will not appear in

the lower troposphere in less than a day or so. Fer this reason, it is

likely that present observations extend to s sufficiently high level to pe rmit i

short perlod forecasts for the lower traoposphers, ' |

Iv. The Equivsisnt~bayotropic itmesphers,
The nuuerical problem of predicting the motion of a contimuous system

with four independent variables (tims and the thres spaca coordinates) is .
an exceedingly difficult ane, even with the ald of the nost versatlle '
automatic computing machinery, I& ls therefore of the greatest lupertance,
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sspecially in the Wn‘ mk,‘m many numerical experiments must be },
performed to invent atmospheric models with fewer degrees of freedom. Here ]
ane may take advantage of the fact that the large-scale atmostheric motions |
exhibit a kind of deganeracy with respect (o the vertical coordinate, It !
has been possible to define a wean motion for the atmosphers which approxi-
mately satisflies the equations for two-disensional autobaretropic flow,
The motion is the same as the horiszontal sotion of the actual atmosphere l
at what may be called the equivalent-darotroplec lavel, a level !M in .
the visinity of 500 mb., Much of the work of the Group during the past
yoar has dealt with the study of the equivalent-barotropic motion. _
As one phase of the work a wodel in which the flow at the equivalent
barotropic level is idealised as a small perturbation in a uniform westerly
current has been found adequate Lo explain sany features of thoob-ml
wave~-like disturbances of the upper westerlies, previding topgﬁ;ﬂn‘m
functional influences are also taken into account., It has been demonstrated
that the quasi-permanent perturbations of the middle latitude westerllies can |
be satisfactorily explained as a result of the foreing of a westerly current
over the continental elevations, |
A method has alse been developed for predicting the day to day variations
of the 500 mb wotion. This wmethod seems to hold promise of practical use. .
A series of tests have been made by V. 8. Weather Bureau personnel under the ‘
supervision of the Group and are belng continued st the Weather Bureau ib

Washington., Indepandent tests have alse boan wade at the Swedish Neteoro-
logical Institute in Steockholam under Professor Rossby's supervision, The

results indicate that the method wlll be a useful adjumet to standard

forecast practice,



r N e . B £ LA T PR R o
Records of the Electronic Computer Project / Box 3 / Folder 34 / Navy progress reports, N-6-0ri-139, T.O.I. July 1, 1946-September 30, 1952
From the Shelby White a eon Levy Archives Center, Institute for Advanced Study, Princeton, NJ, USA

mhar 20 10589 w g T ——

It should be pointed out, hewever, that the methed is merely a byproduct
of more basie research and is not to be Jjudged exclusively for ite gractiecal
merit. Of theorstical importance was the evidence presented that topography

and friction exert only a minor influence on the short range variations of the

therefore
large=-scale free atmosphore motions and can p.ﬂhbh be ignored in a first

attampt at short range westher prediction., Perhaps the most impertant result
is that the accuracy obtalned with the rather crude linearised model appears
to justify the axpectation that the use of the non~linear baretropic model
will yield prodictionsef definite practical and theoretical value.

V. Data Gequiresents.
The heuristic value of the simplified l;eropic nodel may be illus~
trated by another example, 14 has often been guestioned whether the observa-
tions of wind , pressure, and tespersture are sufficiently accurate to perwit

accurate forecasts from the available data. It is known that although the
pressure and horizontal velocity fislds in the lower tropopanse can be deter—
mined with reasongble accuracy this accuracy is not enough to enable one to
caleulate the flelds of horizental acceleration, horizontal divergence, and
vertical velocity. The Group has show, howsver, that for s stable flow in
a barotropic model a method of integration can be found in which the errors
in ths predicted horisontal wind and pressure fields do not ingrease in time
despite the fact that the errors in th::i;i:l'.b of horizontsl acceleration,
horisontal divergence, and vertical velocity may be grest. The result has
also boen extended to small perturbations of a stable baroclinie cireular
vortex, and investigations are under way to show that the rate of error
ingrease is mot great in the large-seale unstable perturbationsas wall,
Again it appears probabls that the exieting data are sufficiently accurate
to permit forecastsfor short periods.
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The non-linearity of the' hydrodynamical equations makes it impossikle
for the present to establish exact upper limits for the error incurred by
replacing the differential squations by difference equations. One can only
hope to ebtain rough estimates by the use of linsariszed models, The baro-
tropic model in which the motion is a small perturbation in a linear flow ie
useful also for this pirpose. It has been shown that ,in order to obtain an
ascuracy or 90f in a 24 hour forecase of the pressure field it 1is necessary
to choose the time increment less than about one hour and the space incremant
less than sbout 400 km, Rellable criteria have not yet been obtained for the

such criteria

vertical space differsnce, but sork now in progress indicates that will soon
ba found,

The goostrophic approximation has the disadvantage that it fllters
out as noise smaller scale mo.ione which may be of considersble meteorological
iaportance; for axample, the small-scale frontal cyclone. Looking forward to
the time when one would wish to consider these motions as well, efforts have
been made Lo devise methods for their treatment, In this case it appears
necessary to use tha prisdtive equations, taking care to choose the finite
differences so as o aveid the explosive phencmena associated with the com=
putational amplification of the gravity and sound motions. Uy making the
hydrostatic approximation and choosing the space and time differences to
satisfy the Courant~Lewp-Friedrichs eriterion, » x> C 424, where C is the
spoed of gravity waves, about 300 m sec™r, it has besn found possible %o
obtain good approximations to the meteorologically significant motions in
the linearized barotropic model. Vhereas influences would appear in this
case to spread at the rate of 300 m 99c L 4t 1s found that one may make

——
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more
use of the signal veloaity studies already mentioned to place a,.reascnable
lixit on the influence regions RV
It 16 possifle to aprly the prisitive equsticns te large=ssale baro-
trople motions also. Hers the advantage lies in the simplicity af the
assoociated nunerical integration progedure. The time increments of the
fleld varisbles can be obtalned by a simple arithmetic computation, whereas
the quasi-geostrophic equations suffer from the disadvantage that one has to
solve a second order elliptic differential equation with sach time step.
On the other hand the latter have the advantage that the time steps may be
chosen much larger. Studies are under way to determine which of the twe
mathods ls more suitable in hoth tha barotropic and baroclinic cases,

VIII. Piture Flans,

The first experizeat to be tried on the machine now being bullt at
the Institute for Advanced Study will be a 24 hour forecast of the hori-
zontal motion at the equivalent-barotropic lavel. To this end data have
been collected, and it is plamed to compute a few time incraments by
using ordinary desk caloulstors or poesibly one of the existing large-
scale computing devices, The resulis are expected to shed light on the
difficultiess to be encountered when the full-scale problem is programmed
for the Princston machine.

lote: A part of the work referved to im the above report can be found in
a
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Note; August 1949. It ls amtitled; "A Numerical Method for Predicting ii
the Rerturbations in the Middle Latitude Westerlies". The error \
evaluations for the finite Alifference squations exist in the fora }
of a memorandum by G, A, Hunt, as doos the work by J. C. Freeman "
on the prizitive equationa.
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REPORT ON
WORK DONE ON
FROJECT N6-ori-139
DURING THE PERIOD
June 15 - Sept. 15
1948

It has been the purpose of this work to coordinate a

considerable amount of matter which has accumlated in the course

ot time, in such a way that the significance of the phenomena of the
earth's liquid core as a branch of geovhysical hydrodynamics becomes
apparent. A lengthy report has been finished, entitled "The Bartn's
Interior and Geomagnetism.” This is a comprehensive critical review

of all the known data on the subject. Enclosed herewith is copy of a
brief note entitled "Non-Uniformity of the Earth's Rotation and
Geomagnetism," which contains new results that have been obtained by the
writer during the present year and partly in commection with this project.

WALTER M. ELSASSER
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Non-Uniformity of the Earth's Rotation and Geomagnetism.
By W. M. Elsasser

The pxistence of a secular deceleration of the earth's angular

velocity at a rate,
dw/at = 2.5 * 10 22 ggo™@ (1)

has long been established from astronomical datal). The classical work of
G. H. Darwin and of Jeffreys, culminating in Jeffreys' computation of the
frictional torque of the oceanic tide seemed to have settled the problem®).
Quite recently it has been necessary to reopen the question as new geophysical
information has become available. It can now be said that in all probability
the deceleration of the earth is produced by two independent agencies, the
oceanic tide, and a still very cbscure effect in the earth's liguid core.
VWhile nothing is as yet kmown about the dynamics of motions in the core,
there is good reason to believe that an appreciable fraction of the retarding
torque operates in the core rather than in the oceans. This is perhape close
to the original ideas of Darwin, but the observations that lead to this con-
clusion are novel.

Let us first give a brief idea of the mechanics of the deceleration.
We shall ignore the small solar tide as compered to the lunar tide. The
angular momentum of the system earth-moon must be conserved. Darwin and
Jeffreys have shown that the orbital motion of the moos takes up the angular
mementum lost by the earth; the moon gradually recedes from the earth. Now
the ratio of energy to angular momentum for the earth's rota.tion:llllave,
the same ratio for the moon's orbital motiom is - 1/2 w_. But w /v = 28,
and it follows that per unit angular momentum transmitted to the moon only
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1/28 of the rotational energy of the earth is transmitted; the remainder
must be used up by friction or other transformations of emergy in the earth.
The frictional forces produce a couple that retards the earth, and at the
same time a force acte on the moon that temds %o push the latter away from
the eerth. One of the more gratifying features of this theory is the fact
that the observed deceleration is of the right genmeral o;'der to account for
a gradual removal of the moon from an original position very close to the
earth to its present distance during the known lifetime of the earth.

The new evidence arises from rather unexpected quarters; it is based
on geomagnstic cbservations. As the present writer hes endeavored to show3)
the secular variation of the geomegnetiec field cam be explained by means of
motions of the matter in the earth's fluid metellic core. Such moticns in-
duce electric cwrrents in the core, of magaitude § = ¢ v— X J—
¢ 1s the conductivity, V- the velocity of the Fluid, O the existing mag-
netic field. More receutly, Bullard has srrived independently at altogether
similar conclusions, 28 reported in "Nature"™). In general, an elsctro-
maguetic field in the presence of imbernal motions in a fluid conductor is
non-conservative, energy is being exchanged between the {leld and the motion
of the fluld. On the other hand, it can be shown’?) that so long as & parcel
of the fluild moves without deformation, or if its deformetion is negligible,
it carries its electric currenta and megnetic field with it unchanged ex-
cept for the free decay of the currents. One irmediate consequence of this
is the fact that the cbserved irregular mugnetic field rotates with the
eerth. Another Important comsequence will be indicated below.

We have recently come into possession of a most remerkable set of

world-wide meps of the secular geomagnetic verilstion comstructed by Vestine
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and collaboretors®). These are based on an exhsustive evaluation of mag-
netic data and cover the pericd from 1912 to 1942 in intervals of 10 years.
The maps show that there are a number of centers of the secular variation
scattered about the earth; these centers undergo rapid changes of intensity
and also displacements of the position. The similarity of these meps and

of ordinary weather charts is emezing, and there is no better way of conveying
the idea that the secular variation owes its origin to fluid motions in the
core than e contemplation of these maps. There are two independent ways in
wvhich the velocity of the fluld can be estimated, first by direct inspection
of the displacement of the centers and secondly from the rate of change of the
field, using the electromagnetic theory)*). Both methods give velocities of
the order of 1 mm/sec. The most interesting feature, however, exhibited by
these maps is a general drift of the whole pattern of the secular variation

in the direction from east to west. It is difficult to assign an exact nmumerical
value to this drift motion since it is superposed upon the irregular displace-
ments of the centers and is of the same order of magnitude as the latter. In
order to have a convenient figure we may estimate a value of 0.5°/year which at
the equator of the core represents & linear velocity of 1 mm/sec. Since this
corresponds to an overall displacement of 15° over the period of 30 years covered
by Vestine's maps, it is clear that the westerly drift is a conspicuous effect.
There can be no doubt as to its reality. It occurred to the writer that if such
e mean motion exists it might not have escaped the attention of earlier
students of the secular variation. In fact, Bauer') stated in 1895 that he
found a "westerly wave" of the secular variation and he traces it back to the

middle of the sixteenth century. The mean angular velocity, as far as
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can be said from his data, seems about half the value given above. The
cause of the discrepancy is not clear; it is no doubt comnected with the |
great irregularity of the secular patterm. Also, Carlheim-Gyllensko 8) in- w
dicates a strong preponderance of westerly displacements in the secular variation.

On the basils of the theory which explains the secular variation as
the resulis of fluid motions in the core, these observations must needs be
interpreted as representing a bodily displacement of the core in the direction
from east to west. mmtm-wmxmabmmm&dmm,
that the magnetic field is carried along unchanged if a bodilly displacement
of the conductor occurs. In spite of great efforts the writer has been
unable to devise any other even remotely satisfactory interpretation of the
pehnomenon. It will be ngted that the direction of the drift is such as to
indicate a lag of the core behind the rotation of the earth. This is the
opposite of what one would expect if the earth was decelerated by a frictional
torque in the oceans. From quite elementary consideraticns of mechanics one
would expect the core to rotate faster than the mantle. The difference in
angular velocity would be determined by the amount of eddy friction at the
boundary of the core.

Our first and natural reaction would be to try to explain the
phengpenon avey. As already noted it would be practicaelly impossible to ex-
plain it as due to comulative or systematic errors in the observations.
Students of meteorology might be reminded of the belts of altermating
easterly and westerly winds which are a well known feature of the atmosphere
end vhich adjust themselves so that the mean torque between the atmosphere
and the solid earth vanishes. A cereful study of Vestine's maps has not
revealed any indication of an opposing drift motion; the existing westerly



drift seems rather evenly distributed over the whole earth. Again, one

might think that the present condition of the core is in the nature of a
temporary deviation from its average state. If we assumed that there is
no oceanic tide and that the core alone is decelerated at the rate given
by (1), it is readily found that it takes 2600 years to bulld up a difference
in angular velocity of 0.5°/year. Since the mean lifetime of the centers
of the secular variation is much smaller, a few hundred years at the most,
it seems well-nigh impossible to Interpret the westerly drift motion as a

Hence we must conclude that the earth's core actually rotates more
slovwly than the solid "mantle" surrounding it. It follows at once that owing
to eddy friction at the boundary of the core angular momentum migrates from
the mantle inte the core. The core must continuocusly lose angular momentum,
and this ie impossible unless there is a direct gravitational interaction be-
tween the core and the moon such that the angular momentum lost can reappear
in the orbital motion of the moon. Perhaps the interpretation of these re-
" sults is facilitated by the recent discovery’) that the core is not homo-
geneous but contains a central body of as yet unkmown constitution. This
is indicated by the peculiar behavior of seismic waves at great depths. The
boundary of this central body seems the natural locus of any tidal effects
in the core.

It is one of the results of the theory of tidal friction that the
dissipation in deep seas is negligibly small. The frictional effects of the
oceanic tide computed by Jeffreys arise in shallow basins such as the Bering
Sea, the Irish Sea, etc. It is in the nature of such a theory that no

great numerical accuracy can be expected from it. We have just indicated
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that in place of one retarding couple acting on the earth there are two,
one in the oceans and one in the core. It is difficult to estimate the
relative magnitude of the two, as Jeffreys' theory of tidal friction can
hardly afford a quantitative clue. The moment of inertia of the core is
about one-tenth of that of the earth. Hence if the immer" couple de-
celerated the core alone and the "outer" couple acted on the mantle alone,
their ration would be ome to tem. BSince, however, angular momentum migrates
into the core, the immer couple muet actually be larger. Just what fraction
of the whole retarding torque it constitutes can only be said when it be-
cmwlﬂhtoutimth-@it\ﬂ.dthmrriﬂm:tu@m
of the core.

The existence of the westerly drift motion throwe an entirely new
light on the physics of the earth's interior. It strongly corroborates the
theories which connect the phenomena of geomagnetism with fluid motions in
the core in that it reveals the existence of a supply of power for the main-
tenance of such motions throughout the earth's life. As the present writer
hes shown’) the magnetic field in the interior of the core must be much
stronger than the field at the outside and the energy of this intermal field
is directly supplied by the fluid motion. Numerical estimstes make it |
appear possible that the conversion into magnetic field energy replaces
mechanical friction in the core as the agent productive of the retarding
torque. Whatever the ultimate outcome of these theories, it seems certain
that the discovery of the westerly drift motion by Vestine opens up a new
branch of geophysical dynamies.
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I. Introduction

The following report will briefly summarize the activities of
the ONR Meteorology Project at the Institute for Advanced Study during the
period from 15 December 1947 to 15 May 1948. Our present investigations
are centered around two main problems:

1. Prediction of day-to-day changes of large scale systems.

2. Reconstruction of the gemeral circulation of the atmosphere. !
However, for lack of an organized and already established meteorological
theory, the moet immedlate obJectives and subheadings of the mein problems --
as, for instance, empirical estimetion of large scale eddy stresses,
representation of initial conditions, and formulation of a precticable
mathematical theory -- are correspondingly remote from each other. These
activities fall into roughly three categories: Semi-Emplrical and
Theoretical Research, and Numerical Methods.

II. Semi-Empirical Research

In order to characterize the zonally symmetric general circu-
lation of the atmosphere, it is necessary to form average values of the
meteorological veriables over large intervals of longitude and time.

The differential equations accordiugly must be revised to apply to those
mean values, for the proceee of averaging introduces additional and very
real forces analogous to the Reynolds Stresses, Lacking a priori knowledge
of the latter, we have been forced to resort to empirical means.

The distribution of large scale stresses has been investigated
by the Department of Meteorology, New York University, under subcontract
with the Meteorology Froject. The results of those correlation studies
and their bearing on the general circulation are discussed in the "Progress
Report on the General Circulation of the Atmosphere” by Prof. H. A.
Panofoky, under whose direction the work was done. That report is
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being reproduced in quaatity and will be placed on standard distribution.
III. Theoretical Research

Considering the problems of meteorological hydrodynamics from the
viewpoint of mathematics, one would certainly inguire into the uniqueness
of solutions, and it is a question of more than academic interest to know
that the solution following a sequence of numerical calculations is the
on].,ym possible or, if not, which of the possible courses to take. It
is conjectured thet this point is particularly critical as it concerns
tutbulent flow. This problem has already been treated by Oseen and Leray,
vho have shown that the state of an internally viscous fluid is regular
under weak conditions of regularity on the initial state; however, these
results, although of great genmerality, apply ounly to two-dimensional flows.
Dr. Gilbert Hunt, who joined the Meteorology Project in February 1948,
has sought to extend those earlier results in establishing conditions for
regularity of three-dimensional flows, and has succeeded in simplifying
Leray's arguments by applying the Fourier transform to the Navier-Stokes
equations; it has been shown, furthermore, that the kinetic energy of a
viscous fluid free of external forces must temd to zero, a result suspected
but not proved by Leray.

To characterize the states of the atmosphere that are peculiarly
meteorological and pertain to large scale systems, the initial conditions
must be statistically "smoothed" or filtered to remove the small scale
irregularities reflected in meteorological data. On the other hand, the
hydrodynamical equations apply not to "statistical functions! of the
variables but to the variables themselves. Lt. Thompson has studled
the additional stresses introduced by the gon-linearity of the equations,
and will contimue in efforts to formulate a system which governs the
behavior of the atmosphere. This must be effected in two ways:
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1. The governing differential equations must refer to the
averaged variables which characterize the initial state.

2. By inserting additional and necessarily empirical informa-

tion about the atmosphere's large scale behavior, the
differential equations must be rendered incapable of
propegating high frequency "noise" -- i.e. sould waves,
gravity waves, etc.
The latter has been given analytical treatment by Dr. Jule Charmey, who
will join the staff of the Meteorology Project in Jume 1948.

Lt. Thompson has completed a study of rotational waves which,
slthough it deals with surface disturbances in particular, has direct
bearing on the theory of atmospheric waves. This work has not been
reported separately, but reprints from the Amnals of the New York Academy
of Sciences will be available in July 1948.

IV. Numerical Methods
The Department of Meteorglogy at New York University has

contimued to develop technigues of cbjective weather msp analysis --
i.e., of analytic representation of initial date -- under the terms of
its subcontract. Since 15 December 1947, that Department has constructed
objective and independent analyses of pressure and wind fields according
to the method of least squares outlined in the "Preliminary Repert on
Objective Weather Map Analysis." The work has been directed by Prof.
Panofeky with Prof. von Neumann's cloee cooperation.

It is essential, in order to predict changes of the velocity
field by mmerical methods, that we be able to form an accurate estimate
of the so-called "non-geostrophic" wind, the difference between the

geostrophic and true winds. Non-geostrophic wind components have been
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measured from the independently analyzed fields of pressure and velocity
mentioned above; the resulting distributions show synoptic regularity and
appear to be otherwise adequate for calculating the local variations of
velocity.

The first attempt to forecest day-to-day changes by numerical
integration of finite differences was described in the report of progress
for the pericd ending on 15 December 1947. The initial data have been
collected and are being analyzed by the Extended Forecast Section, U. S.
Weather Bureau, under the supervidon of Mr. Philip Clapp. Basing the,
estimate on present resources, the initial data will be completely
analyzed, resd off, averaged to minimize spacially random error, and put
inte tabular form suitable for finite differencing by 1 August 1948.

The routine of numerical calculations will require on the order of 500
calculator-hours per time stage; since the Weather Bureau has been able
to furnish only 70 man-bours per week, it is imperative that the remainder
of the computations be carried out by an agency specially equipped to
handle them. Once the data are in tabular form, no meteorological
knowledge 1is required to perform the necessary numerical operations.

A proposal to procure the computatiomal facilities of the Bureau of
Standards will be feorwarded separately.
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V. Turbulence and Stability Theory
of a Parabolic Profile.

Some work on this subject was done by Professor John

von Neumamn, in cooperation with Dr. C. L. Pekeris, and some consultatien
with Professor C. C. Lin, of the Massachusetts Institute of Technology.

A pev form of the linear small-perturbation stability equations of the
pareboliec profile flow through a channel was developed. This new method
requires the determination of one solution of a 6-th order complex linear
total differential equation instead of the comn‘bionai two solutions of a
h-th order equation of the seme type. It is expected that it will be less
insensitive in furnishing the desired criteria and permit evaluation with
a less lmportent loss of digitel precision. Arrangements are being made
for orienting calculations, probably through the Computation Laboratory
of the National Bureau of Standards (New York), and for a more complete
survey with the help of the new, large-scale electronic computer of the
International Business Machine Company (New York). The negotiations in
commection with the latter, which are being conducted through the Pure
Science Division of the Internmational Business Machine Company, are
developing in a promising way. It is expected that this work will
clarify the question of stability-instability problem of the parabolic
profile ("Poiseuille”) flow. This is the classical Sommerfeld-Heisenberg:

Lin approach to the theory of turbulence.
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I. Genersl Remarks on Objectives

The terms of Contract Né-ori-139, between the Office of Naval
Research and the Institute for Advanced Study, provide for the following
services, quoted in part from that centract,

(a) "ressarch on the application of electromie camputation to

dynemiec meteorology"

(b) "an investigation on the theory of dynamic meteorology to
make it accessible Lo high speed, sutomatic computing
techniques, and®

(e) "investigations which will give indications as to what new
observational techniques are necessary, both of the labora-
tory and of the field type, in arder to make more fully
effective the theoretical work to be supported by high
speed camputing."”

The necessity for such a progran of research is too evident to
merit much ®8phasis. The atmosphere or, for that matter, any contimuous
fluid medium is composed of a multitude of small mass—alemants, whose bo-
haviour is so interrelated that none can be dissociated, even in effect,
from all the rest, Theoretical -~ that is to say mathematical -- formali-
sation of such complex physical phencmena leads to simultaneous systems of
partial differential equations, These latter, except in certain special
and rarely realised instances, are unfortunately non-linear and cannot be
solved explieitly by any known method of analysie,
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In the past, theoretical meteorology has borrowed from technigues
previcusly invented for more mature branches of inquiry. Since atmospherie
changes are by nature interactive, or "non-linear", we have been forced to
resort to devices for artificially "linearising" the governing differential
equations; in particular, the method of small perturbations, a scheme for
finding solutions in the immediate neighborhood of some physically possible
known state, has contributed much to the theory of growth and propagation
of atmospheric disturbances. The usefulness of these improvisations cannot
‘be denied or balittled. We are not, however, obviocusly justified in
nMﬁu the properties of infinitesnal perturbations to disturbances in
the atmosphere, in which the perturbation-variables are of exactly the same
order of magnitude as the walues characteristic of an "undi sturbed" state.

It has long been recognized that a closed system of differemtial
equations, ordinary or partid , linear or non-linear, mey be regarded as a
sot of instructions for constructing its solution from knomm boundary and
initial values. Until now, however, the time required to carry out those
"instructions" has been prohibitive or, in any case, wd ghed heavily
agalnst any desire to manufacture exact solutions., Development of already
existing or projected high speed computers has only recently brought direct,
broadside attack on these problems within the realm of economic feasibility.
But, although numerical amalysis, implemented by automatic high speed
computers, is a necessary remedy for our meteorological shortcomings, it
must also be recognised that it is not sufficlient in itself,

Owing to these and other circumstances, we are at present concerned
with Objectives (a) and (b), and, most immediately, with (b). Objective (e¢)
can be approached directly only when (a) is attained; that is, moreover,
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contingent on the availability of a satisfactory computer. In view of the
present state of meteorclogical theory, Objective (b) tacitly implies that
we have not only to translate mathemstical stataments into computatl ocnal
orders that are intelligible to a machine, but also to formulate much of
the mathematical theory which is to be made accessible to high speed
computing techniques., Indeed, at this point it is economical even to re-
consider empirical evidence before launching an expensive program of
numericael analysis.

II. lsplessutation.

In the course of negotiating the aforementioned contract, it was
estimated that personnel of the Meteorology Project would include four
senior and three junior sciestists, and two clerks to handle any laberious
manual caleulations, OSubsequent events have shown that the original esti-
mate was overly optimistic about the number that could devote full-time to
our purposes, Of the four senior scientists, Dps. Vexlsr, Queney,
Montgomery, and Haurwits, who tentatively considered full-time positions,
only Dr. Queney has been able to contribute more than part-time assistance.
Iieut. Thompson has been permanently stationed with the Project since
November, 1946, The remainder of the Project's personnel have been
available for part-time consulting and research, as indlcated below:

Dr. Harry Vexler, Chief, Special Scientific Services

Division, U, 5. Weather Bureau, direction and
consulting,

Dr. C. L. Pekeris, Columbia University, one third time
consulting and research.

br. B. mug New York University, consulting.
Dr. H. Panofsky, New York University, one third time
research _
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In addition to directing the Meteorology Project and contributing to ite
researches, Professor von Heumann has been available for discussions of all
phases of its activity,

In accord with the decision stated in an earlier report (Progress
Report for the Perdod of 1 July 1946 to 15 Hovember 1946), we have deli-
berately limited the Meteorclogy group to a compact, flexible body of
theoreticians; until specific objectives were autlined, it was nelther
necessary nor desirable to take on a larger, less coherant group which
might later prove unwieldy and require considerable administrative attemtion
to keep it extricated from its own diffuse cross-purposes, Since that time,
however, preliminary investigation of relevant subobjectives has suggested
the course of further research, and the Project is prepared to increase the
number of full-time persennel. We hope Lo secure, by the spring of 1948, the
services of lr., Gilbert Hunt, who was informally associated with the
Meteorology Project in 1946, and Dr. Jule Charnay, now at the Oslo Institute
of MNeteorology as a HNaticnal Research Fellow.

In order to foster necessary semi-empirical investigations, which
would be difficult to pursue in Princeton, the Neteorology Froject has
commissioned the Department of Meteorclogy, New York University, to under-
take an extensive program of synoptic meteorological research. Subcontract
for this work, which is already well under way, has been approved., This
arranganent also uwaru the cooperation of Professor Haurwitz and Dr.
Panofsky in matters of theory as well.

Adequate of fice space in the Elsctronic Computer Laboratory of
the Institute for Advanced Study has been provided for the group permanently
lecated in Prineeton. At present this conprises about fifteen pereent of
the laboratory's total office space,
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The Project has had to procure only a very few meteorological
texts and periodicals, for the Institute's library, which has an excellent
collection of mathamatical and technical literature, has been placed at the
disposal of the Prineeton group.

It is imperative that some routine numeriecal calculations be
carried out before an electironic computer will be available, Arrangements
have been made with the National n_umotsw-d-m-mnmu. 8.
VWeather Bureau to handle at least one numerieal forecast. The computational
problems that have arisen so far were modest enough to be resolved by already
exlsting devices; we ure indebted to the Princeton Research Laboratories of
Radio Corperation of America and tho Mathamatical Tables Group of the
Bureau of Standards for contributing their facilities.

Last, but certainly not the least, of circumstances that have
favored our interests, the housing development, built auc operated by the
Institute for Advanced 3tudy, is open to Project personnel who are other-
wise eligible (preference for veterans),.

IIT. Subobjestives

In August 1946 a conference of eminent meteorologists met at the
Institute for Advenced Study to decide what meteorological or allied prob=-
lems should serve as immediate objectives of the Project (see account of
Conference on Meteorology, 29-30 August 1946), Particular emphasis was
laid on reconstruction of the gemeral circulation, stability problems,
indirect measurement of eddy viscosity, and forecasting by numerical
integration., Although the ¥eteorology FProject has treated these as distinet
problems, they are not entirely unrelated., It can be shown, for instance,
that the e¢irculation of a non-viscous, sonally symmetric atmosphere is not
caompletely determined; consequently, some large-scale measure of eddy stress
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is essential to & realistic model of the genem] eirculation, Likewise, in
connection with formulating methods of numerieml forecasting, we are con-
cerned about the stability of laminar flows,

Aside from semi-empirical and theoretical investigations of
turbulent viscosity, the following general pursuite have been considered
most urgemt:

(1) To formulate systems of differsntial equations which best
deseribe the general circulation and the day-to-day large-
scale changes of the atmosphere,

(2) To anticipate as much as possible, on mathamtical orcother
grounds, what diffisulties will be encountered in numerical
analysis of those equations, and to overcome or c¢ircumvent
such inconveniences.

(3) To experiment with the resulting temporary methoeds in order
to test for cbstacles that =might not be suspected for a
priori reasons.

The remainder of this report will deel with the pregrees of the Neteorslogy
Project toward the subobjectives stated in the section above.

Due to the extrese mathematical difficulties involved, classical
hydrodynasics and the physical hydrodynamics of meteorology have dealt al-
most exclusively with non-viscous fluids or with simplified and, frem our
viewpeint, trivial models. In point of fact, distressingly few closed
solutions of the NHavier-Stokss Tquation, which takes into account only the
internsl viscosity of a fluid, are known at the mresent time. There is no
complete theory of oddy viscosity inm a turbulent fluld. |
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There is some justification for supposing that purely internal
viscosity of the atmosphere doss not figure significantly in the propaga~
tion of etmospherio disturbances, snd as an interim measure, for lack of
any more definite hypothesis, we have chosen to exelude all effects of
viscoslty from the routine of numerical forecasting, As soon as they are
known, however, particular attention should be paid to critical conditions
under which laminar flow "breuks down" and eddy stress hecomes a powerful
force.

For the past year, Dr. C. L., Pekeris has conducted numerical
investigations of the Helsenberg-lin problem, comcerning the dynamic
stabllity of laminar viscous flow to small perturbations., Thus far, it
has been ascertained that the sscond mode, for unit wave number, is stable
for all values of the Reynolds Number., The computational phase of this
work will be complste, with determination of the characteristic values
for the first mode, by the end of January, 1948. Although it must be kept
in mind that Dr. Pekeris' studies have been confined to Pelseuille flows,
this preliminary estimate of the problem of laminar stability establishes
a sound position from which further inquiry into atmespheric turbulence
can be directed,

As remarked before, viscosity is a causa sine QUa non of the
general circulation of the Zarth's stmosphere, If there were nocne, the
boundary conditions and di fferential equations of motion in the absclute
frame would be independent of the Earth's rotation -- that is to say,
the motions of the envelope of air could not be affected by the rotation
of the Barth 'inside.
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Primarily, the theory of large-scale stress has suffered a
great dearth of substentliating evidence, To alleviate this condition,
the terms of the Project's subcontraet with New York University provide
for semi-empirical measurement of the large secale, hori zontal components
of stress, These stresces are identifisd, properly speaking, with an
indirectly seasured "residue” force, the difference between observed
changes in momentum and the forces that have already beem taken into
account == i.,0., the pressure, gravitational, and Coriolis forces. This
program of research will gradually and quite naturally merge with studies
of the gmneml circulation, both of which are being carried on at the
Department of lMeteorology, New York University under the supervision of
Dreé. Haurwitsz, Panofiky, and Miller.

V. Initial Values

Humerical methode of rational weather prediction are not
entirely untried; L. F, Richardson in 1917 and, at a somewhat later date,
REe Do Elliott attempted to caleulate local deriwatives of meteorological
elements by the Method of Finite Differences. The results of neither of
these triale were within the realm of reality. Both Richardsen and
Flliott were inclined to attribute most of their errors to those en-
gendered in the initial values of the variasbles. To minimize "non-
representativeness” and human error among the initial data, Richardson
assigned mean values of the variables, taken over an interval of time,
to the central moment of that interval. But, although his decision was
undoubtedly forced by an insufficient number of data, local peculiarities
and procedural errors are by thelr nature systematic in time, but nearly
random in space. It is mest reasonable, therefore, to remove those errors

from the initial welues by averaging over regions of space.
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Utilizing this principle, Professor von Neumann and Dr. Fanofsky
have devised objective methods for representing the initial state of affairs.
Those techniques involve determination of the algebraie polynomial whose
"least squares” fit with respect to a given set of raw observational data
is the best. The number of terms in a particular polynomial is about ocne-
fourth the number of obmnﬂ.qu it seeks to represent; hemece, in a manner
of speaking, each coefficient is the "mean wvalue” of fOUR others, averaged
spacewdse,

The labor of calculating the matrix coefficlents of these poly-
nomials has been undertaken by New York University under its subcontract.
The Princeton Research Laboratories of RCA and the Mathematical Tables
Group of the National Bureau of Standards have obligingly furnished addi-
tional facilities and assistance., Resulting representations are found te
agree better with subjective synoptic analyses than do the individual
subjective malyses agree among themselves, This work is presented in
detail in the "Preliminary Report on Objective Weather Map Analysis" by
Dr. Panofsky,

However, until we can avall oursslves of a high speed camputing
machine, the task of evaluating enough matrix coefficients to cover a
considerable collsction of data would be arducus indeed., The initial
values of preliminary experiments in numerical forecasting will be formed
simply by averaging variables over suitably partitioned regions of space.

The fundamental equations, even for an isentropiec ideal atmosphere,
are not well siited to numsriecal analysis as they stand, Aside from the
unfortunate but hard fact that hydrostatic equilibrium is implieit in all
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standard measuresments of pressure, the vertical component of acceleration is
invariably the small difference between the pressure and gravitational
accelsrations; consequently, the local variation of the vertieal speed is

an even smaller guantity. Voreover, the vertical component of velocity is

nel ther observed nor susceptible to exact msasurement. In view of these
considerata, it would be highly desirable Lo know the vertisal companent of
velocity at any moment in time a8 an explicit function of the distributions
of other variables at that particular instant. The required expression, an
integral-differential function of the pressure and horisontal velocity fields,
has bean found,

Another difficulty, also stemming from innate sensitivity of the
fundamental equations, must be reduced to less formidable proportions; the
local derivative of pressure is an integral of the local variation of
density, which is always a very small difference between large terms,

This circumstance can be obviated by an alternative expression involving
the local changes of potentisl temperature. The latber are of the same
order of magnitude as the advective variations of potential temperature.

The phenomena described by the general form of the hydrodynamic
equations cover the entire spectrum of events, sonic wmaves, gravity waves,
slow inertial waves, et cetera, and it might simplify matters considerably
if those equations were somshow informed that we are interested in enly
cortaln kinds of atmcspheric behaviour — 1.,e., the ;ropagation of large-
scale disturbances. This is tantamount to constructing a "mathematical
filter” to remove "noise" and otherwise unwanted regions of the spectrum.
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Several such "filters" are frequently, though perhaps unwittingly
incorporated in theoretical models of the atmosphere to make them more
tractable to mathematiczl analysis. For instance, sound waves may be pre-
cluded by suppoasing that the fluid is exactly homogeneous - that 1s to
say, incompressible - simply because they are longitudinal waves. ILike~
wise, gravity waves, although they are transverse, ecsnnot exist in fluids
which experience no change in potentisl emergy. In fast, every idealized
model is, in a maaner of spesiing, a filtering device, By imposing certain
restrictions suggested by empirically known compensating mechanisnms, it
appears guite feasible to "axtract the essance” of the mode of behavicur
in question.

The Meteorology Froject has considered several filter-medels and,
vherever possible, analysed them to dlscover whether thelr properties &
reflect those of the atmesphere. Detailed discussion of a barocline
atmosphere is included in a recent paper by Professor Queney, entitlad
"A Theoretical Study of Free Atmospheric Perturbations, Elastle, Gravity,
and Long-Perioed Waves." Lieut. Thompson has completed a study of
"Permanent Waves in Homogenasous, Plane Flulds", which will be distributed
as soon as it has beon reproduced in guantity,

VII. Mused cal Boutines

Formulation of a suitable system of differential equations,
boundary and initial values is certainly not the last of our difficulties,
The usual method for numerically constructing the solution of such a
system ontalls 5 routine of this sort:

(1) From the boundary and indtial values caleulate derivatives

in the direction of integration at all possible points.
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(14) Next, assuming that the derivative at a polnt applies
over a small interval in the direction of integratiom,
extrapolate valuse to adjascent pointe where they were
unknown before.

(141) Repeat the parformance until as much of the space-~time

lattice is filled as desired.
Now 1t is commonly supposed that this procedure will approximate the true
l.oluti-, and that the approximation becomes better and batter as the mesh~
size of the lattice is chosen smaller and smaller, This is apparently true
for systems of ordinary total differemtial equations, but Courant, Friedrichs,
and Levi have shown that these operations msy be carried out ad infinitum,
ad nauseum, et ad absurdum before canverging on the solution of a partial
di fferential equation. Unless certain eritical inequalities, depending on
the dimensions of a lattlice element and the physical constants involved,
are satisfled, the method of extrapolation over finite intervals amplifies
transient error; computations are then truly unstable and "blow up”.
Needless to say, this rather intangible mathematical phenomenon is a very
real worry.

Suspecting that the faulis of the Hethod of Finite Differences
lay in unweighted extrapolution, Professor von Neumann has outlined
numerical routines which are absalutely stable to errors ingurred in the
course of caleulation. We are reassured that there is no a priori reason
why numerical methods might fail,
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VIIl. pExperiments in Numerical Analysis
To reveal any impedimenta that might not have been foreseen

above, it is urgent that a few numeriecal solutions be manufactured, in the
most literal sense, by hand. Although steady-state problems, owing to the
small range of advective variations in the atmosphers, would be casiest to
approach, we are concerned principally with the resolution of variasbles in
time, and have therefare chosen to produce a mathematical forecast.

Mr, Philip Clapp, of the Extended Forecast Section, U. 5. Weather
Bureau, has discussed all aapects of mumerical forecasting, including
boundary eonditions, with Professor von Neumann and Lieut. Thompeon,

Mr. Clapp has selected the initial synoptic data and will supervise
computations, which are to be carried cut by the Natiomal Bureau of
Standards and the statistical section of the U, 5, Weather Bureau,
Several variants of the Vethod of Pinite Differsnces will be tried in the
course of this axperiment,

One other steady-state problem, apart from the previously
mentioned investigations of the general circulation under way at New York
University, has been posed for mumerical sclution. Mr., Colsen, a graduste
student at NYU, has undertaken to reconstruct flows over irregular terrain
according to a numero-geometrical method suggested by Lieut. Thompson,

Thds work will require no expense to the iroject.
IX. Coding of Nuserical Probless

In order to make the theoretical problsms of meteorology completely
accessible to the techniques of high speed computing, corresponding numeri-
cal problems must be stated in a form that computing machines can understand —-
i.,0., expressed in the sequence of numerical operstions to be performed by
machines, The language of operations and translation or goding of mathe-
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matical problems, with which the Meteorology Project must ultimately concern
itself, is discussed in "Plamming and Coding of Problems for an Electronic
Computing Instrument® by Drs. Ferman Goldstine and John ven Neumamn, of the
Mectronic Computer Project, Institute for Advanced Study,
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PROGRESS REPORT FOR TEE PERIOD OF NOVEMBER 15, 1846 TO APRIL 1,
1947 UNDER CONTRACT N6-ori~159, TASK I (METEOROLOGY PROJECT)

A. General Remarks

This report, like the preceeding one, is being prepared after a
relatively long interval and for the same reason; the project is still in
its preparatory stage and progress has therefore been slowsr than it should
be when the main phases have been reached.

It may be useful t o refer at this point to the earlier reportes
made in connection with this project. They are as follows:

(1) Heport om a conference on meteorology, held in Princeton on Aug-
ust 28-30, 1946. This report comprised five typewritten pages and was sub-
mitted in a letter to Lt. Commander D. ¥. Rex of the ONR.

(2) Progress heport for the period of July 1, 1946 to Hovember 15,
1946. This report comprised three typewritten pages and was also submitted
in & letter to Commander Hex.

B. State of the Project

The problems of office space and of housing, which were the main
difficulties when Reference (2) was written, have been overcome. The Insti-
tute's Computer Building was completed in early Jamuary, 1947, and has been
occupied since, in particular by the members of the Metesrology Project.
The Institute's housing project, aleo referred to in Reference (2), has been
in the wain completed. About three fourthe of the housing referred to is
already occupied. Among the persomnel of the Institute connected with the
Neteorology Froject who are living there are Drs. H. H. Ooldstine and C. L.
Pekeris, and It. P. D. Thompson.

The office space and housing problems which caused us deaisive




Records of the Electronic Computer Project / Box 3/ Folder 34 / Navy progress reports, N-6-ori-139, T.O.I. Jl;Iy 9 194G-Septembe} 30.‘19:57 Y Ll s -

- - — = ¥ —
From the Shelby White and Leon Levy Archives Center, Institute for Advanced Study, Princeton, NJ, USA l - -
- . -

difficulties in securing persomnel at the time of the start of the project
mw,m.wwwm.

It is therefore considered reascnable to begim with a cautious
expansion, as discussed in Reference (2). It sust be emphasised, however,
that this has to be done very slowly and carefully, since a great deal
remains to be done towards the integration of the group, and since the organ-
iszation of owr computing facilities will still take considersble time. Spec—-
ifically, two steps toward expansion are now contemplated:

(1) We are endeavoring to seoure the services of Dr. k. Elliot, of the
California Institute of Technology

(2) We are taking the necessary steps, in cooperation with the head of
the Meteorology Department of New York University, Dr. B. Baurwits, to carry
on our cooperation with that department on a broader and more systematic basis.

C. Work Done

(1) Dr, H. Panofsky and myself are working together towards developing
objective methods for the analysis of weather maps. We feel that it is absol-
utely necessary to develop non-subjective, mathematical methods to fit stream—
lines, iscbars, and other characteristic curves to the observed wind and

pressure maps. The ideal procedure would be a rigorous application of the
least square method for the entire Umited States. The functions to be used
might be polynowisls or, in view of the largeness of the ares, appropriate
spherical harmonics. The number of observed points is of the order of 150;
the desirable amount of "smoothing® and “compreseing® these data would suggest
fitting with expressions of about 40 parameters. This will be feasible with
the electronic computer which we develop; however, it is entirely beyond the
range of any equipment and technique now available. We have, therefore,
developed a method which permits to piece together this 40 parameter fit from
several l0-parameter fits. Equipment and metheds for a l0-parameter fit are
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available. For this purpose we have used a l0-equation, l0-variable elec-
trical linear equation solver, which the Princeton laboratories of the
fiadio Corporation of America have developed and obligingly made available
to us. We are also trying digital metheds. Ve have obtained for this pur-
pose the help of the Mathematical Tables Project (New York) of the U. 5.
Fureau of Standards. The latter organisation has been very helpful in var—
ious other mumerical tasks as well. We have already carried out 2 number of
l0-parameter fits and the results so far are emcouraging. A good deal more
experiencge is still required, both in order to study the inner comsistency
of this method and its relation to present, subjective methods. As long as
we are in thie preliminary stage the necessary computing work canmot be very
rigorously routinised and must thersfore be disproporticmately time-consuming.
It is expected that we will outgrow this preparatory stage in a few momths,
and will then set up an organization to do this work at a much greater speed
and in a routine fashion.

(2) At present, the main purpose of the objective weather map anslysis
described in (1), sbove, is to obtain divergence and vorticity maps. Various
other applications are also contemplated; all of them will be coordinated
and correlated with work now being done by New York University in similar
fields. It is expected that their work and ours will be of considerable
mutual help,

(8) The work referred to under (1) will be reported in a technical
report as soon as a sufficient number of fits have been carried out and a
logically rounded picture of its first phase is obtained. This is likely
to become possible in two or three months.

(4) I have studied the numerical methods of integration for the hydro-

dynamical equations of meteorology - in particular, in view of their sta-
bility. I have found that they are unstable under those conditions of
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spatial and temporal reselution which are essentially characteristic of
the problem of meteorological prediction. This instability explains cer-
tain difficulties in past attempts at prediction by numerical calculation;
it is closely connected with certain methematical results of R. Couranmt,
K. Friedrichs and H, Levi. They make it imperative to develop entirely
new methods of numeriecal integration. I have developed one method which
can be shown to be stable and which appears to be suitable for numerical
procedure if electronic equipment is available. Further studies of the
subject are necessary and in progrese.

(5) The studies referred to under (4), above, also show the desirabil-
ity of carrying out certain meteorological calculations under the assumption
of incompressibility, although this assumption might otherwise seem physically
unjustified. Lt. Thompson is mow studying this aspect of the problem.

(6) An effort is being made to attract Dr. K. Elliot from the Califor-
nia Institute of Techmology to the Project, since his past interests are
very such in the direction of meteorological forecasting by numerical inte-
gration. He would probably be of very considerable help in furthering the
studies referred to under (4), above.

(7) A technical report on the work mentioned under (4) will be issued
as soon as the subject has been given & mathematically satisfactory presen-
tation, which I expect to be the case in a few months,

(8) Dr. P. Quensy ie continuing his work om perturbstions inm the stmos-
phere. He has developed a theory of perturbation waves of atmospheric flows,
allowing for inhomogeneities in the underlying flow velocity field, as well
as the underlying temperature, yertical stability, and Coriolis fields. He
has obtained significant results on the classification of these waves and

their stability properties. He is now engaged in preparing a complete pre-
sentation of his results.
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(8) It is contemplated to send Dr. Queney on & trip of about 14 days
to various meteorological centers in the Niddle West and the Pacific West,
to study work which is done there and which parallels his own. His conclu-
sions will he reported subsequently.

(10) Dr. Pekeris is sontinuing his work on the stability of the Poi-
seuille flow (laminar viscous flow through a pipe). The region in which his
caleculations are now proceeding ceincides with the critical region of the
previous work of Heisemberg and Lin. The numerical difficulties in this domain
mmmmmm-unmmummm-m
time,

(11) Dr. Pekeris is also engaged in studies of various atmospheric wave
- motioms, but it is still too early to report on these.

April 8, 1947
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Progress Report for the Period of July 1, 1946 to November 15, 1946, N
on Contract N6ori-139, Task I. (Meteorology Project)

I. General Policz

This report is being prepared after a relatively long interval
because the project is still in its preparatory stages and it has therefore
been necessary to proceed slowly and cautiously.

The desire to enlist a large group of collaborators # has been
effectively limited by the extreme shortage of housing and almost complebe
lack of office space in Princeton, coupled with great difficulties in erect-
ing new structures. The Institute had therefore planned, from the start, to
provide office space for the Meteorology Project in its new Computer Build-
ing. This building has suffered delays, like all construction in tthis area,
but it is making relatively good headway, and it is expected to become avail-
able in the course of December, 1946. In the meantime, it was necessary to
provide office space under emergency conditions in the Institute's present,
main building, Fuld Hall,

%ith regard to the housing situation, the Institute has made an
exceptional effort, by ascquiring 15 houses equalling 52 family units, from a
Government settlement at Mineville, New York, transporting them by rail teo
Princeton, and re-erecting them here, all at its own expense, (The houses are
unused and rated as 'permanent.') The firet house has just been completed
and is ready for occupancy, the entire complex is expected to be finished no
later than January, 1047. These houses are expected to take care of the needs
of the Meteorology Project (as well as of certain other needs of the Institute).
In the meantime, it was necessary to provide emergency solutions for some of
the members of the project (one family of four has been living in Fuld Hall
since early November), and part-time employment which facilitates commuting to
Princeton had to be encouraged.

Under these conditions the large group foreseen in Reference # (below)
could not be taken on immediately. This delay, as well as various intervening
changes in their personal status and aims, caused, furthermore, that several of
the investigators who were ready to join the project in August/September, 1946,
and were only holding back because of the lack of housing, have now become un-
available or less available. This changed the administrative needs of the pro-
ject, and caused Dr. H, Wexler of the U, S, Weather Bureau to prefer a part-
time scientific tie—in with the project to the original scheme, which provided,
in addition, for rather extensive administrative responsibilities on his part.

After having given considerable thought to these circumstances, and
after a thorough discussion with Frofessor C. G, A, Rossby, Dr. Reichenlderfer
and Dr. H. Wexler, I decided that these new facts justified a policy different
from the one originally contemplated *. The colleagues referred to above, as
well as Commander D. F. Res, agreed with me on this and confirmed my judgement.
For these reasons, I now propose to progeed as follows:

¥ See our project proposal, dated May 8, 1946, sent to Q.R.I., attention of
Lt. Commander D, F. Rex
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It seems clear to me that the optimum initial size for our Meteor-
ology Group is not the large on contemplated in the footnote reference of the
preceding page, but that a smaller amd more compact is preferable - at
least for the beginning, say, for the next #ix months. <his removes the nec-
essity for more detailed and time-consuming administrative arrangements, and
permits me to maintain a closer personal contact with all members of the group.
A larger group would have to develop its own program and establish its own
homogeneity, and if it does not prove to be organically able to do this, then
it is very difficult to intervent and correct, without a good deal of admin-
istrative machinery and a sacrifice of time which would seriously conflict with
my other duties. In this connection, I must particularly emphasize my duties
to the Institute's Computer Froject, which has to be successfully concluded,

 or our Meteorological Project, too, would be seriously impaired in its useful-
ness. With a smaller group, on the other hand, I can see to it personally that
the group works in a unified directiom and acquires an inner homogeneity. After
this has been achieved, the organization can stand on its own legs, and it will
be time to expand it, and to bring it nearer to what the original conception
was. As 1 mentioned, I anticipate that the conditions for such a re-expansion
might exist by mid-1947. Even then, I would proceed gradually and cautiously.

These are the general principles that I propose to follow. Their dis-
cusgion will have made it clear that the project is still in a very early stage,
and that there is not much technical material to be reported. Also, what there
is represents initial steps in various directions which will produce well-
rounded, and well-reportable results only later.

I will nevertheless give a brief account of these and comnected mat-
ters in what follows.

II. Personnel
The persomnel of the Meteorology Project is at present as follows:

1. Dr. P. Queney of the Institut de Meteorologie et de Physique du
Globe, Algiers, France, - full time,

2., Dr. C. L, Pekeris, New York, about one third time consulting. Dr.
Pekeris will move to Princeton shortly when our housing becomes
available, and will then be able to devote more time to our work.

3. Dr. H. Panofsky, New Tork University, about one third time, pro-
bably more later.

4. Dr. H. Wexler, U.S. Weather Burean, who is spending about one day
per week in frinceton,

5. Dr. A, Cahn, full time, but his work with our group will end on
December 15, 1546.

6. Lt. P. D. Thompson will join the project full time before December
1, 1946.

7. Dr. (formerly Captain) G. Hunt has participated in many of our dis-
cussions. Since he is working for a Ph.D. degree in Mathematics in
Princeton University, his relation to the project has not been
formalised so far,

Arrangements for occasional consulting hawe been made with various
other colleagues.
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A conference was held in Princeton on August 29, 30, 31 (1846) to
discuss the program for our work. It was attended by 16 meteorclogists from
various parts of the country and one from abroad. I have reported on its com-
position, its deliberations and its conclusions earlier #,

On the basis of these discussions, as well as of the experience that
has been acquired since, the following investigations are now in progress:

l., Dr. Queney is continuing his work on the perturbations of the atmos-
pheric air flow caused by the ground profile. He participates in the work of
a mixed Service-Weather Bureau committee on this subject. He attended a con-
ference on this subject on November 20, 1946, in Washington. This report con-
cerning that conference will be submitted shortly. He has also worked out var-
ious proposals dealing with an observational program for the upper atmosphere.
I will also report on this before long.

Dr. Queney's work on perturbations seems very interesting but still
presenting considerable difficulties, It will be continued and expanded, and
reported as the occasion arises.

2. Dr. Pekeris is continuing his work on the instability theory of tur-
bulence in parallel flows. This work is more fluid-dynamical than strictly
meteorological, but it touches on the problem of fluid-dynamics that is most
critical for meteoroclogy. His progress with this problem is remarkable, and
also opens up interesting computational vistas. It will be reported as the
occasion arises,

I expect that Dr. Pekeris will devote subsequently part of his atten-
tion to the questions of the upper atmosphere.

5. Dr. Panofsky is engaged in work at NYU to obtain and to assess crit-
ically observational material on the vertical motion of the atmosphere., We
have reached the conclusion that this work is the best starting point for a
more general mathematical effort to derive the vorticity-field and the divergence-
field of the atmospheric wind-field from the observations, This will serve as
a basis for a subsequent effort to integrate t he hydrodynamical equations of

atmospheric flow numerically.

The work dealing with the vorticity-field and with the divergence-
field is now under way.

4, Dr. Wexler has been available for consultation to all members of the
project.

5. Dr. Cahn is now writing a report on a system of the hydro-dynamical
equations of atmospheric flow.

8. Lt. Thompson will take over Dr. Cahn's work.

John von Neumann

Project Supervisor

* See my report on the Meteorological Conference of August 29-30, 1946, sent
to 0.R.I., attention Lt. Commander D. F. Rex.
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