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ABSTRACT

- Equivalent headwinds or equivalent winds are computed using
Sawyer's method for approximately 4400 strategic world air routes
contained in Volumes I & _II. The seascial mean equivalent wind
and its standard deviation and the annual 50-, 75-, and 85- per-
cent reliability equivalent winds are tabulated. Route winds

are computed for the 5000-, 10,000-, and 18,000 foot levels. An
IBM 360/65 program was used to compute the equivalent winds.

Input data for the program consist, for each level, of a grid
composed of the mean vector wind and the standard vector deviation
at the intersection of each 5° of latitude with each 10° of longi-
tude between 60°S and 60°N and at the intersection of each 5° of
latitude and each 20° of longitude south and north of 60°S and
60°N respectively. 1In addition to the equivalent winds, great
circle distances are computed and tabulated for each route.
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FORWARD

Ten years ago, The Boeing Company published documents on equivalent
route winds for upper altitudes for domestic, international and
military air routes for use in the airline industry: "Equivalent
Winds for North American Air Routes," D6-9176; "Equivalent Winds for
World Air Routes," D6-9177; and "Great Circle Equivalent Route Winds
for Military Application," D6-9175. Since then, the helicopter
industry has had a need for lower altitude wind data for helicopter
routes and speeds.

Tables of winds for the lower altitudes were prepared and the
computer program used for the earlier documents was modified to
incorporate minor improvements in technique in order to correct
inaccuracies which could occur for lower speed aircraft and to
operate on the IBM 360/65 system.

Airfield bases listed in this document are only a sample of the
total number available and are not chosen on major importance. It
should be noted that one airfield may represent other stations
within a radius of 50 miles, since the difference in the azimuths of
the flight routes would be nominal, thus reflecting little if any
changes in the calculated results of equivalent headwinds. Addi-
tional air routes may be requested by writing to the Boeing Vertol
Company in care of the author.
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EQUIVALENT WINDS FOR HELICOPTER AIR ROUTES
AT AEIGHTS OF 5,000, 10,000 and 18,000 FEET

1.0 INTRODUCTION

The increasing ability (usually with aerial refueling and/or aux-
iliary tanks) for helicopters to deploy over long distances has
established a requirement for route wind statistics with which to
make long-term estimates of the economic and strategic capabilities
of these aircraft. To meet this need for route-wind data, Boeing-
Vertol analysts have computed seasonal and annual equivalent winds
for principal air routes.

2.0 DEFINITIONS

2.1 Equivalent Route Wind

The equivalent wind for an air route may be defined as a uniform
wind, which when directed along the track at all points, results
in the same average ground speed as that actually attained.
Alternately, the equivalent route wind is the difference between
the average airspeed and the average groundspeed throughout the
flight.

2.2 Reliability Equivalent Route Wind

The reliability equivalent wind is the equivalent headwind which
is not exceeded (a route wind which can be relied upon) a given
percent of occasions or time during a given perioa.

3.0 COMPUTATIONS

3.1 Equations !
3.1.1. Equivalent Route Wind

Sawyer's theory of equivalent headwinds has been applied extensively
to the computation of equivalent route winds 1”9, This method
involves use of the mean vector wind and the standard vector
deviation, two parameters which completely define the circular
normal distribution of winds generally found in the free atmosphere.
Charts and tabulations of the mean vector wind and the standard

ch%gr deviation are available in many meteorological publications

The principal assumptions of Sawyer's theory are (1) th. wind speed
does not exceed the speed of the aircraft and (2) the di:tribution
of winds in the free atmosphere during a given season can be
approximated by the circular normal distribution. Based on these
and other assumptions, the basic equation for the average equivalent
headwind, EW, over a route and expressed in terms of the mean vector
wind and the standard vector deviation, o, at points along the

FORM 406284 (2/80)
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3.1.1. Equivalent Route Wind (cont'd.)
route is:
N
z »
EW = g.:i. - A
N
LY
i=1
2j = length of i-th segment of route
t; = time to fly zi
A = airspeed of aircraft over route

where g; = mz2an ground speed on i-th segment

- 5 ) -
= A -1 (v + 0, ) + u,
A i 1 i
2
Vi = mean vector wind component

normal to track

mean vector wind component parallel
uj to track

and z, = Z/N

Z = great circle route distance
N = number of equal length segments z,

i
EW = “ - A
Ig /N
i=1 Y1
EW = “ - A
LS
1 -
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3.1.1. Equivalent Rouie wind (cont'd.)

or, equivalent headwind is the harmonic mean* of the ground speeds
less airspeed. By convention, when mean ground speed is less than
airspeed, equivalent wind is a headwind and will be negative.

*The earlier Boeing documents used the arithmetic mean for headwind.
Since the airspeed in their casc was much yreater than windspced,
error would be small. The harmonic mean is technically correct,

and for lower airspeed, required to eliminate overestimates.

3.1.2. Route Standard Deviation

Correlation studies and physical considerations reveal that_vector
winds at points along a route are related to one another 1,21. por
this reason, the mean vector wind and the standard vector deviation
at points alony a route while sufficient to determine the averayge
value of the route equivalent wind, are insufficient to determine
its variability. For example, strong winds at pcints along a route
may or may not occur simultaneously. If they do not occur together,
there is a tendency for the headwind components to average out such
that the average value of the extreme winds is less than the values
of the extreme winds at individual points over the route. Sawyer
has shown this to be the case.

The route standard deviation provides a measure of the variability
of the equivalent route wind. The relationship between the route
standard deviation and the average value of the standard vector
deviation at points along the route is:

Ot—s
where:
O = Route standard deviation (tabulated value)
8 = Factor to convert root mean square standard vector deviation

of wind over a route, into the route standard deviation of
the equivalent route wind. The value of S decreases with
increasing route length and exhibits ste variation with
season, latitude and route orientation-®.

The values of g wused in preparing Table 3 are those listed in
Graystone®.

3.1.3. Great Circle Distance

Route lengths in nautical miles are computeu ..ur the great-circle

FORM 46204 (2/060)
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3.1.3. Great Circle Distance (cont'd.)

course, i.e., the least distance on a sphere, between terminals.
The expression used to compute great circle distances is:

= D : A
8 = 60 cos “(sin ¥y sin y; + cos y; cos y; cos (i, AZ))

where:

8 = Great circle distance
in nautical miles

y = Latitude
A = Longitude

cos~l = Angle expressed
in degrees

Fig. 1

Great Circle Distance

South latitudes and east longitudes are considered negative and
north latitudes and west longitudes are considered positive.

3.2 Annual Equivalent Route
Winds

Annual equivalent route winds for

the 50%, 75%, and &§5% level are

computed from the seasonal mean Winter :
values of equivalent route winds SprlngFall
and their standard deviations.

The technique involves an iterative

procedure by which wind speeds

are found such that 50, 75, and v v -
85 percent of the total area under -10 0 10
the four seasonal wind distribution
curves, lies to their right. With
reference to Figure 2, the 50, 75,
and 85 annual equivalent winds are
estimated to be -5, -11, and -13
knots respectively. (From the

Summer

Fig. 2. Hypothetical Seasonal
Wind Distribution
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3.2 Anpual Equivalent Route Winds (cont'd.)

definition, these are th. headwinds - headwinds ar-> negative -
which will not be exceeded X% of the time. If the distribution of
winds are entirely positive (tailwinds) the technique is the same.
To assure a headwind value which will not be exceeded, one must get
the lowest value of tailwind which meets the reliability level.

3.3 Input Data

The most recent and internally consistent summaries of statistical
wind data available wei% used. Wind statistics were obtained
primarily from Crutcher "and the NAVAIR publications while the
airfield coordinates were obtained from standard reference sources.
The mean vector wind and the standard vector deviation together
with the coordinates of each terminal form the input data for

an IBM 360/65 program. The wind parameters for the four seasons
and for the 5000 (850 mb), 10,000 (700 mb), and 18,000 (500 mb)
foot levels, were obtained by computing them at the intersection
of each 5° of latitude with each 10° of longitude between 60°N

and 60°S and at the intersection of each 5° of latitude with

each 20° of longitude north of 60°N and south of 60°S.

3.4 Method

Equivalent route winds are computed by first dividing the route

into an integral number of segments of 200 miles or less in length
and then calculating the segment flight time resulting from the
wind vectors at the mid-points of these segments. This is accom-
plished by weighing the four nearest wind values (at grid points)

in proportion to their proximity to the point on the route. The
times are summed for the entire route, and resulting average ground
speed is calculated. Equivalent wind results by subtracting average
airspeed from the average ground speed.

By convention, a positive sign denotes a tailwind; a negative sign,
a headwind.

3.5 Tabulations

Equivalent winds for the 5,000-, 10,000-, 18,000~ foot levels are
tabulated for routes between selected airrfields (Table 3). 'Thc
route wind tabulations are organized alphabetically by the terminals
that identify each route. 1In the index, each route is referenced
under both of its terminals (Table 4). Included in the data are:

FORM 406204 (2/88)
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3.5 Tabulations (cont'..)

1. The direct and return seasonal mean equivalent route wind and
its standard deviation and the annual 50-, 75-, and 85- percent
reliability equivalert route wind in knots.

2. The great circle distance in nautical miles.

An alphabetical listing of terminals with their geographical
. coordinates is provided in Table 3.

4.0 USE OF TABLES

4.1 Normal Curve

Brooksl0 et al found that in any one season the distribution of
equivalent route winds about the mean closely approximates the
normal law of errors. According to this law, the mean and its
standard deviation completely define the distribution of winds about
the mean. In turn, this error distribution very nearly approximates
the normal or Gaussian frequency distribution defined as:

2
Y = -fé_:—e-x/zoz
o 2T
where:
Y = The frequency ordinate at distance x from the mean

The standard deviation

4.2 Estimating Reliability Equivalent Route Winds

Computation of reliability equivalent route winds deserves special
attention since deviations of the relative frequency of extreme

wind speeds from the assumed normal law of errors may be appreci-
able, particularly at levels and in regions affected by jet streams.
The frequency of extreme values is probably higher than that pre-
dicted from the assumed mcdel. For this reason, reliability equiva-
lent winds for percentages Less than 5 and greater than 95 are
likely unreliable.

Two methods for estimating equivalent winds for reliabilities other
than for the tabulated mean values involve use of error factors
and secondly, use of arithmetic probability paper.

4.2.1. Error Factor Method

For a given route, reliability equivalent winds are computed by sub-
tracting the product of k times the standard deviation from the

FORM 46284 (2/68)
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4.2.1. Error Factor Mathod (cont‘'d.)

mean equivalent wind, where k is a factor derivable from the error
function. Values of k are given in Table 1 or can be found from
tables of the normal curve of error. These mcothods are accurate
only for estimating seasonal reiabilities. The scasonal curves
approximate the normal law of errors, but the annual curve does
not. Therefore, to get an annual reliability requires an iterative
tecnnique as described in 3.2.

The error factors method is illustrated by computing the 85 percent
reliability equivalent route wind over the yreat circle - Ft. Rucker
to Ft. Eustis air route, in winter at 5,000 feet.

TABLZ 1. ERROR FACTORS

Reliability Percent +k
(Area under normal curve to +k) {(Number of standard devi-
ations from the mean)
50 0.0
60 0.25
70 0.52
80 0.84
85 1.04
90 1.28
95 1.65

From Table 1, the error factor is 1.04.

a. The DIRECT reliability equivalent headwind which should not
be exceeded on 85 percent of occasions is a wind of =23 knots:

-11 - (1.04 x 12) =223 knots.
or, Mean - 1.04 ot(See 3.2)

b. The RETURN reliability equivalent headwind which can be relied
on 85 percent of occasions is a wind of -2.5 knots;

10 - (1.04 x 12) = =-2.5 knots.
or, Mean - 1.04 Oy (See 3.2)

4.2.2. Arithmetic Probability Paper Method

As previously stated, in any season the distribution of equivalent
route winds about the mean closely approximates the normal law of
errors and the normal or Gaussian frequency distribution defined in
(4). Arithmetic probability paper is arranged with the percent
cunulative frequency scale printed on the ordinate such that the
integral of the normal

FORM 462084 (2/808)
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4.2.2. Arithmetic Probability Paper Method (cont'd.)

2
X =X /2 dx (5)

frequency curve plots as a straight line while the absicissa has

a linear scale. The sig. convention is followed for equivalent
wind speeds (+ for a tailwind and - for a headwind). These two
lines give the frequency distribution of equivalent winds over the
route.

4.3 Variation in Airspeed

The tabulated equivalent wind data were computed for a 125-knot
airspeed. For airspeeds much above this value, the new values
may be approximated by assuming the wind speed is the result of
the arithmetic mean of the ground speeds.

Expressions to use are:

D7 = 1/2'(D =R} ¥ 62,5 (D % R) (6)
A

B =1/2 <(D = R) # 62u8 (Rt R) (7)
A

If D and R are of equal value and of opposite sign, the tabulated
values are the same for any airspeed. If D | R, i.e., a cross
wind component is present, D and R~ will differ slightly from

D and R.

Caution should be exercised when attempting to use airspeeds less
than 125 knots, becuase simplifications used in the basic Sawyer
method will cause increasing error as wind :peeds at any segment
approach aircraft speed.

Percent reliability equivalent headwinds computed for the new air-
speed, A , will differ by the same amount as the mean values, i.e.,
D - D°, because standarg deviations are not sufficiently affected
by changes i1n airspeed “.

4.4 Great Circle Route Length

The route length in nautical miies is computed over the great-circle
course, i.e., the least distance on . sphere, between terminals
(Fig. 3). For completeness, a great circle may be defin.d as the
intersection of the surface of a sphere and a plane which passes

through the center of the sphere. A nautical mile is the length

FORM 46284 (2/8R)
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4.4 Great Circle Route Length (cont'd.)

on on: minute of arc along a great circle on the earth's surface,
i.e., the earth's circumference is 360 x 60 = 21,600 n. mi. In
terms of statute miles, 1 n. mi. = 1.1508 miles.

Figure 3 Great Circle Route Length

4.5 Egquivalent Route Length

The equivalent route length, for a given reliability equivalent
wind, is the distance that an aircraft would have flown in still
air on a flight having the same duration as that required with
given percent equivalent wind. The equivalent route length may be
expressed as

L, = DA (11)
A+ W,
where:
L, = Equivalent route length in knots for x percent reliability
equivalent wind W,
D = Great circle distance in nautical miles
A = Airspeed in knots

5.0 OCCURRENCE OF HEADWINDS ON BOTH DIRECT AND RETURN FLIGHTS

Over routes characterized by prevailing light winds or by strong
winds perpendicular to track the direct and return route winds can
both appear as a headwind. This situation occurs when the contri-
bution to the mean equivalent wind from the wind components at right
angles to the track exceeds the contribution from the wind components
along the track. The effect of winds at right angles to track
on the grocund speed becomes apparent when it is realized that an

FORM 48284 (2/88)
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5.0 OCCURRENCE OF HEADWINDS ON ROTH DIRECT AND RETURN FLIGHTS
cont'd.

airplane could make no progress along the intended track with a
wind at right anygles to the track and equal tec its airspeed.

Peliability equivalent headwinds for some routes appear as head-
winds for the dircct and return flight. The situation can occur
over routes where the mean equivalent wind is about the same mag-
nitude as its standard deviation. For example, a route having a
mean cquivalent wind of 12 knots, and a standard deviation of 15
knots, has an 85 pcercent reliability wind of -3 knots. In this
example a tailwind has not become a headwind, but rather a head-
wind of 3 knots it not likely to be exceeded on 85 percent of
occasions and a tailwind ot 12 knots can be relied on 50 percent of
occasions.

6.0 RELIABILITY OF RESULIS

The reliability of the tabulated equivalent headwinds as being
representative of the actual route winds over great circle routes
depends largely upon the assumption that wind distributions in the
free atmosphere can Le trecated by the circular normal distribution.
This distribution requires that the zonal and meridianal components
of wind be uncorrelated and that their standard deviation be equal.
From physical considcrations, however, some degree of ellipticity
must be present, otherwise there would be no mean transport of
encrgy ia the atmosphicre as is observed. For most conditions, the
degree of cllipticity 1s wmall and the assumed circular normal
distribution acceptable. irooksl0 pointed out that the assumption
of circularity is likely to be weakest in frontal zones, in the
vicinity of jet strcams and 1n areas characterized by distinct
scasonal wind variation such as the boundary region between a
monsoon circulation and the circulation above.

The tabulated values arc intended as long term estimates of enroute
winds and as such the actual winds in any one scason may differ
appreciably from them. This condition particularly occurs where
all routes closcly parallel the mecan position of the jet stream.
Where air routes routinely traverse normal to the jet stream, how-
ever, only small differences between the tabulated and observed
route winds should occur.

7.0 CONCLUSION

The application of cquivalent winde can aid agencies concerned
with the problems of aircraft loyistics to cstimate the lony term
capabilities of helicopters to deploy over long distances. Con-
siderable cffort has been expended by Boeiny-Vertol since 1965 to
display temperature probability variations with altitude. lany
government agencies are using our data on that subject. By
combining that data with the wind data of this document, onc can
ecstimate fairly accurately the effects on helicopter performance.
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