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ABSTRACT

This Survey is divided into four parts as follows:

(a) a representation of winds in space and time, which includes a tool for

analysis, called the "geostrophic-gradient divider", and the "2-prog" and

"4-prog" charts,

(b) flight planning tools: the 4-D plotter and the fixed-speed time-front
plotter,

(c) methods of flight planning, including fixed-track flight planning, single-
drift flight planning and emphasizing minimal flight planning, and

(d) an interpolative system of minimal flight planning.

There are three appendices to do the following:

(a) to derive the basic equation of minimal flight planning, to show why
time fronts should be drawn omitting the crosswinds, and to show why time
fronts prepared for one airspeed can be used on minimal flight paths with
another airspeed,

(b) to show the advantage of 4-prog charts or derived 2-prog charts in
representing vertical wind shears that are changing with time, and

(c) to report on tests of the recommended procedures.

Rather than consider these four parts and appendices as one large
"package", this writer prefers to offer the recommendations as separate
"packages", with the acceptance of any one recommendation not necessarily
implying the acceptance of the whole Survey. At the time of this writing,
there have beenno-large--scale operational tests of any of the procedures
that differ from those written in the references of this Survey.
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UPPER WIND REPRESENTATION AND FLIGHT PLANNING

1. Introduction

During the years 1955 and 1956, two manuals in optimum flight plan-
ning were produced under contract AF19(604)-1504 with the Geophysics
Research Directorate, Air Force Cambridge Research Center, by Cook
Research Laboratories, Skokie, Ill. The first manual1 was adopted by
the Air Weather Service as a manual of operation on wind analysis and
forecasting procedures for optimum flight planning. The second manual2

was adopted by the Military Air Transport Service as its manual for
navigators on the procedures of optimum flight planning, pre-flight and
in-flight. The purpose of the newly adopted manuals is clear: to stan-
dardize the system of flight planning using the recently developed tools
for better wind representation, and to reduce flying time by "minimal"
flight planning. The program basically was aimed at a greater coordina-
tion of effort by weather forecaster, flight planner, dispatcher and navi-
gator.

It is believed that the program and the manuals it produced had been
successful in their purpose. But since their publication a need has been
felt for revision. For example, within the Air Weather Service an inter-
polative system known as the L-D system' was proposed to save flight
planning time. The task of flight planning becomes significantly great
wherever there is a multiple operation of aircraft whose speeds and
altitudes of flight differ widely. References 1 and 2 have called for the
special drawing of two fields known by the unfamiliar symbols "Tau" and
"S", obtained respectively by the subtraction of the prognostic chart from
the synoptic chart and the subtraction of the 700-mb chart from the con-
current 500-mb chart. The use of the Tau-field has required the assump-
tion that the wind components vary linearly with time. The S-field is
necessarily a fixed-time field, so that appreciable errors might be made
by using it whenever there are big changes in the vertical wind structure
such as with the increase of the jet stream out of Tokyo (see Appendix I).

The following chapters are devoted to a set of recommended proce-
dures of representing and using the wind information and of flight planning.
Instead of indirect use through "Tau" and "S" prognostic charts are recom-
mended for direct use. The tool for flight planning, termed herein a
"4-D plotter", is made for versatility. For example, it can be used in
flight planning to plot winds either on a constant-pressure chart or on a
chart of streamlines and isotachs. It is usable for all aircraft speeds
between 150 knots and 500 knots, for tailwinds as great as 300 knots and
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headwinds as great as 200 knots. The 4-D plotter can be used for minimal
flight planning, single-heading flight planning, flight plans along great

circles, rhumb lines or any other fixed track, Lastly, an interpolative
system of minimal flight planning is described in detail, designed to help
expedite the overall task of flight planning. For agencies, military or
civilian, that have not yet formalized their procedures, the following
chapters might serve as a text.

2. The Wind Field

2, 1 Vectors

2. 1. 1 Definition

A wind is a vector quantity: it has both magnitude and
direction. It can, therefore, be represented by a line or arrow on a
navigational chart whose length is equal to the force of the wind (in knots)
and whose direction is the direction toward which the wind is blowing. In
Figure 1(a) an arrow is drawn on a scale of one to five million to represent
a southwesterly wind of 100 knots blowing toward direction N55 E.

2. 1. 2 Components

A wind can be represented by its orthogonal components,
two winds at right-angles to each other. In Figure 1(b) the first compo-
nent was drawn arbitrarily as west-northwest, so that the other compo-
nent is south-southwest. In Figure 1(c) the components of the south-
westerly wind of 100 knots have been drawn east-west and north-south.
The east-west component measures 82 knots, the north-south component
57 knots. The algebraic sum of the two components of a wind is always
larger than the wind itself although never more than 42% larger.

2, 1.3 Representation of Changes of Wind

In Figure 1(d) the wind at point 0 of a chart at time 0000Z
is represented by the line OA. The wind at time 1200Z is represented by
the line OB. The change of the wind is from 2350, 100 knots to 1380,
67 knots. The vector difference of the two winds is represented by the
line AB. A question arises: how should the wind be estimated for some
in-between time, say the mid-time 0600Z ? Intuitively one would expect

the direction of the mid-time wind to divide the angle AOB in half, and
the magnitude of the wind to be the average of 100 knots and 67 knots. This
would give the vector OC in Figure 1(d):
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There has been a tendency to systematize the interpolation of a wind
by accepting a proportional part of the vector difference. In Figure 1(d)
this practice would give OE as the wind at the mid-time 0600Z, which
could result in an error in direction and an appreciable error in the mag-
nitude of the in-between wind, Usually the 24-hourly wind changes are
not so great, especially in direction, as to make this kind of interpolation
invalid, However, the method of interpolation illustrated by OC in
Figure 1(d), and recommended in the following paragraphs, should yield
a greater degree of accuracy. True, the judgment of the analyst will have
to be relied upon, sometimes, to draw the arc ACB, but on suchcoccasions
the increased advantage will be worth the added effort.

2. 2 The Geostrophic Wind--- D-Values

2. 2. 1 The constant-pressure surface----the meaning of D

Figure 2 is a contour map of that upper surface in the atmos-
phere on which the atmospheric pressure everywhere is 500 millibars (mbs).
When an aircraft, with its aneroid altimeter set at the standard surface
pressure of 29. 92 inches, is flown to make its pressure altitude remain at
18, 280 ft, it is being flown at the 500-mb pressure level. In Figure 2 the
line marked D=0 connects all points at which the absolute height of the
500-mb surface is the standard height above sea level (18, 280 ft). The line
marked D=200 connects points at which the absolute height of the 500-mb
surface is 200 ft higher than standard. The line marked D=-200 connects
points at which the 500-mb surface is 200 ft lower than standard. And so on.

For the following constant-pressure surfaces the heights as given are
the standard heights above sea level, at which D=0:

850-mb surface: 4, 780 ft (approx 5, 000 ft)
700-mb surface: 9, 880 ft (approx 10, 000 ft)
500-mb surface: 18, 280 ft (approx 18, 000 ft)
300-mb surface; 30, 050 ft (approx 30, 000 ft)

2. 2. 2 The geostrophic wind

The commonest assumption about upper winds is that they
are geostrophic north of latitude 250N. At any level above the earth the
direction of the geostrophic wind is given by the direction of the contour
of the constant-pressure surface. With one's back to the wind lower
contour elevations are to the left (Buys-Ballot's Law). The speed of the
geostrophic wind is given by the spacing of the contours. The closer

4
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together the contours, the stronger is the wind, in accordance with the
relation:

where /V is the wind speed in knots

9 is the latitude

is an interval on the map (in nautical miles) across the
contours.

is the difference (in feet) in elevation between the end
points of the interval

This relation holds for all levels,

Formula (1) can be used to obtain the component of a geostrophic
wind. In Figure 3 the distance & from C to D is 240 nm's. The
value of & between C and D is seen to be 560 ft. Formula (1)
yields a wind speed of 71 knots at latitude 45 0 N which is represented
by the line OA But the interval of 240 nm's can be set in another direc-
tion, EF, over which SD is 280 feet, corresponding to which the
geostrophic wind speed is 36 knots at latitude 450 N in the direction OB.
The wind represented by OB is a component of the wind represented by OA.

2. 3 The Gradient Wind

The geostrophic wind assumption has been an exceedingly useful

one, especially for flight planning at altitudes between 5, 000 ft and
15, 000 ft. In theory, however, whenever the wind trajectories are curved,

the geostrophic wind overestimates the actual wind in a counterclockwise
rotation of the air particles and underestimates the wind in a clockwise
rotation. The correction to the geostrophic wind is given by the last term
in the equation:

(V _ ____-.D 1.9/ '

where r is the radius of curvature of the air trajectory (in nautical

miles) and other terms are defined as above. Generally, the winds are
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assumed to follow the contours, identifying the curvature of the stream-
lines with the curvature of the contour lines on a constant-pressure

surface.

2. 4 Measuring the Geostrophic and Gradient Winds ---
the GEOSTROPHIC-GRADIENT DIVIDER

In this section we join the ranks of the many investigators who
have designed one or more geostrophic or gradient scales to apply

equations 1 and 2 above. We have named the device photographed in
Figure 4 the "geostrophic-gradient divider". It operates like any other

divider, with sharp tips at the ends of the two arms. Each arm is made
of transparent plexiglass (or vinylite), with the under arm wide enough
to carry three scales: geostrophic, gradient and curvature scale, The
model divider photographed in Figure 4 was made specifically for use
with the Lambert-Conformal chart, standard parallels 300 and 600,
scale 1:10, 000, 000,

2. 4. 1 The Geostrophic Scale (Taylor -Glover)

Figure 5 illustrates only the geostrophic scale and its use.
Without the gradient and curvature scales the device is the "Taylor-
Glover" scale which was first invented in the European theatre of Air
Weather Service operations, and is now widely used. The geostrophic-
wind coordinate lines are straight and parallel to each other. The
30 0-latitude line is straight and slightly slanted; the remaining lines for
latitude are curved to adapt the scale to the use described in the following

paragraph. (In the original Taylor-Glover scale the 30 0 -line is a circular
arc.) If the tips (A and B in Figure 5) are spread to match a distance be-

tween two adjacent contour lines drawn for every 200 ft of pressure altitude,
the top line OB will cross the geostrophic scale to give the geostrophic wind

velocity at the latitude of measurement. For example, in Figure 5, the

distance AB between two contour lines on the map at latitude 450 corresponds

to a geostrophic wind of 34 knots. The same distance AB at latitude 350

corresponds to a wind of 43 knots.

2. 4 2 The Curvature Parameter

The top five curves of the divider (Fig. 4) together constitute /
the curvature scale4 . Figure 6 is a more detailed curvature scale for the
Lambert-Conformal chart, Standards 300 and 600, (scale 1:10, 000, 000).

Curvature scales should be transparent.
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FIGURE 6 ENCLOSED IN ENVELOPE ON BACK COVER
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If a contour line is curved, the curvature scale is laid over the chart.
When a curve of the curvature-scale matches a contour-line curvature,
the curvature parameter is read as the number on the curve for the proper
latitude. For example, if the fifth curve from the bottom in Figure 6
matches the contour curvature at a point of latitude 450, the curvature
parameter is 10. (Interpolation is expected for in-between curvature and
in-between latitudes.)

2. 4, 3 The Gradient Scale

Figure 7 illustrates the gradient scale of the divider, and
is used to apply a correction to the geostrophic wind, The curvature
parameter is entered in the ordinate scale, the geostrophic wind in the
abscissa. The continuous curved lines (Fig. 7) give the resulting gradient
wind. The broken lines give the percentage corrections. For example,
if the curvature parameter, as obtained with the curvature scale, is 10
(cyclonic) and the geostrophic wind is 50 knote then the gradient wind is
36 knots, the percent correction 28%. The line OT represents the upper
limit of stability in anticyclonic curvature showing that a stable anti-
cyclonic wind can be as much as twice as great as the corresponding
geostrophic wind and no greater.

The geostrophic-gradient divider was made purposely of suitable size
to be held in one hand. The upper arm of the divider can be operated with
the thumb while a pencil can be held in the other hand, After the geo-
strophic wind and curvature parameter are determined, the speed lines
guide the eye up into the gradient scale where the gradient wind is deter-
mined as a percentage correction or directly in knots,

2. 5 Other Methods of Wind Representation

The usual alternative to representing the wind by contour lines

and accepting the geostrophic-gradient approximation is to use stream-
lines and isotachs: two sets of lines, one to give the wind direction and

the other to give speed. Since the use of isotachs is widespread, the
descriptions below occasionally include procedures for use with isotachs
or other direct representation of winds.

2. 6 Representation of a Changing Wind Field

2; 6.1 The 2-prog Chart

First, let us limit ourselves to one constant-pressure level,

12
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say the 500-mb level. One set of contours on the upper-air chart should
give the synoptic field or the 12-hour prognostic field. Another set of
contours on the same chart should give the prognostic field to verify 24
hours later. The first set of lines might be drawn with black pencil, the
second set with red pencil: The two sets of lines on the one chart form
the "2-prog" chart.

At any point P (Fig. 8a) on a 2-prog chart, two wind vectors can be
determined, the one from the first prognosis, the other from the second
prognosis. The change from one wind vector to the other is spread over
24 hours. As in Section 2. 1. 3 above, it is possible to interpolate between
the two vectors to obtain the wind at an in-between hour. As illustrated in

Figure 8b, this interpolative step permits the analyst or flight planner to
use his judgment. He should decide whether the wind veers or backs to its
later state, and whether the strength of the wind remains high or decreases
to a minimum during the 24-hour interval.

Unless the weather analyst has special reasons to do otherwise, a
routine procedure could be followed for interpolation: to draw a curve
from the tip of one vector to the tip of the other vector with the average

distance of the curve equal to the average magnitude of the 12- and 36-hour
wind (or the zero- and 24-hour wind). The interpolated wind would be
found by dividing the angle between the two basic vectors in proportion to
the elapsed time. Frequently it will be found that the two vectors fall almost
on top of one another, in which instance the interpolated value is easily found.
Whenever the vectors differ widely, this interpolative procedure becomes
valuable for the opportunity it provides for better forecasting of the inter-
mediate winds.

One of the advantages of the 2-pro chart is in the elimination of a
specially drawn field like the Tau-field '2 or the elimination of a special
composite chart put together for a fixed time of departure. In practice it
is even possible to line up the two prognostic charts on a transparent table
with lighting from underneath, to eliminate even the copying of one prog-
nostic field onto the other.

2. 6. 2 The 4-prog Chart

Because of the variety of aircraft, the differences in flying
altitudes and speeds, the many points of departure and destinations
(including alternates) and the numerous departure times, it becomes
necessary for the weather services to provide a space-time representation
of the wind, -preferably on a single chart that may be used for a wide range

14



FIG. 8a

FIG.8b

Fig. 8: To illustrate the 2-grog chart. The 12-hour prognostic
field is in solid lines, the 36-hour field in broken lines.
In practice these lines could be in distinguishing colors.
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of operations. Such a chart is the "4-frog chart".

To make a sample 4-prog chart, let us plot the 1200Z 700-mb
(approximately 10, 000 ft) 12-hour prognostic field in black lines, the
500-mb (approximately 18, 000 ft) prognostic field in blue lines, the
700-mb 36-hour "prog" in red, and the 500-mb 36-hour "prog" in brown.
Four sets of lines on a single chart can look confusing when viewed all
at once. But, since each set is in a different color, there is no difficulty
in reading the wind information of any one set of lines when the eyes are
concentrated on the one color.

At any point on the 4-prog chart, four wind vectors can be plotted:

the 500-mb wind 120OZ first day

the 500-mb wind 1200Z second day

the 700-mb wind 1200Z first day

the 700-mb wind 1200Z second day.

If it is required to find the wind at 13, 000 ft, time 1800Z of the first day,

the two 500-mb winds (OA, OB Fig. 9) can be interpolated to give the
wind one-fourth of the angular distance from the 500-mb wind of the first
day, i. e., the 1800Z wind at 500 mbs (OK). The 700-mb winds (OD, OE)
can be interpolated to give the wind one-fourth of the angular distance
from the 700-mb wind of the first day, i. e.,, the 1800Z wind at 700 mbs
(OL). Then the two 1800Z winds can be interpolated to give the wind
three-eighths of the angular distance from the 700-mb wind (OM), i. e. ,
the 13, 000-ft wind of 1800Z.

The above procedure becomes simple after practice. The basic
four winds OA, OB, OD, OE need not be plotted, but can be represented
by dots, joined by lightly plotted arcs (AB, DE, LK in Fig. 9).

2. 6. 3 The 2-prog Chart Adjusted for Altitude of Flight

It is frequently desirable to draw the wind field for a single

cruising altitude or close to the cruising altitude, Suppose we begin with
a 500-mb chart and the concurrent 700-mb chart. One is at approximately
18, 000 ft pressure altitude, the other at 10, 000 ft. If, now, these two

charts are superimposed on a transparent table lighted from underneath,
the 14, 000-ft surface can be drawn by interpolating between the lines of

16
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the 500-mb and 700-mb charts. This practice has been found to take three
to eight minutes to produce a chart of the 14, 000-ft level, scale 1:10,000,000
covering an area 2500 nm's east-west and 1500 nm's north-south. The pro-
cedure for drawing the contours of the in-between level is indicated in the
following paragraph.

In Figure 10, 500-mb contours are drawn in solid heavy lines, the
700-mb contours are drawn in broken heavy lines. In the lower left corner
of the figure there is a point A at which the contours D=O of both surfaces
cross each other. At this point, therefore, the D-value of all in-between
pressure altitudes should be zero. The (D=O) contour for the 14, 000 ft
surface can be started at A and drawn both to the right and to the left,
roughly midway between the (D=O) contour of 500 mbs and the (D=0) contour
of 700 mbs. The same 14, 000-ft contour should pass through point B, the
intersection of the (D=-200) contour of the 700-mb surface and the (D=200)

contour of the 500-mb surface, because the average of the two D-values is
zero. Likewise this in-between contour lies roughly midway between the

(D 7 0 0 =-200) and (D5 0 0 =200) contours ahead of, also behind, point B.

In similar manner the remaining contours of the 14, 000-ft pressure
altitude surface can be drawn. The contour whose D-value is 200 ft passes
through points of intersection of 700- and 500-mb D-lines whose average is
200 ft; or it passes roughly between two such D-lines, And so on.

The 14, 000-ft pressure altitude surface superimposed on the 14, 000-ft
pressure altitude 24-hour prognostic chart comprises a 2-prog chart on
which the flight plan for flight altitudes 13, 000 ft, 14, 000 ft, or 15, 000 ft

could be plotted. (This assumes that the wind shears will not be strong
enough to show an appreciable change in 1, 000 ft of elevation.) In like
manner, the 16, 000-ft chart can be plotted between the 18, 000-ft (500-mb)
chart and the 14, 000-ft chart. The 8, 000-ft chart can be approximated
between the 5, 000-ft (850-mb) chart and the 10, 000-ft (700-mb) chart. For
pressure altitude surfaces between 18, 000 ft and 30, 000 ft, interpolation is

possible between the 500-mb and 300-mb surfaces.

3. The 4-D Plotter*

The "4-D" plotter is a flat transparent piece of plastic material or
plexiglass with lines, graphs, compass rose and slits designed to speed

* Under Section 4, 3. 1 of the next chapter a single-speed time front plotter

is described.
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up long-range flight planning without loss of accuracy. This chapter
provides a working knowledge of this tool which is recommended in place
of more elaborate devices, known as computers, for flight planning pur-
poses.

Figure 11 is a photographic model which can be trimmed to the
periphery: two straight sides and a French curve. There are eight slits
that should be cut out as outlined,

In 1949 DeJong and Bik5 described the operation of a "computer" that
has a sliding section for airspeed adjustment and a protractor for the plot-
ting of directions. In 1954, Cook Research Laboratories, working under
an Air Force Contract, designed a "minimal flight path computer" which
has been used extensively in the Militaty Transport Service', At a con-
ference. of MATS navigators in April 1956, it was agreed that such devices
are more accurately described as "plotters". The label "4-D" is chosen
to imply its use in 4-dimensional flight planning.

For the rest of this paper the 4-D plotter, which has to be constructed
for a given chart projection, is assumed made for the Lambert-Conformal
chart, scale 1:10, 000, 000, with standard parallels at 300 and 600. The
grid lines (Fig. 11) are spaced 20 nm's apart on the 1:10, 000, 000 scale.
In the following descriptions of the plotter's uses, it is assumed that the
reader will have cut out the plotter from Figure 11 and will use Figure 12
for references to points on the plotter.

3. 1 The Scales

3. 1. 1 Scale of Distances

The scales NM' and NM in Figure 12 in the lower third of
the plotter are scales of map distances versus latitude, much like the
scale of distances in nm's (nautical miles) of any map projection of the
earth. The distances are measured from a central vertical line, Y'OY,
both to the right and to the left of line Y'OY. If the airspeed of an aircraft
is 300 knots at latitude 20 0 N, the plotter shows that the hourly air travel
would be 317 nm's on the chart,

3. 1, 2 The Geostrophic Wind Scale

The scales G and G' in the upper third of the plotter
(Fig. 12) are used to convert a contour gradient into terms of a geostrophic
wind velocity. The slant lines of the G-scales are labelled in feet. If the

20



FIGURE 11 ENCLOSED IN ENVELOPE ON BACK COVER

21



* 140 I 0 120 110 100 90 80 70 60 50 40

G G o 6 h* 30

ti.%-x

35

__6 =0_ -0q f 2&

4 o'y , -30 0 3 03'

530' - -50% S-50%

mLL30

b400
240 25'260 w2'01 ~'

n n n

O E

.- 7 E Q 0X

k ci

n" n' n

30 m 30*

40 4e'

5C* 50' , 34

200 6p 60 \S

70 ao oomo v

'10- NM N M 0 NSO o p \03

220 310 32

230 

8* 20* 30 1

240' 250 260 2 20 210 0

Fig. 12: Illustration of the 4-D plotter with identifying letter

corresponding to references in the text.



contour interval (or D-value) per 240 nm's on a chart of a constant-
pressure surface (e. g. 500 mbs) is,.say,, 570 ft at latitude 400 N, the
G-graph shows that this i.s equivalent to a geostrophic wind component

of 75 knots measured with the standard 1: 10, 000, 000 scale. Or, by
looking down to the NM-scale, this wind component is seen equal to
77 knots at latitude 40 0 N.

There will be occasions when a percentage correction should be
made to the geostrophic wind approximation. If tightly packed contour
lines are curved, as around a trough or cyclone, the actual wind will be
weaker than the geostrophic wind. A new approximation called the
gradient wind is used (Sec. 2. 3 above). Suppose the weather analyst
or flight planner has a means of determining this percentage correction;
for illustration, suppose this correction Is 30%. If the geostrophic wind
is 77 knots at latitude 40 0 N, entered in the G-scale at g (Fig. 12), then
the 30% correction is obtained by visually following a line parallel to
YOY' till the line marked "450" is reached. This is the zero line. Then
a direction is followed, using the slant lines as guides down to the line
marked 30%. This gives a corrected velocity of 55 knots at latitude 400 N.

The percentage correction may be useful for approximating winds at
higher altitudes. Suppose it is known that the wind strength increases 7%
per 1000 ft above the 500 mb (18, 000 ft) surface. If the elevation of flight
is 23, 000 ft, then the increase in strength over the 500-mb wind is 35%.
A wind of 80 knots at 500 mbs increases to 108 knots at?23, 000 ft.

3. 1. 3 When the Chart Distance is not Fixed at 240 Iiles

If the chart distance between two points on the map is not
240 nm's, it is still possible to find the geostrophic wind component from
the D-gradient. For example, if the chart-distance between two points on
a map is 300 nm's the 300-tick in the P-scale or the P'-scale is joined by
a line to the central point 0 of the plotter. These two lines might be
drawn with a soft lead pencil or a china-marking pencil if the plotter will
not take pencil marks. If the difference in Devalues between two points is
570 feet at latitude 40 0 N the G-graph is entered at the point g (Fig. 12),
a line is visually followed parallel to YOY' to intersect the slant line OP
at t or OP' at t'. The line from t parallel to XOX' is followed to
intersect the central vertical line at c . The procedure yields Oc, a wind
component of 60 knots on the basic chart scale, or 63 knots at latitude 400 N.
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3. 1. 4 Scale for Tailwind and Airspeed 425 knots

The C-scale is a special scale that can be used in the special
case when the airspeed of the aircraft is 425 knots. (See Sec. 3.3.2below)

3. 2 The Protractor and Other Features

A protractor has been included in the design of the plotter with
center at Q at the end of a slit Q'Q in the plotter. (Fig. 12). The outer
scale is a complete compass rose, the small scales n, n', n" give drift
angles from the line Q'Q. The upper right-hand corner of the plotter is
bounded by two straight lines, while the remainder of the plotter's peri-
phery consists of a French curve that can be used for the drawing of time
fronts (see next chapter.) On the left-hand side of the plotter there are a
small circle, two little triangles and a square cut through the plastic there-
by making it a template for the drawing of little circles, triangles or
squares. There are eight slits in the plotter whose purposes are explained
below. There is an extra nick at the position 0 of the slit ww'

3. 3 Operations of a 4-D plotter

3. 3. 1 Plotting Airspeed and Tailwind (geostrophic)

Suppose the aircraft's position is located on a weather chart
that has D-lines drawn on it. Let the airspeed be 300 knots, latitude 40 0 N.
Find the point E on the plotter by means of the NM'-scale and place it
over the aircraft's position with the line EO along the aircraft's heading.
The distance EO gives the hourly air motion of the aircraft. The next
problem is to find the tailwind using the D-gradient. The two lines on the
plotter, as and fw', have been placed 240 nm's apart with the line X'OX

exactly in between them. Approximatelyrmidway between E and 0 read
the D-values at the ends of a line crossing the heading, as at q and q'.
If the D-value at q is less than that at q' there is a tailwind; if the D-
value is greater at q than at q' there is a headwind. For a tailwind,

enter the difference of the D-values in the G-scale. Suppose this entry is
at g. Visually follow a line parallel to YOY' down to the slit ss'. Place
a sharp pencil in the slit at h, and slide the plotter forward till the pencil
stops the sliding motion on line YOY'. The point 0 will now give the
position of the aircraft corrected for tailwind.

For a headwind, use the G'-scale and slit vv', and slide the plotter
backward instead of forward.
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For a speedier device to plot airspeed and tailwind, see Section 4. 3. 1
below.

3. 3. 2 Plotting Airspeed and Tailwind When Airspeed is 425 Knots

Since the purpose of the plotter is to speed up the plotting of
flight plans, a feature has been copied from the Cook plotter: a scale for

the one airspeed of 425 knots (jet aircraft speed).

Suppose the aircraft's position is located on a weather chart. Place
the plotter over the map with the pencil point inserted in the slit Q'Q and
on top of the aircraft's position on the map. Move the plotter forward
until stopped by the pencil at O'. Place the line Q'Q in the direction of
the aircraft's heading. Read the difference of D-values across the head-
ing of the aircraft and enter this difference into the C-scale. Make use of
one of the slits yy' and zz' to enter the pencil point and push the plotter
forward (or back) until stopped by the pencil along line bb' . The point 0
will then be on the next hourly position of the aircraft corrected for tail-
wind.

3. 3 3 When Tailwind Varies During One Hour's Travel

The above method of finding the tailwind component pre-
supposes that the effective tailwind can be determined by the D-gradient
at approximately the mid-point of each hourly leg of the flight. But there
may be a considerable change in the tailwind component from the first
half-hour of flight to the second half-hour of flight (e. g. , Fig.. 13). In
such a case, the D-gradient can be measured twice between the lines of
the plotter jc and kc' . For example, if the airspeed is 300 knots, the
D-gradient between jc and kc' can be read at the mid-point of the first
150 nm's and entered directly into the G-scale (or G'-scale if it is a head-
wind effect). After the plotter is pushed forward, the D-gradient between

jc and kc' again can be read at the mid-point of the second 150 nm's and
this value entered into the G-scale. Thus, the two values are added
mechanically to give the effective hourly tailwind component.

3. 3. 4 Plotting Cross wind (geostrophic)

The effect of the crosswind should be determined over the
full hourly motion of the aircraft For example, if the airspeed is 300
knots, the crosswind should be averaged over the 300-nm motion. This
is accomplished as follows: Find the point E' on the plotter a distance

300 miles from point 0 (Fig. 12), measured with the basic scale of the
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chart. Draw on the plotter the two slant lines between point 0 and the
300-nm ticks in the P- and P'-scales. Place the line EO on the 4-D
chart in the direction of the aircraft's heading, read the difference of
D-values from E' to O. If the D-value at E' is greater than the D-
value at 0 , then there will be right-drift. Enter the difference in value
of D (e. g. 570 ft) into the G-scale. Follow the guide lines parallel to
Y'OY down to the slant line OP' . Then follow the guide lines paralleling
line X'OX and enter the crosswind through the slit w'w. For a given air-
craft, flying at a given altitude, there should be one approximate speed.
The lines OP and OP' should be drawn on the plotter for that airspeed,
and the plotter used this way for the whole flight plan except possibly for
the first hour of climb and last hour of glide.

3. 3. 5 When Wind is Given by Direction and Speed (streamlines
and isotachs)

The geostrophic approximation to the wind is a convenience
that may not always be enjoyed by the forecaster. If he finds it best to
give the wind in direct terms of direction and speed then the plotter can
be used as follows: Select the point E corresponding to the airspeed, as
determined on the NM'-scale, If the airspeed is 300 knots at latitude
400N, then the distance EO is equal to 291 nm's measured with the
1:10, 000, 000 scale. Set EO in the direction of the aircraft's heading.
Placing the pencil point at 0, rotate the plotter about 0 until the line
X'OX parallels the wind direction, Through the slit mm' place the
pencil point at the wind speed corrected for latitude. Push the plotter
forward until the pencil stops the plotter against the point m. Then the
point 0 will be at the next hourly position of the aircraft.

3. 3. 6 Hourly Motion Along a Fixed Path or Course- -to Find

Heading and Groundspeed

Let the course be given by two points on the map, pi ,'p2
(Fig. 14). Place the plotter with point 0 on top of the point p1 of the
map. Rotate the plotter until the line OE lies along the line plp2
Let distance OE be equal to the airspeed. Obtain the D-gradient across
the axis of the aircraft (i. e. , the difference of the D-values at q and q').

Enter this value in the G'-scale for tailwind or in the G- scale for headwind.
Use the slit vv' for tailwind or ss' for headwind, and slide the plotter
forward (or back). Next, to obtain the crosswind, read the difference of
D-values between points 0 and E', enter this D-difference in the G-scale.
If the D-value at E' is greater than that at 0 , follow the guidelines
parallel to YOY' till the line OP' is intersected. Then follow the
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guidelines parallel to XOX' and plot the crosswind through the slit ww'
at point p3 on the chart. With point 0 of the plotter pushed over point
p3 of the chart, rotate the plotter until the point E lies on the line p1p2*
At this stage, make sure that the distance OE is corrected for latitude.
Plot the point P4 on the chart through the slit QQ'. The point P4 will
then be the hourly position of the aircraft. The line P3P4 gives the head-
ing, the distance P1P4 gives the groundspeed. To find the drift angle,
keep pencil point on P4 and slide the plotter forward until stopped by the
pencil point at Q, the center of the protractor. The reading of the line

plp2 on the smaller protractor scale n, n' or n" (Fig. 12) gives the
drift angle.

3. 3. 7 Hourly Motion With a Given Heading---to Find Course
and Groundspeed

When the heading of the aircraft is known then the procedure
of Section 3. 3. 1 gives the forward motion from a point pj on the chart to
a point p2 (Fig. 15). The procedure of Section 3. 3. 4 gives the drift from
p2 to p3 . The direction of the line PiP3 gives the course, its length
gives the groundspeed.

3. 3. 8 Use of Compass Rose

The center of the compass rose is at point Q , distance
100 nm's from point 0 (Fig. 12). To obtain directions at a point on a
chart, place the pencil point through the slit Q'Q on the desired point of
the chart. Slide the plotter till the pencil stops the plotter at Q. Rotate
the pLotter till the line Q'Q parallels the desired direction. If the direc-
tion is to be measured relative to true north, then the meridian through
point Q will intersect the compass rose to give the directional reading.

3. 3. 9 Estimation of Flying Time Between Check Points

If pi and P2 (Fig. 16) are positions on a chart one hour
apart, the flying time from p1 to p3 can be found as follows: Place
a pencil point through slit ww' on point pi of the chart. Slide the
plotter till point w' of the plotter is on top of point p1 of the chart.
Rotate the plotter till the line (or slit) ss' falls on top of point p26 Since
the lines paralleling OX divide the rectangle between ss' and w'f' into
12 equal slices, each slice represents five (5) minutes. This makes it
possible to estimate the fraction of one hour of flying time from p1 to P3
to the nearest minute. In Figure 16 this gives the flying time from pi to

P3 as 42 minutes. The lines above ss' have the same spacing as the lines
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below ss' . This makes possible estimation of flying time greater than
one hour. For example, in Figure 17 place point w' of the plotter over

p1 on the chart. Rotate the plotter until the line (or slit) ss' passes
through P2 . Then, if flying time from p1 to p2 is one hour, the flying
time from p1 to p3 can be estimated in excess of one hour. In the
example of Figure 17 the time is 1 h2 2 m.

3. 3. 10 To Find Ground Speed (or hourly distance of travel)
From Two Check Points

If, as in Figure 18, the flying time between check points

p1 and P2 is known, say 1 h2 0 m, then place point w' of the plotter over
pl, and rotate plotter till the line representing 1 h2 0 m (marked 10% on the
plotter) passes over the point P2 Through the slit ss' mark point P3
on the line pip2. Then the flying time from pl to p3 is one hour.

4. Flight Planning

This Survey is written with a view to providing a methodology for
flight planning either on a fixed (pre-determined) track or on a track that
is determined by the flight planning device itself. However, the emphasis
is on minimal flight planning.

4. 1 Fixed-track Flight Planning

A fixed track is a great circle, rhumb line or any track that is

drawn before flight planning between point of departure and destination.
In Figure 19 we assume that one path from Po to D is the straight line
on the chart. If the chart is Lambert-Conformal, average latitude 45 N,

then the straight line is nearly the great circle for most routine flights.

The procedure on each leg using the 4-D plotter is that of Section 3. 3. 6

above, which yields an hourly distance of travel. If the check points are

fixed, the flying times between check points can be estimated by the method

of Section 3. 3. 9 above (Figs. 16 and 17).

4. 2 Single-drift Flight Planning

This method of flight planning has enjoyed widespread use and
favour, enough to warrant its mention here6 , If there are no winds, or
if the wind is uniform with respect to the straight-line path, then (Fig. 19)

the single-drift path will be the straight line between point of departure
(Po) and destination (D). When there is a wind field variable in space, an
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aircraft that is headed along the straight-line path will experience an over-

all drift, given by the formula

drift = _

2idan9 G ~ :4&n

where G is the average ground speed of the aircraft, is the
difference in D-values between Po and D. To reach the destination,
the aircraft should have a heading at a "drift correction" angle to the
straight-line path (DPOC), for an overall drift correction (DC) given by

drift correction = D- _ _ 215 2

where c is the airspeed.

4. 2. 1 The Drift Correction by 4-D Plotter

To fi;d the drift correction with the 4-D plotter draw the.
slant lines OP a.d OP (Fig. 12) for airspeed of the aircraft. Obtain
the difference in D-values at point of departure and destination, and find

the drift exactly as the crosswind is found in procedure 3. 3. 4 above. At

this stage a circle could be drawn centered at destination D, radius equal
to the drift correction. If the line PoC (Fig. 19) is drawn tangent to this

circle, then the angle CPOD is the drift correction angle.

4. 2. 2 Plotting Single-drift Flight Path

After finding the overall drift (4. 2; 1 above) plot line PoC
from point of departure P 0 so that the distance DC is the drift correc-

tion. Use the line PoC to provide the heading. From Po plot the first
hourly leg as in Section 3. 3c 7 to give the first hourly check point (PI in
Fig, 19)_ Likewise, find all subsequent legs and checkpoints P2 , P3---
making each heading parallel to the line POC.

If done right, this procedure should make the last course line pass
through the destination. There may be a slight error, so that the last
leg which should be of one hour duration or less, might be done as in

Section 3. 3. 6 above.
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4. 3 Minimal Flight Planning

The mathematical theory that is a basis for minimal flight
planning was developed by several European scientists7 , 8, 9 in the
early 1930's and re-examined by several investigators in 1947 and
194910, 11, 12. A brief presentation of this theory is made in
Appendix II of this Survey, together with a justification of the proce-
dure that is adopted below,

Basically the minimal flight path is affected by two factors which
can be referred to as "crosswind" and "tailwind" effects. Because of
crosswind and changes in the crosswind, the drift correction angle over
a straight-line path may be large and may vary frequently, although the
net drift over the entire path may be small. Suppose, then, this net
drift is used to provide one heading relative to the straight-line path,
and the aircraft is allowed to drift right and left with the crosswinds.
The forward speed of the aircraft is not reduced by excessive crabbing;
yet it should reach the destination. This is the principle of single grid
heading flight. But whenever there is a better tailwind to the right (or
left) of the single-heading track, the flight path should be modified to
steer the aircraft into the stream of stronger tailwinds (or weaker head-
winds). This is the principle of minimal flight planning.

The system for plotting the minimal flight path is illustrated in
Figure 20, in which the wind field of Figure 2 is assumed. Around the
point of departure Po a curve Tl is plotted whose distance from Po
in any direction is equal to the sum of the airspeed and tailwind. The
curve T1 becomes the first time front. From several points on Ti
lines are drawn of length equal to the airspeed plhis tailwind, each line
perpendicular to the time front TI. A smooth curve is drawn through
the tips of these airspeed-tailwind vectors to become the second time
front T2. Likewise time fronts T3 , T4, T5 , T6 can be plotted till

the destination is approached.

The time fronts drawn as in the above paragraph give approximately
the minimum flying time from departure to destination. The minimal

flight path is found by a reverse process. From the destination D the
wind vector is drawn and then the airspeed line from the tail of the wind
vector perpendicular to the last time front is drawn. This step gives the
last hourly checkpoint P6 , which should lie closer to the last time front

than it should to the next time front. From the last checkpoint the second
last checkpoint P5 is found, and so on, until the flight path is traced to

the point of departure Po.
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In Appendix II the practice of drawing heading lines perpendicular to
the previous time fronts is justified when the time fronts are plotted with

tailwind components only, omitting the crosswind components. If made

this way, the time fronts provide accurate headings for the minimal flight
path. The time saved by omitting the crosswinds in the plotting of time
fronts has been demonstrated to be 50%. In theory, an accurate estimate
of flying time should be obtained only when the flight path is plotted. In
Appendix III, Table I, however, there was no demonstrated loss in the
accuracy of the flying times as estimated by the time fronts themselves.

4. 3. la Construction of time fronts by fixed-speed time-front

plotter

The 4-D plotter was designed purposely to serve as many
operations as possible, including the plotting of airspeed and tailwind.
However, because this operation is repeated, over and over, in the
plotting of time fronts, it has been deemed advisable to construct a
special plotter for this operation, which will reduce plotting time to an
absolute minimum. In Figure 21 a 260-time-front plotter is represented,
in which it is assumed that the aircraft speed is fixed at 260 knots. Its
operation is as follows:

Place the point E (Fig. 21) over the point of departure Po on a 2-
prog chart. Between lines as and fw' of the time-front plotter, at or
near points q and q' read the difference in D-values of the earlier
prognostic field across the heading line EX. Enter this reading on the
proper latitude line in the G-scale for a tailwind, or in the G'-scale for
a headwind. Visually follow a line parallel to YY' to make a dot (lightly)
through the slit Es'.

Also, read the difference in D-values of the later prognostic field,
enter this difference in the G- (or G'-)scale and make a dot (again lightly)

through the slit Es'

At this stage decide on which is the hour of flight and choose an inter-
polated position (p1) between the two dots. For example, if the departure
time of the flight is six hours after the earlier prognostic time, then inter-

polate (heavily this ti-me) between the two plotted dots one-quarter of the
distance from the first dot toward the second dot. The distance from Po
to pl, then, is a plot of airspeed and tailwind, corrected for time, The
point pl is a point on the first time front (Ti in Fig. 20). Plot more points
like pi for several headings from point of departure, enough to suitably
define the first time front. The curved side of the 4-D plotter could be used
for the drawing of the time front to give it a smooth appearance.
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The method of construction of each additional time front is the same
as that for thefirst time front except that the point E (Fig. 21) of the
time-front plotter is placed at several different positions of the previous
time fronts and the direction of the line EX is made perpendicular to the
previous time front (e. g. , Fig. 20).

4. 3. lb Construction of Time Fronts by 4-D Plotter

Begin with point of departure Po on a 2-prog chart. Find
the point E on the line X'OX of the 4-D plotter (Fig. 12) such that
distance EO is equal to the airspeed corrected for latitude. Place E
over the point of departure, and EO in any direction to represent the
aircraft's heading. Between lines as and fw' of the plotter (Fig. 12) at
or near points q and q' read the D-gradient of the earlier synoptic or
prognostic field across the heading line EO. Enter this reading on the
proper latitude line in the G-scale for a tailwind, or the G'-scale for a
headwind. Plot the indicated tailwind as a dot in the slit ss' (or vv').
Also read the D-gradient of the later 24-hour prognostic field, and enter
this reading in the G-(or G'-) scale and plot the later tailwind as a dot in
the slit ss' (or vv'). At this stage decide on what is the hour of flight,
and choose an interpolated value of the tailwind between the two dots. For
example, if the 1200Z tailwind of the first wind field is 60 chart-knots, the
1200Z tailwind of 24 hours later is 20 chart-knots, and the time of the
beginning of the flight is 1800Z, then the interpolated tailwind value should
be 50 chart-knots. With the pencil inserted through the slit ss' (or vv')
at the interpolated tailwind value, push the plotter forward (or back) till
the pencil stops the plotter at s (or v'). The point 0 will then give the
desired point on the time front.

Plot airspeed and tailwind lines for three or more headings from the
point of departure, enough to suitably define the first time front. The
curved sides of the 4-D plotter could be used for the drawing of the time
front to give it a smooth appearance.

The method of construction of any other time front is the same as
that for the first time front except that the point E (Fig. 12) of the plotter
is placed at several different positions of the previous time fronts and the
direction of the line EO is made perpendicular to the previous time front.
The time fronts will look similar to the time fronts illustrated in Figure 20.

If a 4-prog chart is used the above procedure would require the
determination of four tailwind components. In the following chapter, how-
ever, a method of interpolation of time fronts will make it unnecessary to
use a 4-prog chart in the plotting of time fronts.
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4. 3. 2 Plotting the Minimal Flight Path on a 2-prog Chart

In Figure 22, let D be the destination, Tn-1 and Tn
the last two time fronts plotted as in the above section. Place point 0
of the plotter (Fig, 12) over the destination D and set line OE of the
plotter perpendicular to the time front Tn . Concentrating on the first
prognosis read the D-gradient across this heading at or near the points

q and q' . If the D-value at q' is greater than the D-value at q , then

there is a positive tailwind. Enter the D-difference in the G'-scale and
follow this entry visually to the slit vv'. Insert a sharp pencil point in
the slit vv' and slide the plotter forward till the pencil stops the sliding
motion on the line YOY'. The point 0 will now give the position of tQ
aircraft corrected for tailwind. (The G-scale and slit ss' would be used

for a headwind, ) For the cross wind, read the D-gradient between points
E and 0. If the D-value at E is greater than the D-value at 0 , then
there is right-drift. Enter the D-difference in the G-scale, and follow
this entry visually, parallel to the line Y'OY till the slant line OP is
reached. (Lines OP and OP' have been drawn for the correct airspeed

of the aircraft.) Then follow the guidelines paramiellto X'OX and make a
dot at point A through slit ww'.

The line AD is the vector representing the effective wind during one
hour's travel of the aircraft at the time of the first prognostic field.

Similarly a line BD is plotted to represent the wind vector at the time
of the second prognostic field. The wind changes from AD to BD in
24 hours. Suppose the aircraft is scheduled to arrive at destination 18

hours after the verification time of the first prognostic field. Then the
wind it would encounter should be represented by the line CD in Figure 22,
which cuts off a fraction 18/24 of angle ADB.

With point 0 of the plotter over point C place the line OE perpen-

dicular to the time front Tn and find the hourly position Ph . Let the
line PhD cut the time front Tn at Pn. Then Pn is the check point on

the last time front. By the method of Section 3. 3. 9 above, find the flying
time from Pn to D.

From point Pn find the effective wind vector CnPn . In the example
of Figure 22, this is the wind vector 17 hours after the first prognosis.
From Cn draw the line CnPn-1 equal to the airspeed (corrected if neces-
sary for the second last hour of flight). The point Pn-1 need not neces-
sarily fall on a time front, although it would be convenient for it to do so.

It is possible to plot the minimal flight path for an airspeed different from

the airspeed used in plotting the time fronts (Appendix II, part 3).
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In similar fashion the check points Pn-2, Pn-3, --- can be deter-
mined. Figure 23 illustrates the first two time fronts and the check points
P2 and P1 . The first leg of the flight from Po to Pi is now deter-
mined by the procedure of Section 3. 3. 6 above, If this gives Po'Pl as
the hourly motion, then the flying time from Po to P1 is determined by
the method of Section 3. 3, 9 above.

4. 3. 2. 1 Plotting the Path on a 4-prog Chart

Instead of the two wind vectors such as AD, BD, Figure 22,
a 4-dimensional interpolation will require four wind vectors as in Section
2. 6. 2 above, This has been found to be simple and useful,

4. 3. 3 Reverse Time Fronts

In Section 4. 30 1 time fronts were plotted around the point of
departure. It is possible, and often desirable, to plot time fronts around
the destination instead. Figure 24 shows the reverse time fronts drawn
around the destination when the wind field was the same as in Figure 20.

Care must be taken to reverse the effects of the winds when drawing re-
verse time fronts. Plotting the minimal flight path, however, becomes a
more straightforward problem, as it is drawn from point of departure
toward the destination. It is possible to plot paths from several points of
departure toward the one destination, thereby providing an immediate
answer to the timing of departures of aircraft to stagger their times of
arrival at one destination.

4. 3, 4 Two or More Minimal Flight Paths Between the Same
Two Points

Figure 25 is an example of a situation in which the time fronts
must be drawn with a cusp developing between two sections of the same time

front. In such situations, as illustrated, two paths will be minimal flight
paths, although one will generally require less flying time. When the differ-
ence is small between the estimated flying times of two or more minimals,
another factor such as the weather enroute might be the determining factor
in the choice.

4. 3 5 Conditional Minimal Flight Planning

There has been an objection raised against minimal flight
planning because of the frequency of bad weather along the route. In
Figure 26, the minimal flight path and the straight-line path are illustrated
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Fig. 23: To illustrate the plotting of the first checkpoint (P1 ) and

the first two legs of the minimal flight path (PoP1 and P1 P2 )-

Pa

FP 2

2T



TI

Fig. 24: To illustrate reverse time fronts drawn.about the destination
D, and the minimal flight path from Po to D. The assumed
wind field is that of Figure 2 and Figure 20.
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as penetrating two forbidden areas. The first area might present the
weather problems of icing and turbulence, as well as clouds and precipi-
tation. The second might be a country over which it is undesirable or
forbidden to fly. The "single heading" track, sometimes favored for its
tendency to bypass bad weather, does not do so in the illustrated situation.

To meet this difficulty, the time-front method of flight planning can
be modified to yield the path of least flying time subject ti the condition
that its path will not cross restricted areas. In the example of Figure 26,
the flight is assumed from point of departure Po to destination D. The
first three time fronts T-1, T-2, T-3 are the same as in strictly mini-
mal flight planning. The fourth time front, T-4, is also the same except
that there is a section, shown by the broken line between points A and
B, which is eliminated by the condition that the aircraft will not enter or
fly through the indicated region of bad weather. There are, therefore,
two separate sections to the time front T-4, a northern section from A
to A' and a southern section from B to B'.

From the section AA' of time front T-4, the northern section of
time front T-5 is found by treating point A as a new point of departure
from which points on T-5 from E to E' can be reached in one hour
and by finding the remaining points on T-5 from E' to E" in the usual
manner. From the section BB' the southern section of the time front
T-5 is found such that the aircraft does not enter or fly through the bad-
weather region.

With identical procedure the time front T-6, in two separate sections
is obtained. The time front T-7 is found in three sections because of the
additional restricted area. Working backwards from the destination, it
becomes clear that the path of shortest flying time is the path POAMD.
But the southern alternate path is only a few minutes longer.

4. 3. 6 Other Considerations

When the theory and the above steps are carefully examined,
it becomes evident that the airspeed, hour by hour, or leg by leg, need not
be constant. It can be reduced in a climb, increased in a glide, modified
with a change in altitude or increased in hourly steps as fuel consumption
makes the aircraft lighter.

Again, as shown in Appendix II, part 3, the time fronts might be
drawn for one airspeed and the flight path plotted for another airspeed.
In practice it will be helpful to plot one set of time fronts for general use,
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for example, at airspeed 260 knots, If a flight with a C-118 is being
planned, the flight path can be plotted by the method of Section 4. 3: 2
above with airspeed 226 knots. For a report on tests of this practice,
see Appendix TI7T

5. Minima Fiight Planning by Interpolation

While minimal flight planning has become an accepted procedure of
flight planning, there exists a problem: the time it takes to prepare a
minimal flight plan. The minimal flight planner's workload differs from
the great-circle flight planners time in the added time it requires to
plot time fronts. (This writer's time for the plotting of eight time fronts
corrected for hourly changes of wind has been 20 to 25 minutes; the time
for plotting eight time fronts for one fixed wind field has been 12 minutes.)
The chore of plotting time fronts becomes significantly great wherever
there is a multiple operation of aircraft whose speeds and altitudes differ
widely. Twenty flight plans per day for cruising altitudes between 8, 000 ft
and 22, 000 ft, true airspeed between 180 and 270 knots might comprise a
single day's work at many transport centers,

To assist in the problem this chapter is written to propose an inter-
polative system of plotting time fronts. The efficacy of minimal flight
planning rests in the suitable choice of hourly headings for the aircraft,
which time fronts primarily provide. In the following sections, the role
of the time fronts is to provide these headings; they do not serve as loci
of the hourly checkpoints, although they might be used to find estimates
of tailwind factors for fuel planning purposes.

As shown in Appendix II, one set of time fronts can be prepared for
flight plans using a range of airspeeds, say 180 to 270 knots. Suppose,
then, a set of time fronts is made using a fixed airspeed c for time of
departure to and another set of fronts for time of departure (t0 +12).
If an aircraft departs at an intermediate time, the time fronts should lie
intermediate between the two plotted time fronts. Likewise, the time
fronts for an intermediate level should lie intermediate between the time
fronts of the two basic levels. We assume that each small section of each
time front progresses (or regresses) linearly in time and space.

After a set of time fronts has been interpolated, to satisfy a given
time of departure and a given altitude, the minimal flight path can be
drawn with a computer or plotter such as the 4-D plotter. The accuracy
of the flight plan need not, and should not, be sacrificed, Each hourly leg
of the flight path should be drawn for the wind corrected for time and
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altitude and for the correct airspeed. The heading on each leg is given
by the time front that is nearest the beginning of each leg. Obviously the
hourly check points will not lie on the time fronts except by chance.

Although the interpolative procedure as described herein introduces
no new errors in the flight plan, it might yield a flight path that is slightly
less than true minimal, But no practical flight planning method will yield
the precise minimal flight path, even if the wind forecasts were perfect.
The difference from the true minimal flight path, introduced by the above
procedure, probably is less than the operational errors inherent in the
basic system. (See Appendix III for evidence. )

5. 1 Preparing the Basic Time Fronts

It might not be necessary to prepare more than two sets of time
fronts every 12 hours, one at 500 mbs, the other at 700 mbs. The follow-
ing steps assume that the prognoses are 12-hour and 36-hour prognoses,
and, to begin with, will be good enough to make later revisions unnecessary

(Fig. 27).

At 1100Z, or shortly thereafter, the prognostic charts verifying at
1200Z of the same day and 1200Z of the next day will be available. Place
both 500-mb fields on one chart to make the 2-prog chart, or use a trans-
parent-top table with underneath lighting to produce the 2-prog effect. By
the method of Section 4. 3. 1 above, plot the time fronts for time of departure
OOOOZ, airspeed 260 knots. Do likewise with the 700-mb fields, but use
airspeed 280 knots for eastbound flights and 240 knots for westbound or other
appropriate speed. The purpose of this choice of airspeed is to make corres-
ponding time fronts at both levels stay abreast of each other.

Twelve hours later at 2300Z or shortly thereafter, the prognostic charts
verifying at OOOOZ and OOOOZ of the next day will be available. On the
500-mb 2-prog chart, plot the time fronts for time of departure 1200Z, air-

speed 260 knots. Do likewise with the 700-mb fields, using airspeed 280
knots for eastbound and 240 knots for westbound, or whatever values will

make up for the differences in tailwind factors between 500 mbs and 700 mbs.

The above two steps yield four sets of time fronts that are ready for
use at approximately 2300Z. Twelve hours later, the 700-mb and 500-mb
time fronts for departure time OOOOZ can be replaced by two new sets of
time fronts. Hence, there will be four sets of time fronts always ready for
use at 0000Z, 1200Z and so on.
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By time 2300Z it may be apparent that the 12- and 24-hour prognostic
charts that were prepared from the OOOOZ data of the previous day are
invalid. There may have been a prognostic "bust". It is in this case that
the extra work of drawing a new set of time fronts becomes necessary.
The 12- and 36-hour progs verifying at OOOOZ and OOOOZ of the next day
should be used as alternates to prepare time fronts for departure time
OOOOZ as well as for departure time 1200Z. (See Figure 27 for a diagram-
matic representation of the routine and alternate planning or preparation
of the basic time fronts. )

The basic time fronts for departure times 0000Z and 1200Z should be
prepared during the hours 2300-000OZ and 1100-1200Z. This should also
be a relatively quiet period during the flight planner's schedule. If, how--
ever, the plotting of these time fronts needs to be delayed, then the pre-
viously prepared time fronts for the most advanced hour of departure could
be used. For example, for a departure at 0100Z, the time fronts for
departure time 0000Z might be used, along as the construction of the later
time fronts is delayed.

5. 2 Construction of Each Flight Plan

Assume, as an example, a departure time 0600Z and flight altitude
13, 000 ft.

(a) Superimposing the time fronts of 500 mbs, departure times 0000Z and
1200Z, interpolate time front T-1 halfway between the earlier time front
T-1 and the later time front T-1. Likewise draw time fronts T-2, T-3,
etc. , thereby making a set of time fronts valid for departure time 0600Z,
the mid-time between 0000Z and 1200Z.

(b) Likewise superimpose the time fronts of 700 mbs, departure times
0000Z and 1200Z and interpolate the time fronts for departure time 0600Z.

(c) Steps (a) and (b) give two sets of time fronts, one at 500 mbs (approxi-
mately 18, 000 ft) the other at 700 mbs (approximately 10, 000 ft) both for
departure time 0600Z. Superimpose these two sets of time fronts and
interpolate time front T-1 three-eighths of the distance from the 700-mb
T-1 to the 500-mb T-1. Likewise interpolate time fronts T-2, T-3, etc. ,
to give the time fronts valid for altitude 13, 000 ft.

Steps (a), (b) and (c) should not take more than four minutes, spent in
lining up the charts and tracing the time fronts, provided that the contour
fields do not need recopying.
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(d) Having obtained the desired time fronts, they should be transferred
onto a 4-prog chart (Sec. 2. 6, 2) or onto a 2-prog chart adjusted for
altitude (Sec. 2. 6. 3). The minimal flight path is then plotted as in
Section 4.3.2 or 4.3.2. 1.

5. 3 Further Simplification--- Preparation of the Basic Sets of Time
Fronts on Fixed-time Progs

It has been learned that the 12-hour prognostic chart is relatively
easy to prepare by extrapolation of the synoptic chart and is made available
sooner than the 36-hour prog. Suppose, then, that a set of time fronts is
drawn on the 12-hour prog verifying at OOOOZ. Such a set of time fronts
will yield aircraft headings that are based on the winds of a fixed time
OOOOZ and should prove useful in plotting the path of an aircraft whose mid-
time of flight is OOOOZ. When the 36-hour prog is ready another set of time
fronts can be drawn which will yield headings based on the winds of OOOOZ
of the following day and should prove useful in plotting the path of an air-
craft whose mid-time of flight is OOOOZ of the following day. By interpola-
tion a set of time fronts can be drawn for a mid-time of flight within the
24-hour interval from OOOOZ of one day to OOOOZ of the following day (Fig. 28).

The use of these time fronts introduces another approximation to the
headings of the true minimal flight path. But for the sake of speeding up
the flight planner's task, their use may prove to be good practice
(Appendix III). To plot the flight path the best forecast winds should be
used. In this paper, these are assumed given by a 2-prog or 4-prog chart.
The time fronts simply provide a suitable set of headings.

5.4 Other Considerations

The scheme presented in this chapter does not sacrifice accuracy
of flight planning. The flight path itself should be based always on the best
and latest wind information.

The above descriptions studiously avoided the suggestion that flight
paths themselves be interpolated lest it result in inferior flight plans.
Because the interpolation of flight paths implies the interpolation of headings
as well as the interpolation of course and checkpoints, one never knows with
what degree of accuracy the flight plan is made. On the other hand, the
interpolation of time fronts does no more than provide a set of headings.

The flight planner plots his flight path with all the accuracy that a sharp
pencil, plotter or computer and the latest wind information will permit.
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Using the method of Section 5. 1, there should be four basic sets of
time fronts current and ready for use: two 500-mb time fronts with
departure times OOOOZ and 1200Z and two 700-mb time fronts with depar-
ture times OOOOZ and 1200Z. One 500-mb and one 700-mb set would be
replaced every 12 hours (or sooner if their validity is in question.)

Forecasts, unfortunately, are sometimes seriously in error. When
this happens the time fronts may have to be replotted on a revised chart.

But before this work is done, it would be well for the flight planner to
examine the errors in the prognostic charts and to determine whether
these errors seriously affect the shapes of the time fronts. This writer
recalls one case when he flew from the Azores to New Jersey. The
500-mb synoptic chart was much in error. Headwinds were stronger
than expected. But a re-plot of the minimal did not change the pre-flight
headings or the general shape of the time fronts.

6. Conclusions

6. 1 On the 2-prog or 4-prog Method of Wind Representation

The problem of representing upper winds in the four dimensions
of time and space is met by the 2-prog and 4-prog charts. The saving of
the weather analyst's time by eliminating specially drawn isallobaric (Tau)
fields and fields of wind shear (S) should be obvious. Yet the 2-prog or
4-prog chart provides several advantages. Although frequently adequate,
it is not necessary to assume that the wind components vary linearly with
time or with height. The 2-prog or 4-prog chart also has made it possible
to include the time changes of wind shear, such as occur between Tokyo
and Honolulu. Since this method of representing the wind field consists of
the prognostic wind fields themselves, it is easier to apply corrections to
the chart whenever later information is received.

When the 700-mb and 500-mb progs are combined, the resulting
2-prog and 4-prog charts can serve flights between 10, 000 ft and 18, 000 ft.
By extrapolation, instead of interpolation, they might be used to find winds
at 20, 000 and 21, 000 ft. However, it is preferable to combine the 500-mb,
and 300-mb charts into 2-prog or 4-prog charts for levels between
18, 000 ft and 30, 000 ft,

6. 2 On the 4-D Plotter and Fixed-speed Time-front Plotter

An effort was made to include in the design of the 4-D plotter the
best features of many plotters, such as its usability for any airspeed
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within a wide range of airspeeds and the measure of drift. But, while
versatile and speedy for most operations, it is not the speediest tool for
plotting time fronts. As has been shown in Appendix II, time fronts can
be plotted for one airspeed omitting crosswinds and used to obtain close-
to-minimal flight paths for slower aircraft whose airspeeds are within
50 to 75 knots of the speeds chosen for plotting the time fronts. This has
led to the construction of the fixed-speed time-front plotter to be used
specifically for the plotting of time fronts.

6. 3 On Flight Planning

This Survey has attempted to meet the several kinds of require-
ments in flight planning with special emphasis on minimal flight planning.
In Appendix III the savings in flying time by use of minimal flight paths
have been illustrated by two samples, each of 10 flights during the month
of February 1956. On 10 eastbound flights the saving averaged 17 minutes
in 8 hours, the maximum saving being 57 minutes. On 10 westbound
flights from Boston to Los Angeles the saving averaged 31 minutes in
13 1/2 hours, the maximum being 1 h4 4 m.

The extra labor in constructing minimal flight paths is in the drawing
of time fronts. In this Survey this extra time has been reduced by treating
time fronts only as the means to obtain a suitable set of headings for a
flight plan. A procedure, supported by theory, has been presented, as
follows:

Time fronts should be drawn without crosswinds. As each prognostic
chart becomes available one set of time fronts should be drawn on it from
the point of departure, or around the destination if reverse time fronts are
used. The recommendation that the time fronts be drawn on fixed-time

prognostic charts is based on the evidence of Appendix III. The possibility
is not ruled out, however, that later tests will show an appreciable loss, in
some instances, in flying time if the fronts are not corrected for hourly

changes of the wind. There can be as few as two (2) sets of time fronts
every 12 hours with winds corrected for time, or four (4) sets of time
fronts constructed every 12 hours without corrections for time. The time

fronts for each specific time of departure and altitude can be found by
interpolation within five (5) minutes, whenever the assigned altitude and
departure time are announced. A flight planning center can have the four
basic charts of time fronts conveniently filed or hung up, in much the
same manner as the current weather charts and latest prognoses are hung
in the weather station.
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Time fronts provide sufficiently accurate wind factors for advanced
fuel planning purposes. But for individual flight plans, time fronts should

be used to give only the aircraft headings.

If reverse time fronts are used around a destination the time fronts
might be plotted until several points of departure are inclosed. Suppose

the selection of route (e. g., via Keflavik or Lajes) is delayed on account
of anticipated weather conditions or. heavy traffic. Then, whenever the
route is finally selected, the minimal flight path can be plotted, using the
time fronts as previously plotted, and using the latest revised wind fields.

After a flight is announced the minimal flight path should be plotted,
airspeed and winds corrected for altitude and time. In the flight planning

stage the latest wind and D-information can be, and should be, used.

Prognostic charts can be corrected before the flight plan is made. The
time fronts can remain unchanged and used to provide the headings. A
"weather bust" does not necessarily invalidate the headings given by the

time fronts, especially if reverse time fronts are used.
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APPENDIX I

The 4-prog Analysis vs the S--field Approximation of 4-D Analysis

If the tailwind component (4) is a function of the pressure altitude (')
and time (f,) then Taylor's theorem gives:

(1)

terms of higher order

The tailwind (44) at any given pressure altitude (i) is assumed to
vary linearly with time. But this variation need not be the same at all
altitudes. Therefore,

,,,..c 0 (2)

But

At any given location and time the tailwind shear is
assumed to be constant with altitude, But the magnitude of this shear
might vary considerably within 24 hours, as it apparently does between

Tokyo and Honolulu. Therefore,

-_- F,(t)

But j4

Using equations (2) and (3) Taylor's theorem reduces to



7.4 A:Uot() (-.A 4* b,)(4)

Likewise the crosswind component is given by

,va * (&t0) + ( I. 'fhih) (4)

The S-field in 4-D analysis gives the wind shear (M) for the
initial time (t) instead of time (). That is, ( o is'substituted

for in the above equation (4), which can be n unwarranted
approx ation. In a 4-prog chart, on the other hand, the wind shear
is found between the winds corrected for time, thereby avoiding the
extra approximation. In the 2-prog chart adjusted for altitude, both
the earlier and later prognostic fields are obtained using the wind
shear of each hour of verification. The interpolation between the two
fields therefore gives an interpolation of the two wind shears.
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APPENDIX II

The Minimal Flight Path Equation

Part L

Let us begin with a segment of a time front that can be reached by
an aircraft at time f, , the segment short enough to be treated as a
straight line on the chart (line AB, Fig 1). We shall determine how the
subsequent time front (DE) in time interval S is related to the time
front (AB).

Let AA' be the wind effect in the immediate vicinity of point A
at time t. (If the time interval 't is so large that the direction of
flight makes a difference in the effective wind, then choose a smaller

5t .) Let BB' be the wind effect in the immediate vicinity of point B.

Let & be the earth distance between points D and E.

From points A' and B' draw arcs of circles with radius equal
to cSt , where 4. is the airspeed of the aircraft. Each circle gives
the locus of ground travel of the aircraft from each point A and B in
time interval S . Draw a straight line tangent to both circles, DE.
Then the line DE will be part of an envelope which joins all points of
farthest travel of the aircraft at the end of time (t+&t ). From A
or B any aircraft travelling with a heading different from heading A'D
or B'E will arrive at some point within the envelope of which DE is
a segment. Let 5 & be the angle made by the directions AB and DE.

On the chart (always conformal) allow for change in the scale factor.
Let S be the effective scale factor between points A and D, ($+S)
the effective scale factor between points B and E. Let A4, ,V be the
components of the wind in the direction of A'D and DE. From
Figure 1 representing the chart the relation between distances is

As gf and &i->0, neglecting infinitesimals of space of order
greater than one,

(cuLe)(SS))(cw1vte)S
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Fig. 30: To illustrate the argument for eliminating crosswinds

when plotting time fronts.
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Because the increments in cA and S are considered in the direction
of S only, partial derivatives.result in the equation

which is the fundamental minimal equation.

Part 2.

Suppose we follow the practice of determining points on a time
front by drawing airspeed and tailwind vectors perpendicular to the
previous time front (AB Fig. 2), but without crosswind. Then

As 9..+ oand t'-ao0,

de
cit

V + c4 2S

which is the minimal equation.

Hence, the practice is justified, The time fronts used this way,
however, give the correct headings for the minimal flight paths, not

the correct flying times. The estimated flying time (EFT) is deter-

mined when the flight path is plotted, using the time fronts for the
headings.
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Part 3.

By choosing the Lambert-COonformal chart, standard 300 and 600 we

have reduced the changes in the scale in the usual regions of flight almost

to zero. That is,

as .

Neglecting this last term in the basic equation, then, we get

which implies that the time rate of change (not the space rate of change)
of the heading of the aircraft depends only on the tailwind shear. Except
for a small error caused by the latitudinal variation of the chart scale,
therefore, the time rate of change of the heading is independent of the
aircraft.

Suppose the time fronts are plotted for an airspeed of, say, 240 knots.
and used to provide the headings for an aircraft with speed, say, 200 knots.
For less than five time fronts this is sound practice. For five or more
time fronts there will be two hourly check points that lie between the same
two time fronts. The headings from both checkpoints will be perpendicular
to the same time front. That is, the two headings will be the same, where-
as there should be a change in the heading proportional to the tailwind shear
between the two checkpoints. The deviation from true minimal flight plan-
ning results in a difference of the initial heading, perhaps by several degrees,
from the heading demanded by true minimal flight planning. For the slower
moving aircraft, this means that the flight path will fall closer to the great-
circle path. The effect of this factor on the flying time is discussed in
Appendix III.
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APPENDIX III

Report on Tests of the interpolative System of Minimal Flight Planning

Under test were the recommendations (a) to eliminate the crosswind
when. plotting time fronts (b) to use interpolated time fronts and (c) to use
one set of time fronts for various airspeeds. These tests were based
mostly on the wind fields of 10 days: 7-13; 27-29 Feb. 1956, synoptic time
1500Z. The flights were assumed made between Los Angeles, Calif. , to
Boston, Mass, , a distance of 2240 nm's.

Test 1: On the elimination of the cross wind for the plotting of time fronts

Using an airspeed of 240 knots the time fronts were plotted on each of
10 synoptic 500-mb maps, first with the crosswinds and then without the
crosswinds. But on each map the flight path was plotted backwards from
destination to point of departure, care being taken to plot winds accurately
on each hourly leg, both its crosswind and tailwind components. For this
test it was not felt necessary to apply a time'change to the winds. The
results are shown in Table 1. When the flight paths were plotted the last
check point was found on the last time front, but the remaining checkpoints
were found by carefully plotting for the airspeed, so that each checkpoint
did not necessarily lie on a time front. Hence, through plotting errors,
there could be'a difference between the EFT of time fronts and the EFT of
the flight path.

Results: For the sample in Table 1 there is little or no difference in
the EFT's between minimals obtained when the TF's were plotted with and
without crosswinds. The average difference of 0. 8 minutes in approxi-

mately eight (8) hours of flying time was in favor of plotting no crosswinds
when plotting the time fronts. But it would take many more paper tests to

determine whether to attach any significance to this difference.

Test 2: On the use of interpolated time fronts - one constant-pressure
surface

Using an airspeed of 240 knots on each of eight (8) 500-mb 2-prog
charts, the time fronts were plotted (without crosswind as justified above)
for time of departure 2100Z of each day: 7, 8, 9, 10, 11, 12;27, 28 February
1956. Next, the time fronts were plotted on each of the eight maps for
time of departure 1500Z and another set of time fronts for time of depar-
ture 0300Z of the following morning. Then, by lining up the two maps of
each day on a transparent table with underneath lighting, a set of time
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fronts was obtained by interpolation, spacing the interpolated time fronts

evenly between the time fronts of 1500Z departure and 0300Z departure.

This made the interpolated time fronts valid for departure time 2100Z.

When the flight paths were plotted the time fronts were used to pro-
vide headings only. The winds were corrected for time changes. That
is, the flight paths themselves were not interpolated. T e first leg.of the
flight path, which was not necessarily of one hour duration, was construc-

ted to give the course line from point of departure to first check point.

The results are shown in Table 2.

Next the time fronts that were plotted in Test 1 for 10 days in
February 1956 were used to obtain by interpolation the eight sets of time
fronts for departure time 2100Z or for a mid-time of 0100Z. The minimal
flight paths themselves, however, were plotted using 2-prog charts. The

time fronts were simply used to provide headings. The results are shown
in Table 2.

Results: In the sample of Table 2 there was nothing lost by using
interpolated time fronts, not even by using fixed-time charts to find the

basic time fronts. All flight plans are equally reliable and the headings
that are provided by the time fronts result in good navigation and an opti-
mum saving over great-circle time.

Test 3: On the use of one set of time fronts for a wide range of airspeeds

Flying times were estimated on 10 paper flights, airspeed 200 knots
at the 500-mb level, eastbound from Los Angeles to Boston (Table 3) and
10 paper flights westbound from Boston to Los Angeles (Table 4)d In
addition to the results in Tables 3 and 4, a paper test was made of a flight
from Tokyo to Honolulu, 2 Jan. 1956, a 15-hour ride at speed 200 knots.
The time saved over a great-circle route by the minimal using 200-knots
time fronts was 49 minutes. The time saved by the minimal that was
obtained with 240-knot time fronts was 45 minutes (or four minutes less).
Another paper flight was from Gander, Nfdld to Shannon, Ireland, 7 Feb
1956. The minimal EFT was 7 h3 3 m when either the 240-knot or 200-knot
time fronts were used. There was no computed difference and, moreover,
the flight paths themselves were never separated laterally by more than
12 miles. On the westbound flight from Shannon to Gander, departing
2100Z, 7 Feb 1956, the EFT's were found to be 9 h1 1 m using 240-knot time
fronts and 9 h1 0 m using 200-knot time fronts. The maximum separation
between tracks was 40 nm's.
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Results: As closely as they could be measured the EFT's did not
change significantly when the time fronts were prepared using 240 knots
instead of 200 knots. In nearly all of the tested cases, the difference was
less than the plotting errors (estimated at 3 to 5 minutes). Laterally the
flight paths could be widely separated. Generally, the path that is found
by using 240-knot time fronts lies closer to the great-circle path.

Test 4: On the use of interpolated time fronts at altitudes of flight between
10, 000 feet and 20, 000 feet

The results of Table 2 were considered as sufficient evidence that
interpolation is a valid procedure, whether to obtain time fronts inter-
mediate in time or in altitude, However, the time fronts were drawn for
the 700-mb surface of 7 February 1956, 1500Z as well as for the 500-mb
surface, same date. It became clear that, for ease of interpolation, the

700-mb time fronts should be constructed for speed 260 knots for west-
bound flying when the 500-mb time fronts are drawn for 240 knots. This
will compensate for the difference in the tailwind factors of the two
altitudes and will keep time front Tn on the 700-mb surface abreast of

time front Tn on the 500-mb surface.
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Table 1: Showing
1500 Z.

estimates of flying times(EFT) on each of 10 days, using winds synoptic at 500 mbs,
Flying times are estimated by flight paths and time fronts (TF's) separately.

Date EFT EFT on the minimal flight path EFT of the time fronts
on the
great TF's TF's Diff TF's Diff between TF's Diff between
circle with without (min) with TF EFT and without TF EFT and

cross- cross- cross- Min EFT cross- Min EFT
wind - nd w windwind

7Feb56 8h 1 9 m 8h1 9m 8h14m +5 8 h 9 m -10 8 h 6 m - 8

8 8h14m 8h 3m 8 h 7 m -4 8h1 1m + 8 7 h5 5 m -12

9 9 h 0 m 8 h 3 m 8 h 2 m +1 8 h1 5 m +12 7 h5 8 mr_ 4

10 8h 5 3 m 8 h4 3 m 8 h4 3 m 0 8h48m + 5 8 h3 5 m - 8

h m hh
'11 8h57m 8 2 4 m 8 h2 3 m +1 8 h 2 4 m 0 8 h2 1 m - 2

1 2  8 h 3 7 m 8 h1 0m 8h 1 0m 0 8h 9m - 1 8h 0 m -10

13 8h 6m 7h53m 7h51m +2 7h53m 0 7 h4 3 m - 8

27 7 h4 2 m 7 h 3 7 m 736 +1 7h43 + 6 7h37 + 1

28 8h27m 8h21m 8h2 3 m -2 8h24m + 3 8h 2 5 m + 2

29 8 h 2 0 m 8h1 1m 8 h 7m +4 8h3m} + 2 8hm + 7

Average 8h 2 7 . 5 m 8h 10,4 8h9.6 m +0, 8 m 8 h 1 3, 1 m + 2. 7m 8h5, 4m -4, 2m

Standard
Deviation +2 3 . 5 m +19. 9m +17,4m +2, 5m +16. 8m +5. 7 m +17, 5m +5, 8m

* These time fronts were done twice unintentionally, but are reported here to show the
order of magnitude of the plotting errors.



Table 2: Showing the effect on estimated flying time (EFT) of time fronts (TF s) obtained by
several procedures, Departure time is Z100Z in each case at 500 rns.

T,

Date Great Procedure 1 Procedure 2 Procedure 3
circle TF's obtained TF's interpolated between TF's interpolated between
flying directly from TF's of departure times fixed-time TF's drawn on
time 2-prog chart 1500Z and 0300Z maps 24 hours apart

EFT EFT EFT

7 Feb 56 8 h 1 5 m 8 h 7 m 8 h 9 m 811mr

8 8h35m 8h 0m 8h 3m 8h 8m

9 8h56 m 8h15 n 8h1 6 m 8h15m

10 8 h5 7 m 8h37m 8h 3 3 m 8h30m

11 8 h4 9 m 8 h2 0 m 8h17 8h15m

12 8h m 8h 3m 8h 1m 7h58m

27 8h 2m 7h59m 7 h5 2 m 7 h5 6 m

28 8 h2m 8 h1 9 m 8h1 2 m 8h16

Average x=8 h2 6 m 8 h1 3 m 8 h1 0 m 8h1 1 m

Standard
1Deviation S=+21min + 13 min + 12 min + 11 min

*This flight path was plotted twice unintentionally by two independent flight planners. Both
EFT's are reported here to show the order of magnitude of the plotting error.
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Table 3; To test effect on EFT on eastbound flights using TF's prepared for speed 240 knots when
aircraft speed is 200 knots. Flight Altitude:: 500 mbs, Los Angeles, Calif. to Boston, Mass,

Date Time fronts pre- Time fronts pre- Differ- Max. sep- Track that Its greatest
pared f.r speed pared for speed ence aration of is closer distance from
240K; aircraft 200K; aircraft tracks to great great circle
speed 200K speed 200K (nm's) circle (nms)

EFT EFT

(a) (b)

7Feb56 9h43m 9h37m +6m 92 (a) 80

8 9h23m 9h28m -5 142 (a) 165

9 9h24m 9h24m 0 26 cross ea, 400

other

10 1 0 h1 6 m 1 0 h1 6 m 0 170 (a) 180

11 9h50m 9h52m -2 30 cross ea. 410
other

12 9h33m gh34m -1 50 (a) 235

13 9h1 1m 9 h 1 0m +1 30 (a) 150

27 8 h5 4 m 8h 5 6 m -2 30 (a) 150

28 9 h5 5 m 9 h 5 1 m * +4 754* (a) 45
320)

29 9 h 4 4 m 9 h 4 0 m +4 m 32 (a) 57

Average 9h35, 3m 9 h3 4 , 8 m 0, 5m * Two minimal flight paths on
this day with equal EFT

Standard
Deviation + 22, 3 min + 21, 4 min + 3, 2min



Table 4: To test use of 240-knot time fronts on westbound flights with aircraft speed of 200 knots.
Flight Altitude: 500 mbs, from Boston, Mass, to Los Angeles, Calif..

Date Great Time fronts pre- Time fronts pre- Differ- Maximum Track that Its
circle pared for speed pared for speed ence separation is closer greatest
EFT 240K; aircraft 200K; aircraft of tracks to great distance

speed 200K speed 200K (nm's) circle from
EFT EFT great
(a) (b) circle

7Feb56 1 4 h 6 m 13h 5 4 m 13h5 2 m +2mn 30 (b) 60

8 14h 4 m 13h 7 m 13h10m -3 30 cross ea. 295
other

9 1 2h 8m 121 6 m 12h 8 m -2 50 (a) 110

10 1 2 h 2 7 m 1 2 h 2 2 m 1 2 h1 8 m +4 20 cross ea. 130
other

11 1 2 h2 2 m 1 2 h10 m 12 h1 1 m -1 70 (a) 130

12 1 3 h 1 3 m 1 2 h4 7 m 1 2 h 4 1 m +6 18 (a) 155

13 1 4 h4 7 rn 1 4 h1 8 m 1 4 h1 2m +6 125 (a) 270

27 1 6 h 1 8 m 14h37m 4h31m +6 25 cross ea. 360
other

8 1332m 13h25m13h20m+5 30 (a) 90

9 1 3 h 5 7 m 1 3 h3 6 m 1 3 h 3 2 m + 4 min 50 (a) 120

verage 133 h4 4. 4 m 1 3 h1 4, 2m 1 3 h1. 5 m 2 . 7 min

Standard d
Deviation + 7 2 m +5 0 .4 m + 4 8 6m +3. 5m
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This survey is divided into four
parts: (a) a representation of winds
in space and time,which includes a
"geostrophic-gradient divider" tool
for analysis and 2-prog and 4-prog
charts (b) flight planning tools, the
4-D and the fixed-speed time-front
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AD-133675

plotters (c) flight planning methods,
including fixed-track, single-drift ad
emphasizing minimal flight (MF) plan-
ning. Included are three appendices
to: (a) derive the basic equation of
MF planning,to show why time fronts
(TF's) should be drawn omitting cross
winds,and to show why TF's prepared
for one. airspeed can be used on MF
paths with another airspeed(b) show
advantage of 4-prog charts or derived
2-prog charts in representing verti-
cal wind shears that are changing
with time and(c)report on tests of
recommended procedures.
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cal wind shears that are changing
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