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Abstract

The logical design of an electronic digital computer is described. A simple computation
problem is proposed; this is used to illustrate the main steps leading to formulaton of
a problem for machine computation — the propram and the flow diagram. In conclusion,
some general comments are made concerning areas of application of high-speed computers

in meteorology.

High-speed digital computers now are to
some extent available to meteorologists for
research. Doubtless there will be intensive
developments in certain fields of theoretical
and applied meteorology where heretofore
progress has been inhibited by the prodigous
amounts of computation required to yield a
useful result. As this work advances, it is
likely to take on some of the aspects of an
engineering science, and the underlying prin-
ciples of the use of computers for meteorolog-
ical problems may tend to become obscured
by a superstructure of special methods of
computation and procedure.

It is inevitable that high-speed computers
will open new avenues of investigation in
theoretical studies of the atmosphere, and
although among meteorologists there is wide-
spread latent interest in these prospects, it is
probably too early to predict when to expect
results of practical value — say, to the fore-
caster. Nevertheless, it seems rather evident
that to maintain a well-balanced approach to

problems that offer some promise of yielding
to computation methods, there should be
effective communication between those who
gain experience in the techniques of computa-
tion, and those whose contacts are mainly
with applied meteorological problems — for
example, in the fields of forecasting or syn-
optic meteorology.

With this thought in mind, the writer has
undertaken to sketch a broad view of some
of the steps that enter into the task of domesti-
cating a high-speed computer for meteorolog-
ical purposes, and although the view is
from a very limited level of experience in
these matters, it may nevertheless help to
illuminate for the meteorologist this novel
area of research and to implement his interests
in a field that he may sense is intriguing but
which otherwise may seem obscure. The
results of this endeavor are reported in what
follows; they are grouped under four headings:
(1) a computer, (2) a problem, (3) a computa-
tion, (4) concluding remarks.
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The substance of this discussion has been
taken from the reports by Goldstine and von
Neumann, to which reference is made at
the end of the paper. The reader should
consult these reports for a more systematic
and thorough treatment of the logical design
of a high-speed computer and a more detailed
exposition of methods of preparing problems
for computation.

I. A computer

An electronic digital computer is an ex-
tremely complex instrument containing many
thousands of components and involving
application of the most advanced techniques
of electronic engineering. Fortunately, it is
possible to comprehend the logical structure
of the machine without understanding the
design and construction whereby this logical
structure is achieved, just as it 1s possible to
know the logical structure of an automobile
without understanding the construction of
the various components or even the manner
in which they accomplish the end result.
Indeed, this is not surprising because in point
of fact, the logical structure of the computer
must be formulated more or less independently
of the specific engineering techniques by
means of which its physical counterparts
ultimately are realized.

The basic logical elements of an electronic
digital computer are (i) the arithmetic organ,
(ii) the memory, (iii) the control. In addition,
there must be provision for transfering data
into and out of the machine — namely, an
input-output device. The significance of the
primary logical elements can be illustrated by
a simple example. Let a and b stand for two
numbers which, at a certain stage in a partic-
ular computation, must be combined arithme-
tically to yield a derived number, F (a, b);
for example, F (a, b) = a+b, or a—b, or
axb, etc. Initially, a and b are stored in the
memory; the control arranges their transfer
to the arithmetic organ, instructs this organ to
produce F (4, b), and returns this derived
number to the memory (see figure 1). (Cer-
tain operations involve only a single number;
for example, F (a)= —a, or F(a) = |a|, or
F (a)= the first four digits of 4, and so on.)

The arithmetic organ contains a small
number of registers — analogous to the “dial”
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Figure 1. The basic elements and their functions.
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registers of an ordinary desk calculator —
each of which can hold one number (that is,
a series of digits) at any instant. Not many
registers are required if, as in most compurers,
the arithmetic organ performs only one
operation at a time. When a number held in a
register is no longer needed, the control can
erase it, or send it to a specific location in the
memory. If the specified memory location
already holds a number, this number is erased
and the number sent from the register takes
its place.

The usefulness of a high-speed computer
depends to a large extent on the versatility
of the control, and the capacity of the memory.
Every computation of sufficient scope to
justify the use of a high-speed computer will
involve a great many intermediate numbers
that do not represent the final result but are
produced at some stage of the computation
and set aside to be used at a later stage. Further-
more, in some problems the initial data as
well as the final computed result may in
themselves involve a great many numbers. If
the machine is to function as a high-speed
computer, it is clearly essential to limit sharply
the necessity for stopping the machine and
supplying or removing numbers before the
computation is finished; indeed, ideally, the
machine should not be interrupted at all
during the course of the computation. To
provide for a completely automatic sequence
of computations, there must be a fully auto-
matic control that can process the necessary
instructions (orders) without interruption, and
a large-capacity memory that can accommo-
date simultaneously a great many numbers.

One of the simplest types of memory to
visualize is built around a specially designed
electron tube, the so-called “‘electrostatic
storage tube”, which in construction and
operation is similar to a small television tube
(iconoscope). At one end there is a network
or mosaic of electrostatically charged “spots”.
Each of these small charged areas can be
represented schematically in the manner shown
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Figure 2. Schematic illustration of the networks of
charged points in five identical electrostatic-storage mem-
ory tubes. The circles enclose corresponding points.

in figure 2. Tube 1 is pictured as a network of
I6 points, each point representing a small
area of electrostatic charge; tube 2 is identical,
and so on. A number (series of digits) can be
represented as equivalent to a group of
charges located at corresponding points in the
series of networks; for example, the circled
point in tube 1 holds the first digit of the
number, the corresponding point (circled) in
tube 2 holds the second digit, and so on. The
arrangement illustrated in figure 2 would in
this way accommodate 16 five-digit numbers
(16 points in each tube, and s tubes). In prac-
tice as many as 40 tubes are used, each with as
many as 1,024 points (a 32x32 network
instead of the 4 x 4 pictured above); a memory
of this size would have a capacity of 32 x32=
1,024 forty-digit numbers.

In each tube is a device for producing a
narrow beam of electrons that impinges on
the network of changed points, and in fact
can “scan” this network point by point and
row by row. The required deflections of the
electron beam are produced by a properly
controlled magnetic field, which means that
the scanning process can be performed with
extreme rapidity. The tubes are synchronized
so that at any instant their respective beams
impinge on corresponding points of the
charged networks; in this way the various
digits in a given number can be “sensed”
simultaneously and transferred to a register.
By proper control of the intensity of the beam,
it is possible to arrange for the scanning pro-
cess to read, or to write, which means in
effect that a number can be transferred from
the memory fto the register, or vice versa.

The computations required to solve a given
problem can be formulated as a list of orders
that enumerate step by step, every single
arithmetic manipulation that must be per-
formed, including all necessary transfers of
numbers to and from the memory. The
orders are then translated into numbers
according to a definite code, and as such are
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themselves stored in the memory (thereby
establishing the link between human control
and machine control of the computation).
In this sense the memory holds logical infor-
mation as well as strictly numerical informa-
tion; both types of information are expressed
as series of digits). Since the orders are now
located in the memory, they can be scanned
and transferred, so to speak, to the control
organ, which arranges for these orders to be
performed, one after the other, as they are
read.

Virtually every problem of a scope that
justifies the use of a high-speed computer
will demand a highly versatile control organ.
For example, a commonly recurring situation
at various stages of the computation requires
repetition (iteration) of the same sequence of
operations and hence of the same sequence
of orders. To illustrate: suppose we have,
say, fifty pairs of numbers and that the same
set of operations must be performed on
each of these number pairs. Obviously, in
writing out the orders we cannot afford, as
a rule, to repeat the same sequence over and
over again the desired number of times be-
cause the memory spacc available for these
orders probably would be quickly exhausted.
It shou{)d be sufficient to list this sequence of
orders just once; so the control should be
able to “go back” to the beginning of the
sequence and repeat as many times as required.
In fact, we should generalize this requirement
in the following way: normally, the control
will take up the orders in sequence as they are
entered in the memory; however, at any
stage by means of an order that “transfers”
the control, it will proceed not to the next
order but to any other designated order,
and there continue in sequence.

There is another, vital feature of versatility
of the control. Where a transfer of the control
is required, we should in principle specify
beforehand precisely the order to which the
control should be transferred; or, if a sequence
of orders must be iterated, we should specify
beforehand exactly how many iterations must
be performed. There are several difficulties
here, connected with the fact that very fre-
quently this type of information is not known
until the computation has proceeded up to a
certain point. If we are to avoid interrupting
the computation, such decisions (to transfer
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the control) must be made internally on the
basis of specific orders provided for this
urpose. Indeed, even when for example we
£now in advance exactly how many iterations
of a given sequence of orders are needed,
there would be no convenient way to ter-
minate these iterations unless a decision can
be made internally. All “decisions” of the
type required can be reduced to an order
providing for conditional transfer of control,
depending on the sign (plus or minus) of a
number held in one of the registers. Suppose,
for example, that the first iteration of a sequence
of orders produces a number 4,, the next
iteration a slightly smaller number a,, the
third a still smaller number a;, and so on,
and we want to iterate until a number, say 4,
is produced that is smaller than a specific
preassigned number b. This is accomplished as
follows. After each iteration there is an order
placing the difference a,—b in one of the reg-
isters, followed by the conditional transfer
order. If this difference is positive (meanin
a, is still greater than b) the control will
transfer back to the iteration; if it is negative
the control will proceed out of the iteration
to whatever order may follow in sequence.
This provision for conditional transfer of
controf is used repeatedly in most problems.
It provides for extremely versatile and fully
automatic control of the computation.
Another typical application of the conditio-
nal transfer order is this: suppose we know in
advance exactly the number of iterations
required for a given sequence of orders —
say, 30 iterations. Before the first run through
the sequence the number 1 is ordered into
an empty location in the memory, and just
prior to each repetition of the sequence this
“counting index” or “iteration index” is
advanced by adding 1 to the number already
there, so that at the end of each sequence this
particular memory location will hold a num-
ber exactly equal to the number of times
the sequence has been completed up to that
stage. Further, at the end of each sequence
the difference “2¢9 minus the index” is ordered
into a register and then the conditional transfer
order foﬁows. When this difference is positive
{or zero), mecaning that 30 iterations (the
desired number) have not yet been completed,
the control is transferred back to the beginning
of the sequence; but after the 3oth iteration
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this difference is negative, so the conditional
transfer order carries the control out of the
iteration and on to the next part of the com-
putation,

We have now discussed the main features
of the logical framework of a computer; they
are (apart from an input-output device):

() An arithmetic organ, consisting of a
few registers each to hold a single number
(series of digits) at any instant. The arith-
metic organ is responsible for performing
basic arithmetic operations such as addition,
multiplication, division.

(i) A memory, capable of storing a great
many numbers, with provisions for reading
and altering its contents as the computation
proceeds.

(i) A versatile control, which responds
to a list of orders stored in the memory.

A final comment regarding the speed of
computation: in an electronic computer all
internal operations are purely electronic and
therefore extremely rapid. Indeed, the unit
of time most convenient in this connection
is the microsecond — one millionth of a second.
A good approximation to the duration of
most types of computation can be obtained
by allowing about s00 microseconds for each
multiplication (or division), and about 65
microseconds for each order (including multi-
plications and divisions). For example, in a
typical meteorological calculation (the 24-
hour barotropic forecast) carried out on the
Princeton computer, 1,960,000 multiplications
and a total of 42,300,000 orders are required.
The approximate duration of this computation
is therefore $00 x 1,960,000 + 65 x 42,300,000
microseconds, or about 62 minutes. This makes
it quite clear why an extremely involved and
lengthy computation — hopelessly imprac-
tical to attempt by hand — may be quite
practical for the high-speed computer.

2. A problem

The problem that will now be described
has been chosen mainly to illustrate some
typical stefps leading to formulation of a com-
putation for the high-speed computer. It is
in fact a simple problem and requires only a
rather small amount of computation, so it is
not representative of the type of problems
for which a high-speed computer is best
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Figure 3. Polar stercographic projection; the dashed lines
are latitude circles, the solid lines delineate the region over
which the vorticity will be computed.

Figure 4. A network of grid points covers the rectangular
region of figure 3. The grid shown here has 18 interior
columns and 13 interior rows.

suited — namely those that involve extra-
ordinary amounts of calculation.
Suppose we have an analyzed s00-mb map

showing height contours. Problem : to calculate

the geostrophic vorticity field that corresponds
to the contour analysis. Let z denote contour
height of the s00-mb surface, g the acceleration
of gravity, and f the Coriolis parameter, so
that the geostrophic wind components are

89z, g9z
f oy [ ox’

Then the geostrophic vorticity is

iz
o) 0

neglecting here the variation of f in the de-
nominator of the expression for u.

The contour analysis is drawn on a map
that represents a plane projection of the

Hu —
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spherical earth; this projection will distort true
cﬁstances. Let Ax be the true distance (on the
earth) between two neighboring points and
let Aa be the distance between these same
points measured on the projection; then
Aa= m Ax, where m is the scale factor for the
projection and will usually depend upon the
latitude where the measurement is made.
To be specific, assume that a polar sterco-
graphic projection is used; the scale factor for
this projection is

. 2
T 14-sin®’

m

where @ is the latitude. Writing da=m Ax
and Ab=mAy for distances measured on the
projection, the equation for calculating the
vorticity from a contour analysis drawn on

the projection is, from (1)
Itz
W) o

e i
’ f \9a?

It will be recalled that the Coriolis parameter

fis equal to 2w sin @, where w is the angular

speed of the earth’s rotation.

Figure 3 is a portion of a polar stereographic
projection on which a rectangular boundary
has been marked out, to delineate the region
over which the geostrophic vorticity will*be |
computed. (The contour analysis is not shown.)
We now construct a network of grid points
(figure 4) covering the rectangular region,
such that the distance between grid points
is the same in either diretion — say equal to
d. In order to specify the location of a grid
point in this array, let i designate the column
in which the point is located (counting from
left to right), and j the row (counting from
bottom to top); thus, i=0 designates the col-
umn coinciding with the left-hand boundary,
i=1 the first interior column, i = 2 the next,
and so on; similarly, j=o0 designates the row
coinciding with the bottom boundary, j = 1
the row next above this, and so on.

From the contour analysis, values of the
height z must be interpolated (this can be
done visually) for each of the grid points.
The interpolated height at the grid point
whose coordinates are i, j we denote by z;.

Consider a typical group of five neighboring
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grid points (figure s), the central point with
coorcﬁnatcs i, j; we wish to calculate the geo-
strophic vorticity {j; at this central point.
Returning to formula (2) we see that the
vorticity depends upon ¢ (a constant, the
same for all points), upon the scale factor m;;
at this point, the Coriolis parameter f; at
this point, and the second derivatives of the
contour height in both directions at this
point.

To evaluate the latter two terms, consider
the point half way between the central grid
point (i, j) and the next grid point to the
right (i + 1, j); there, the first derivative dz/da
is approximately

(zi 40,2, )19,

where d, as previously stated, is the distance
between neighboring grid points. Likewise,
half way between i, j and i—1, j the first
derivative dz/da is approximately

(2, ;=2 ).

The second derivative dz2/da? at the central
point (i, f) is then approximately the differ-
ence between these two first derivatives,
divided by d (the distance between the two
“half-way” points); this reduces to
iyt 2 —2%)/d%

The second derivative 9%z/db? is approximated
in the same way, by considering the points
i, j+1 and i, j—1 above and below the cen-
tral point; this gives

(zi,j+1 +z, ,— Zzi,j)/dz'

Adding the two second derivatives, as required
in formula (2), we get

T N e

i—1,f Lj—1

—42”.’].)/(12.

The terms in parentheses consist simply of
the sum of the height values at the four
points surrounding the central point, minus
four times the height at the central point;
for brevity .we will denote this group of
terms by Sj;.

The vorticity at i, j is now to be calculated
from the formula

m?kg
b= f} 2 Si ()

4
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Figure 5. A typical grid point i,
J and its four neighbors.

in which g and d are definitc constants, m;; and
fii depend upon the latitude of grid point i, j
(strictly, upon the sine of the %atitude), and
Si; depends upon the contour heights at i, j
and the surrounding four grid points.

There remains only to find the formulas by
which m;; and f; can be calculated for each
i, j. Let r denote the linear distance between
the pole and a point at latitude @ on the polar
stereographic projection; the properties of
this projection require that

1 — (rj2a)?

1+ (r/2a)2°

sin @ =

where a is the radius of the earth. If i, j,
denote the grid coordinates of the pole, then
the square of the linear distance (on the pro-
jection) between pole and grid point 7, f is

= d2 [(i—i))? + (j—jo)?,

according to Pythagoras’ theorem. The last
two formulas provide for calculation of sin @
at any grid point i, j: we need only the values
of i and j and the constants iy, fo, d, and a.

From the formulas already given, the reader
can easily verify that the following computa-
tion scheme will yield the geostrophic vor-
tiCity C,’jl

Formulas:
Si=2 TR TR TR 4%
Ci=(dl2a)* [(i—io)* + (j—jo)?],
1+ C.)3
ro* +C,) s

i1 20 d? 1—C, U

(i=1,2,3...,pandj=1,2,3,...,9
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Figure 6. Flow diagram for vorticity computation. The formulas for Sij and Cij in box III and Cij in

box IV arc listed in the program given previously.

Data:
z;;= contour heights at all grid points.
(i=o0,1,2,...,p+1andj=0,1,2,...,4+1)

Constants:
= acceleration of gravity,
angular speed of earth’s rotation,
= radius of earth,
= distance between grid points on projec-
tion,
ips Jjo = grid coordinates of pole,
p = number of interior grid columns,
¢ = number of interior grid rows.

a. s € on
It

Roughly 10 multiplications are required to
produce (;; for one grid point from these
formulae. Suppose, further, that something
like a total of 100 orders (including nonarith-
metic operations, such as necessary transfers
of numbers between registers and memory)
are required to produce one {;. Allowing
500 microseconds for each multiplication
and 65 microseconds for each order, we get an
estimate of 500X 10465 X I00=11,500 mi-
croseconds, or say roughly o.012 seconds as
the time required to compute the vorticity
at one grid point. For a grid of soo points
the whole computation would be finished in
about 500 x0.012=6 seconds — which justi-
fies our earlier remark, that this particular
problem is not representative of the type for
which the high-speed computer should be

used, where the computation time may be
of the order of minutes or even hours.

3. A computation

The computation scheme outlined at the
end of the preceding section constitutes what
is known as the program. In order to portray
the precise sequence of logical steps by which
the control will carry out this program, we
construct a flow diagram. The flow diagram
for this computation is presented in figure 6.

Before interpreting figure 6, it is necessary
to agree on a plan for enumerating the mem-
ory locations, so that the position of each
number held in the memory can be specified.
It will be recalled that the various digits
belonging to one number are distributed
among the memory tubes; each digit is
assigned to one tube and the digits of one
number appear in corresponding points of
the charge networks of the various tubes
(figure 1). Suppose each tube accommodates
1,024 points (charges) — so the capacity of
the memory is 1,024 numbers — and that these -
points are arrayed in a square network of
32 rows and 32 columns. Each point in the
array is a definite memory location. We
enumerate these locations as follows: start
in the lower left corner and call this point o;
proceed serially along the bottom row to
31 in the lower right corner; continue with
the first (left-hand) alpoint in the second row

as 32 and procced along this row to the end
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point 63; likewise, 64 will be the first point
in the third row, and so on; the very last
point in the array (in the upper-right corner)
will be number 1023, so that (since we started
with o) there are 1,024 locations in all.

Turning to figure 6, we note first that the
flow diagram consists of a collection of “boxes”
connected by branches marked with arrows.
Each box (except those marked #) stands
for a group of orders necessary to perform
the operations indicated by notations within
the box. The arrows on the branches connecting
the boxes indicate the sequence in which the
control will take up these groups of orders.
Starting at the place marked “begin”, the
control proceeds to the first box, numbered 1.
The notation “1 to 1" in this box is intended
to mean that the number 1 is ordered into
memory location 1. The next box (marked #)
does not stand for any operations or orders,
but is intended to make an assertion as to how
the number 1 introduced in the preceding
box is henceforth to be interpreted; the nota-
tion “1 - j” signifies that we are to regard the
number 1 (in memory location 1) as a value —
in fact the first value — of the index j. This
type of purely logical assertion is useful as
an aid in reading and interpreting the flow
diagram.

Before proceeding to box II, we remind
the reader that i and j identify the column
and row location of a point in the grid (not
to be confused with the charge network in
the memory!) that was marked out on the map

rojection (figure 4). Interpolated contour
Eeights z; have been assigned to each of
these grid points, and our objective is to
compute the vorticity {; at each point.
To fix ideas we will refer to a grid with 18
interior columns and 13 interior rows (figure
4), so that i runs from o (the left-hand bound-
ary) to 19 (the right-hand boundary) and j
runs from o (the bottom boundary) to 14
(the top boundary). This grid has 18x13
= 234 interior points; therefore, the results
of the computation will consist of 234 values
of {. The data required for the computation
consist of the values of z at every grid point
including points on the boundaries; therefore,
20x15=300 values of z comprise the data.
(The four corner points are in fact not needed
but it is convenient to include them in order
that every row may have the same number

Table 1. Storage table.

Memory | Quantity Remarks
location stored (see fig. 6)
o —
I 7 Formed in boxes I and X
2 i » » » II » VII
3 Sif Computed in box III
4 Cij » » » III
5—19 —
20 o
21 I
22 (d/2a)* | Used in box III
23 glzwd? » oy o» IV
24 0 v o » IIL
25 o » »  » III
26 17 » »  » V
27 12 » oo »  VIII
28—31 —
32—265% ¢ Computed in box IV
266—287 —
288—587% z Data
588—607 —_
608— ? Orders
? —1023 —

* Cij is stored in location 13 + i + 18;.
Tzij” » » » 288 + i -} 20j.

of points.) In table 1 we have compiled a
“storage table”, which is a record of the
memory locations assigned to the numerous
quantities involved in the computation. The
234 values of { will be stored in locations 32
to 265, while the 300 values of z are stored
in locations 288—;s87.

Proceeding to box II, we have a group of
orders that send the number 1 to memory
location 2; the following box is an assertion
that this number is to be interpreted as a value
of index i. In box Il we compute two numbers
S; and Cj; needed in the formula for ¢
(note that i and j are the numbers in memory
locations 2 and 1, respectively); S;; is sent to
position 3 and Cj; to position 4 in the memory.
We can now calculate ;; (box IV), which is
sent to position 13+i+18j; for example,
{1 (i=1,7=1) is sent to position 13 +1 +18
= 32. The reader can easify verify that this
scheme of storing the successively-computed
values of { in the memory will place the re-
quired 234 numbers serially in memory posi-
tions 32 to 265 inclusive.l

1 The last three paragraphs of this section give a more
detailed account of the computations in boxes IIl and IV.
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At this stage the computation of one of the
{’s is completed — namely, the one corre-
sponding to i=1, j= 1. The flow diagram is
arranged in such a way that the {’s are taken
up in the following order: starting with i=r,
J=1 we proceed along the first interior row to
the last interior point (=18, j=1), then to
the first interior point of the next row (i=1,
j=2) and along this row to i=18, j=2, and
so on; the last { computed will be for i=18,
j=13. Now the orders involved in boxes III
and IV can be used for every , so the control
should return to box IIl each time we pass
on to the next grid point. In order to control
this iteration we must alter the values of i
and/or j (in memory locations 2 and 1) so
they will always correspond to the grid point
whose { is being computed. Further, every
time we complete the sequence of orders in
boxes Il and IV we must determine whether
at that stage we are at the end of one of the
interior rows (i=18), because if we are, one
of two steps must be taken: if we are at the
end of the last row (j=13), the iteration must
be stopped because the computation is finish-
ed; if we are at the end of a row but not
the last row, we must advance j and calculate
for the next row, starting with i=1.

The orders that provide for this decision
are indicated in boxes V and VI In box V,
the number 17 — i is sent to one of the regis-
ters, designated R,. Box VI represents the
conditional transfer order described previously.
If 17 — i is positive (or zero) then i < 18 and
we are not at the end of a row; in this case the
control is transferred to box VII (along the
“positive” branch of box VI), where the index i
is advanced so that we proceed to the next
point in the same row. From box VII the con-
trol is transferred unconditionally back to box
III. When 17 — i first becomes negative we
know that i = 18, the end of a row; we must
then determine which of the two steps men-
tioned above must be taken, that is, we must
determine whether we are on the last row.
This is accomplished in box VIII, which orders
12 — jf to register R, and box IX, which is
the conditional transfer order. If 12 — j is
positive (or zero) then j <13 and we are
not on the last row; in this case the control
is transferred to box X (along the “positive”
branch of box IX), where the index j is ad-
vanced, and then unconditionally to box II,
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where i is returned to its initial value 1, the
first step in starting along the «next row.
When 12 — j first becomes negative we know
that j=13, the last row, and that all {’s have
been computed. (Recall that box IX is reached
through the “negative” branch of box VI,
so it is entered only when i=18, the end of a
row.) The “negative” branch (j=13) of box
IX proceeds to box XI, a halt order.

It is evident that the flow diagram clearly
portrays the sequence of operations by which
the computation is performed, including the
various points at which and to which the
control must be transferred. The control
cycles repeatedly around the loop (induction
Ioop) formed by boxes IIl, IV, V, VI, VII,
except that every 18th cycle carries it through
the “larger” (less frequently traversed) loop
formed by boxes I, IV, V, VI, VIII, IX, X, II.

The next step after completing the flow
diagram is to write out the orders needed to
perform the operations implicit in each box
of the flow diagram. The complete list of
orders required is the code. It will be recalled
that the orders, properly translated into digits,
will be stored 1n specific memory locations;
referring to table 1, the reader will note that
the orders for this computation are assigned to
a portion of the memory beginning with
location 608. The writer has not prepared the
code corresponding to the flow diagram of
figure 6, so the exact number of orders needed
has not been determined.

There is one further aspect of the computa-
tion in boxes Il and IV that should be men~-
tioned. In box III the quantity S;; is calculated,
and this depends upon the values of z at i, j
and at four points surrounding i, j (figure s).
The five values of 2 needed to compute S;
must be called out of their memory locations
by means of appropriate orders that will
specify the “addresses” of these z’s. Each
time we pass through box III we are dealing
with a different point (that is, a different pair
of values i, j), which means that — as is
obvious — a different set of five 2’s is required
each time. Therefore, box III must include a
provision for changing addresses in the orders
that call out the z’s; this is certainly feasible
because each time we enter box IIl we know
what the current values of i, j are (they are
stored in locations 2 and 1), and we also
know — according to the previously stated
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scheme for storing the z’s — that the address
of z; is 288 +i+20 (sec table 1). This is an
interesting and important feature of the flexibil-
ity of the control: by means of appropriate
orders within the code, other orders can be
changed whenever such changes are needed to
suit the requirements of the computation.

In box IV a similar change of address must
be included, in order to arrange for the storage
of each newly-computed ;; in its previously
designated location. According to table 1,
i; should be stored in location 13 +i+18;;
therefore, before giving the order to store j;,
the address in this order must be changed
to correspond to the current values of i
and ;.

Finally, we may note that after S;; and Cj
(computed in box III) are used to calculate
;i in box IV, they will no longer be needed,
so it is not necessary to store these two quan-
tities permanently. In fact, each time S;; and
C; are computed and stored in locations
3 and 4, the values previously computed (and
stored there) for the preceding point are
automatically “‘erased”.

4. Concluding remarks

The central problem of applied meteorology
is weather forecasting in all its phases. One 1s
naturally led to speculate on the extent to
which high-speed automatic computers can
be brought to bear on this problem. In the
first place, it is necessary to repeat a comment
made earlier: a computer of the type we are
considering excels in dealing with computa-
tions that involve large quantities of data and
(or), especially, prodigous amounts of arith-
metic. The question 1s then, to what extent
are advances in various phases of the problems
of weather forecasting at present impeded b
our iability to cope with difficulties of the
type just mentioned? We will touch briefly
only a few aspects of this question.

As a specific example, consider the problem
of forecasting radiational temperature changes
in the free atmosphere. A great deal is known
about the theory of such changes: they are
controlled by the distribution of water vapor,
carbon dioxide, ozone, and other principal
absorbers of long- and short-wave radiation,
and by the distribution of liquid water (clouds),
as well as the reflectivity and temperature
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of the underlying ground surface. Numerous
graphical, tabular, and other approximate
methods have been devised to account for
most of these factors, but a more thorough
treatment of the problem probably rests on
detailed integration of the complete radia-
tional transfer equations. The complexity of
these equations is staggering, when one
attempts to provide in detail for all of
the factors that our present knowledge indi-
cates are important, such as the distribution
and intensity of lines in the spectra of the
principal absorbers, and their variations with
pressure and temperature, to mention only
one element of the problem. A direct attack
on the problem, attempting to account com-
pletely and simultaneously for all known
factors, probably would be fruitless. However,
it seems likely that a great deal could be
learned by using a high-speed computer to
integrate the transfer equations under condi-
tions somewhat more complex than can reason-
ably be treated by means of “hand” computa-
tions.

As another example, take the forecast of
high-level winds (over relatively short periods,
say 24 hours or less) — for example, for use
in operation of modern aircraft. Here we are
face to face with the problem of predicting
the future state of motion of the atmosphere
— a problem inherent in virtually all phases of
weather forecasting. From the time of Helm-
holtz, and particularly following the develop-
ment of the Norwegian school of physical
hydrodynamics under V. Bjerknes, meteorolo-
gists have on the whole had implicit faith in
the belief that the laws of hydrodynamics, dili-
gently applied to the atmosphere, will advance
our understanding of the motion of the atmos-~
phere and thereby improve our ability to pre-
dict its future state. Certainly it is true that our
knowledge of the behavior of the atmosphere
is vastly improved as a result of the approach
through theoretical hydrodynamics, but be-
cause of the overwhelming complexity of
the atmosphere, the advances as brought to
bear on forecasting problems have been
largely qualitative. It must be said that the
meteorologist’s faith in the efficacy of hydro-
dynamical methods has not been genuinely
rewarded: modern forecasting techniques in
most of the world’s weather services probably
are preponderantly subjective, and for the
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miost part do not reflect appreciably in quanti-
tative terms, the advances in theoretical “dyna-
mic” meteorology.

In these circumstances we are in fact en-
countering the difficulties mentioned at the
outset of this discussion: strict application of
hydrodynamical methods entails an uncarthly
amount of computation, as well as vast
quantities of data, and is far beyond the reach
of “hand” computation. Perhaps it is not un-
reasonable to advocate renewed faith in hydro-
dynamical methods of forecasting the future
state of the atmosphere, because the high-
speed computer may provide a means —
hitherto unavailable — for helping to develop
such methods into an effective quantitative
implement.

At present the theoretical foundation of
modern “dynamic’’ meteorology consists large-
ly of classical hydrodynamics, amended let
us sav, as by Reynolds, 1n particular to include
eddy transport phenomena. We cannot be
certain that this framework will suffice ulti-
mately to account for all of the complex
phenomena observed in the atmosphere. To
some extent it is reasonable to hold the view
that modifications or reinterpretations of the
classical framework will be suggested in the
course of systematic scrutiny of the observa-
tions now or eventually at our disposal. How-
ever, no matter how thorough or inspired
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our interpretation of the observations may be,
we shall not completely understand the limi-
tations of the classical framework unless we
learn a great deal about precisely what can
be predicted within this framework; this of
course means integration of the (nonlinear)
hydrodynamical equations and use of high-
speed computers.

In this connection, we should mention the
recent and very promising revival of experi-
mental methods of approaching atmospheric
circulation problems by means of hydrodyna-
mical models studied in the laboratory (notably
the work of Fultz and his coworkers at the
University of Chicago). The high-spced
computer may prove effective in studying
these controlled experiments theoretically,
and if so, this coordinated approach may
establish a more rigorous basis for testing
the theoretical framework of our ideas about
the atmosphere.
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