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SUMMARY

As an aid to discussions on the future provision of meteorological fore-
casting services for civil transport operations, an approximate assessnent is
made of the effects of changes in the accuracy with which en-route and take-off
winds and tenperatures can be forecast. The results are given in terms of the
annual val ue cal cul ated over the world total of long-range cival operations,
first for a current subsonic fleet equivalent to about 350 Boeing 707's and
then for a possible supersonic fleet equivalent to about 4.00 Concords, such
as mght be in operation in 1980-1985.

It is found that in current |ong-range subsonic operations the accurate
forecasting of en-route winds is the nost inportant item In future super-
sonic operations, however, the most inportant item is likely to be the accurate
fore-casting of en-route tenperature, wnd being of conparatively m nor
inportanoe.  Accuracy in forecasting the airfield tenmperature for take-off is
also |ikely to be inportant for supersonic transports.

* Replaces R A E. Technical Recport 66297 = A R C 28747
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1 | NTRODUCTI ON

Recent discussions on the requirenments for notcorol ogi cal forecasting for
supersonic transports have underlined tho nced for some formof econom c yardstick
agai nst whi ch possibl e improvuments or shortcom ngs in forccastang accuracy my
be judged. This Roport attempts to provide such a yardstick, using characteris-
tics similar to those of Concord for tho supersonic aircraft and ecrogs=
referencing agai nst an aircraft such as the Booing 707in order to illustrate
changes in enphasis or values compared with the exdsting subsonic situation
Since tho object 1s only to give a broad indication of relative sensitivities,
fairly rough assunptions have been made, and the results shoul d therefore not
ho usod for other purposcs such cs aircraft performance assessnents.

It should bc noted that the economic eval uation given hore i S concerned
only with the effects of orrors in forecasting nean winds and temporetures over
complete flights. Thoro arc of course other aspects of neteorol ogy, including
for instence the ability to forccast or detect extremos of wind and temperature,
thunderstorm activity, high-altitude turbulence, hail, icing ote., which are
not deglt with here but which have an importont bearing on flight planning and
saf'oty and are obviously of considerzble val ue.

2 NERAL OPHY

2.1 En-rout e winds and temperatures

Pre-flight forecasts of en-rout ¢ mnds and tenperatures affcct the anount
of fuelwhi ch the operzctor loadsin order to cchieve a desired overall fre-
queacy Of arrival ot dostination with enough fuel remaining to execute a last-
minuto diversion should this prove necessary. Because Of diffcrences boetweon
the forecast en-routo conditions and those actually expericnced on cach flight,
the fucl romaining ot dostination wall of course vexry fromflight to flaght.
The fuel remaining al So varies fromother cnuses, e. g. veriability of aircraft
and engine performence, ATC track variations, navigational errors, variation of
crui se speed, hol di ng time above destination ctes Tho statistical combanation
of those varisbilities yiclds o rol etionship betwesn vhat has boen termed t he
"scotor" fuel reserve (that pact of the total whaich i S nceded for wroute con-
tingoncios plus destination hold) and the "destination regularity", x.c. tho
proportion of occasions, typically around 99%, on shich an aircraft can be expec=
ted to arrive at destination without heving ecten anto the othor part of its

fuel reserve, the "terminol" or "diversion" reserve. Typical curves of tho



sector fuel reserve* versus destination regularity (or more strictly, the
percentage of arrivals at destination with nore than & given amount of fuel)
are shown in Fig.1 for a Mach 2 SST and far a subsonic jet on the London-

New York route. The effect of on-route forecasting crrors iS to increase
the sector reserve fuel thet needs to be carried in order t0 achieve the
desired destination regulerity. The size ofthe increase has to be
determined statistically by combining the various chances of encountering
different levels of en-route contingencies, wth and without the variability
due to meteorological forecasting errors, and then toking the difference in
total sector reserve at equal regularity. It moy be noted in passing that
thas process considerably reduces the effect of any given variability come
pared with what m ght be expected fromlooking, for instence, sinply at

t he “m in 10““ forecast error. This is because, in the absence of bins,
forecast errors are as likely tO be favoursble as unfevoursble,and it is
inportant to keep this in mind. The statistical process tckes account of
all the chances of meteorclogical errors, favourable znd unfavourable, in
combination wath all the other contingencies. Simply to [ook at the
unfavourable half of one distribution on its own, deducing that there is a
"4an 1000 chance of requiring porhaps 5000 |b nmore fuel”, can give a com
pletely misleading inpression of the importance of this contingency. °

In addition to the effect on reserve fuel, ¢ furthor factor which
coul d conceivably affcct the issue is that on gsome Ssectors, at sone seasons
of the ycar, the payload on « proportion of flights might be restricted by
the aircraft performance cepebilities reletive to the sector distance and
the field length available. Operators deal with this preblem by witing
their aircraft performance requirenents in terms of the paylood to be corried
on all but, e.g., 45%of flights during each season, 1.,c. in torms of the
"85% day", and basing their bookings on this. Current long-rengesubsonic
jets are virtunlly limt-free on nost sectors so far as passenger payload is
concerned (since on Most flaghts they carry freight as wsll, Which serves as
a "buffer"), so at present +hec problem hardly ariscs. Suapersonic aircraft,
at any rnte in the first genorction, are likely to be nore critical, and on
some proportion of the 45% of flights not covered by the perfornmance and
operating specification the payl oad booked will excced that which can be
cerried under normal flight-planning rules. On such occasions an cdverse error in
meteorological forecasting could in principle result in passengers having to be
of f - | oaded. Equal Iy, of coursc, a favourable crror could | end to addational

*At take-off, i.e. including the fuel required to carry it to the point
at which it is used



passengers being |oaded from the wait-list , =f there happened. to be one for
that flight. The nett effect, however, if off-loading of booked payl oad were
practised in comercial operations, would be a |oss of revenue on critacal
flights, and this penalty would be additional to that due to the increase of
fuel reserve on gl1 flights discussed above.

The effects of forecast errors or other adverse contingencies are some-
times expressed in these terms, giving a somewhat dramatic answer. In comrercia
practice, however, it seenms likely that on SST's, as oncurrent aireraft, the
off-loading of booked payload due to adverse meteorological forecasts just
before take-off Wil be a very rare occurrence and shoul d not be taken into
account in assessing the econom c effects of forecasting accuracy. The operators
working rule is likely to be that if payload has been booked and presents itself,
it wall be ‘carried. The means available to allow the paylead to bc carried is
of course to nmodify the flight plan if the forecast happens to be adverse on
the day. Instead of planning direct to New York, for instance, the flight would
be planned to Boston, or even Gander in an extrene case. On nost such flights
the fuol state on approaching Boston will be such as to allowthe aircraft to
be re-cleared in safety to NewYork, but on a proportion of them when the
adverse forecest materizliscs Or i S excocded, and tho ot her en-rout 0 contingen~
cies including forecast holding time at New York al so conbine in an adverse
direction, the pilot will have to land at Boston to refuel. In affect, relative
to its real destination (New York) the aircraft i S despatched With reduced fue
reserves and has a potentially reduced destination regularity (while of course
maintaining adequate safety reserves at all poants en-route). The effect of
winds and tenperatures nore advorse than the |evel wused for booking purposes
thus shows itself an practice as a contrabution to reduced destination regularity
on these critical flights, rather than as a revenue | 0ss duo to off-loading of
booked payload. It is inportant to note that this loss of regularity would of
gourse occur even if forecasts were perfect; it is duo not to crrorsin fore-
casting but sinply to tho fact that the actual winds and tenperatures are some-

times more ‘odverse then the booking level. On this operstional approach the
offect of wind and temperaturc errors. on either critical or non-cratical flights,
is also a loss of destinetion regularity rather than a loss of payload. The
additional reserve fuel nceded to make up this loss of regularity 1s of course
sinply the increase alrcady discussed above, Thus, on the assumption that pay-
load is not off-londed, no additionsl allovance needs to be made for the

effects of the forecasting crrors on critacal flights.




2.2 Take-of f windsand temperatures

On nost flights, wth take-off not critical, wind and tenperature on the
airfield do not affect fuel or payload. On a proportion of occasions, however,
airfield conditions (high tenperature or variable wind along the runway) will
limt the allowable take-off weight to a value |ess than that needed for
carrying the booked payl oad, the block fuel for the forecast en-route condi-
tions, and the standard fuel reserve. On these oceasions, as in para. 2.1 above,
it wall usually be the fuel load rather than the payload which will be reduced
(e.g. by adopting re-clearance grocedures), giving a reduction in destination
regularity on these critical flights. Also as in para 2.1, such a reduction would
occur even if take-off conditions could be forecast without any errors, arising
sinply fromthe fact that axrfield wi nds snd tenperatures arc sometimes Nnore
adverse than the 85% condition tyeically used for planning purposes. Conpared
with this mninumreduction in regularity assumng perfect forecasting, the
effect of errorsain forecasting the take-off conditions is to introduce an
additional verisbalaty in the fuel | oaded, and thereforean additional voriabi-
1ity an the fuel available et destinetion, lecdang to a further reduction in
destination regularity on critical flights. This is not one of the variabili-
ties allowed for in the curves in Figet, and a separate allowance 1S therefore
needed for take-off forecosting errors on the critical flights in question.

An obvious way of dealing with this effect is to increase the standard fucl
reserve on all flights so that the l0ss in regulority dus to take-off fore-
casting errors on critical flights is balanced by sn increcase on the mpjority
of flights.  This approach will be fol | oned bel ow.

The mean difficulty is in putting a nunber to the proportion of flights
affected by take-off restrictions. I'f payload booking 1s based on 85% condi -
tions the proportion is clearly less than 45%, It woul d be exactly 45% if
every high-tenperature take-off occurred in conjunction wath a full passenger
load; in practice, however, load factors will be distributed about a val ue
such as 70%, or perhaps 80% bearing in mind that critical conditions occur
mainly in Summer when traffic is heavy. For illustrative purposes, the
arbitrary assunption will be made that one-third of the take-offs beyond the
85% schedul ing condition, amounting therefore to 5% of total flights, occur in
conjunction with a 4100% 1 o0ad factor so that the fuel is affected by the error
in forecasting. On the other 95% of flights the conbination of sector distance,

*4 steady wind along the runway will presumably be turned to advantage by
taking-off in the appropriate direction



en-route conditions, sirfield conditions and load factor is assunmed to be such
that the forecast take-off conditions, and therefore errors in the forecasts,

do not affect the total fuel carried.

3 CALCULATI ON _ PROCEDURE

The first step is of course to determne the exchange rates between the
sector fuel required and the en-route wnd and tenperature, and between the
perm ssible take-off weight (1.e. loadable fuel) and the airfield tenperature
and effective wind. This is done, fairly roughly, for a ¥ach 2 SST simlar
to Concord, and for a typical subsonic jet, on the London-New York sector.

Gven these exchange rates, the standard deviations of errors in fore-
casting can be directly converted into standard deviations {g) of the excess
or defect of fuel required or available at take-off relative to a correct

forceast.

Assuming that the forecasting errors are normally distributed and uncorrela-
ted, these standard deviations of fuel are then conbined wzth the other en-route
contingencies noted in pars 2.1 (including destination hold tine). Fig.1l shows
the statistical sumof those other conditions versus the froquoncy wth which
aircraft arrive at destination W thout having consuned more than this amount of
additional fuel (for convenwience this isrefer-rod to as"destination regularity”,
al though in operational practice this term includes also aircraft which fail to
arrive for reasons other than fuel shortage = e.g. airport closure = which apre
not included i n Figs1).

The basic curves of Fig.1l are markedly non-Gaussi an because they include
large skew terns, e.g. for destination hold, en-route ATCrestrictionsetc. The
simple procoss, f Or Gaussian distributions ONnly, Of adding the variances (dg) for
tho forecasting errors to the basic voeriance of Pig.? to obtain a now tota
varianece, and then reading off at, say tho 98% frequency or "2¢* level, therefore
gi ves incorrect results. Instcad, the conbination process has to ve done by
direct numerical computation., The result obtaincd, at about the 98%=9%%
frequeney |l evel, is that for each additional CGcussicn distribution with stan-
dard deviation o; (b of fuci at take-off), the fuel at take-off nust be
increased, for equal destination regularity, by

_ 2
AFi = o.ooozcr:.L I b




Hence, if errors in the forecast cruise tenperature corresponded to a standard
deviation of 1000 Ib fuel at take-off, for instance, then the increase in fuel

for the sane regularaty woul d be 200 I b. The cushioning effect of the combination
process is thus apparent, as al so is the danger in meking arbitrary "spot-point"
quot ati ons: an S.D. of 1000 Ib inplies, and mght be quoted as, a 1in 1000
chance of needing as nuch as 3000 | b of extra fuel; in the event, at turns

itself into an increase in fuel of only 200 I'b on all flights, waith everything
el se equal .

4 EXCHANGE RATES

The basic exchange rates which have been assuned between wind and tenpera-
ture and take-off wexght for a London-New York flight are as follows:-

Table 1

Basi ¢ exchange rates between take-off fuel, wind and temperature

Change in T.Q fuel (Ib)

Subsoni ¢ Bach 2 SST
En-rout;e;-
1 knot mean cruise wind (1) 250 100
'4°¢ nean cruise tenperature (1) 100(5) 400-800(2)
1 knot clinb and descent W nd 40 30
1°¢ clinb and descent tenperature - (3) 400-200(2)
Change in allowable T.0O weight
Take-off:-
1 knot take-off wnd 700(4) 500(4)
1°¢ t ake- of f tenperature 1300 1400
Not es: -
(1) The cruise gensitivities relate to route nean winds and tenpera-

tures. A conversion will bc necessary, depending on the nunber of
measuring stations along the route and the degrse of corrcletion
between them before tho fanal answers can be expressed an torms of
single-poant measuring accuracy.



(2) The sensitivity of the SST to en-route temperature depends on the
detai | ed intake and nozzle design, and & range Of possible values is
therefore used.

(3) For tho subsonic aircreft the effect of temperature on claimb and
doscent performance i S small; the nunber gquoted for eruise in fact
covers thé whole of the flight.

(&) The exchange rotes for teko-off wind already include allowance for
tho factors applied operctionally whereby the edvantoge of a headwind 1s
decreased and tha ponalty of a tailwand is increase:, i.e. they nre the
real operational exchange rates against the meteorological office basic
forecasts.  The numbers used correspond to the morc usual hesdwind case.

5 EFFECTS ON TAKE- OFF FUEL R&QUIRED

5.4 En-route wind and temperature errors

The effects of errors in en-rout& wind and tomperature forecasting, Using
the above exchange rates, are shown in Fig.2. The increases in reserve fuel at
toke-off, for a given destainction regulrrity, ecre plottcd ageinst the standard
deviation Of crrors an forecasting the route mean winds and temperatures cssuming
21l the varicbilitics are uncorreleted. Thus, if forccasting accuracy were
such as to give an S.D. of 10knets for the route menn W nd crror in cruise, the
reserve fuol penalty would be 200 |b for ths SST and 1000l b for the subsonic
aircraft. Tho results follov o ‘square law, i.e. if the inaecouracy i s doubl ed
(S.D. = 20 knots) tho fuel penelty 1s quadrupled, to 800 Ib for tho SST and
4000 I'b for the subsonic aireraft,

As woul d be expected, the subsoni c aircraft i s sensitive to cruise wind
and inscnsative tO temporsturc, whereas the SST is scnsitivo to gruasctompera-
ture and relatively insensitive to yind, Neither pircraft is sensitive - so
fer as reserve fuel 1s concerncd = tO0 ¢limb end dcscont conditzons, since only
a smal | propdrti on of the {otal fucl is affected, For tho SST, however, this
statenment is subjoct t O some resorvation, since in doriving the exchange rates
it has been assumed that tho cireraft varies its transition procedure to suit
higher ambient temperctures. Dopending on Just howeriticel t ho transition
phaso is, this coul d noan:

%London-New Yor k
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(a) A reduced angle of clinb, maintaining the same kach nunber/hei ght
relationship, wth consequent prolongation of the acceleration phase in tine
and distance, and/or

(v) A nodified Mch number/height relationship at higher tenperatures
a given Mch number being achieved at a |ower height.

Both these have ramfications on Air Traffic Control problens and sonic bang

| evel s, espeoially when transition oocours over land, In the present caloulations
assunption (a) has been used, with fixed engine thrust rating, since this 18
the only condition for which results are readily available. In practice,
however, depending on the severity of the ATG/bang problem it may be that the
transition thrust wall be varied with anbient tenperature, e.g. by varying the
amount or duration of reheat and/or varying the engine rpm so 4s to ensure

that M = 1.3, for instance, is always atteined at a certain distance regardless
of tenperature. The effect of such a tochniquo on the variation of fuel used
with tenperature has not yet been cal cul ated; compared with t he exchonge rate
used here it could go either way, sincc ontha Onehcnd the engine 1o/hr would
be increased at high temperztures, while on the other hend the tine spent in

the inefficient clinb and transition phaso would b o decreased compared With the
present assunptions.  What 1s certain is that unless gome such procedure can be
devel oped to cope with temperature variations (and, ror that metter, With weight
variations and piloting variations) considerabl e flexibility will be needed in
ATC handling during the clinb andaccelcration. These questions require further
joint study by the various interests concerned.

Returning to the en-route fuel penalties, Fig.2 indicates the levels of
forecasting accuracy that ore expected or have been assunmed for performance
assessnent purposes, in order to give sone adea of relative scale along the
abscissae.  For the subsonic aircraft on the North Atlantic, for instance, the
M.0.A, Fuel Reserves VWorking Party, based on work by Durst1’2 used an S.D.
of 12 knots for errors an forecast of route nean wind, ond an S.D. of b%pc
for errors in forecast of route menn tenperature. For the SST, the
Wrking Party based itself on an equivelent hecdwind crror to represent both
wind and tenperature errors, since on the North Atlantic there is epporently
some corrclation between wind and tenperature varictions at SST altitudes,
particularly in Winter, This is inappropriate hcre, since we wish to con-
si der w nd and temperaturc effects scparately, For wainds, we usc Internationa
Geophysical Year data supplied by Mzthematics Department, R A 'E which, with a
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forecasting factor® of about 0.7 as used by the Reserves W.P., would indicate

en S.D. of about 6 knots for errors in route mean forecasts at Concord altitudes
on the North Atlantic. For tenperature, we use the US. Wather Bureau j-year
data5 for 1957-1962 at 80 mb, which on the sane basis gives an S.D. of rather
less than 14% for errors in route mean forecasts on the North Atlantic.

Looking at these points on Pig.2, it can be seen that at the assuned
levels of forecasting accuracy the Mach 2 SST gets away quite lightly, needing
an additional reserve fuel of only 200-400 |b to cover both wand andtenperature
errors, whereas the subsonic jet needs about 1600 1b, nearly all for wind errors.
However, at the higher sensitivity to tenperature the SST tenperature penalty
increases quite sharply, and if the S.D. were 3°C i nstead of 1%00 the reserve
fuel penalty would be 1200 I'b instead of 300 |b. This point is noted because
of suggestions which have been nmade that an S.D. of only about 1%°C for tenpera-
ture errors is unrealistically low It may be that such suggestions are based
on interpretations of single-point readings rather than overall route nmeans. On
the North Atlantic at any rate, the extensive US. Wather Bureau data show that
al though the mean tenperature of course varies with time (season) and the
single-point measurenents vary along the route, nevertheless the rms average,
over the year, of the nmonthly standard deviation of daily route mean tenpera-
tures is only about 2°¢ at Concord altitudes. That is, if no forecasting was
undertaken, but flights wereg instead planned sinply on the gverage route
tenperature for any particular nonth, the errors would anount only to en S.D. of
2°¢ over the year as a whole (nore in Wnter, less in Summer). we are assumng
only about 30% i nprovement on this frr dally forecasting.

It is possible that the North Atlantic is a particularly stable area so
far as short-term tempersature variability at SST altitudcs 1s concerned, in whioh
case, for world-wide applicability, we should shift our illustrative datum point
to the right in Fig.2. The figures given in kef.L cculd perhaps be
interpreted i N thisway. Ref.!+ quotes the frequency of occurrence of different
route mean tenperatures round complete circles of latitude, and at 50°N the
standard deviation derived fromthe quoted frequencies and tenperatures is
nore than twice that for the North Atlantie, This may bo duz to the fact that
widely differing areas of the world are being covercd, giving a large point-to~
point variation around the complete circle of latitude. This, conbined with

*Paotor applied to the nonthly S.D. of mecasured daily values in order to
obtain the assuned S.D. of' errors in forceasting.
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the possibility that the world-w de readi ngs were not synchronised (the
North Atlantic readings were all at 12.00 G.w,T,) Would tend to increszse the

overall variability. In particular areas, e.g. Central Russia, North Pacific,
North America, the route mean variability at any given time about the nonthly
average mght be no greater than that found for the North Atlantic. Thi s

requires further study: for the time being we sinply note that the
illustrative points shown in Fig.2 apply strictly to the North Atlantic route
only, and that on this route the penalty for the assumed errors in both wnd
and tenperature forecasts at Mach 2 SST altitudes 1s relatively small com
pared with that already existing for subsonic aircraft. An attenpt will be
made in para 6to turn the curves of Fig.2 into £ per knot or per degree
imprdvement i n forecasting accuracy, although it is clear in advance that the
answers (proportional to the slopes in Fig.2) wll depend markedly on where one
t hinks one 1s to begin wth.

5.2 Take-off wind and tenperature errors

As noted in para 2.2, take-off wind and temperature errors are dealt
with here by increasing the fuel reserve on the magority of flights so as to
give an inprovenent in regularity sufficient to offset tho loss on the small
proportion of flights which are critical at take-off. The results are¢ given in
Fig.3, but sincec the procedure is |ess straightforward than for the en-route
case it is perhaps worthwhile illustrating the derivation of one of the
points in Fig.3.

SST: Effect of an S.D. of 3% in errors of foreescst airfield temperature

S.D. of take-off fuel variation (1400 1b/°C, pera 4): 4200 |b
Therefbre increase in reserve fuel for the same regularity

(0.00028, para 3): 3530 1b
Decrease in regularity on the flights affected due to

non-provision of this extra reserve (Fig.1): 2445
Assuned proportion of flights affected (para 2.2): 5%
Therefore contribution to overall loss of regularity: 0.12%
Therefore increase in reserve fuel on all flights to recoup

this loss (i.e. from98,8%t0 98.92% in Pig.1): 390 1b

The results in Fig.3 show that up to a certain level of inaccuracy
&5knots S.D. in wind and 2-3%C in tenmperature) the penalties are fairly small,
but beyond this level they increase gquate sharply. This as due partly to the
operation of the square law noted earlier, but there is an additional effect from
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the non-linearity of the curves in Fig.1, since we are offsetting |osses in
regularity on critical flights by inprovement on other flights. The answer is
al so dependent on the assunption (para 2.2) that 5% of take-offs - i.e. onew
third of the 45% not covered by planning for the 85%condition - are critical

on weight and field-length.  Fer current subsonic jets, which are conparatively
limt-free, this assunption (made originally to cover SST's) 18 probably

pessimstic, i.e. the true effect 1s probably less than that given in Fig.3.
For SST's the assunption is little nore than a guess, and the true answer must
await experience from actual SST operations. It will depend on just how

critical SST's turn out to be in relation to the field Iengths available at the
time, and al so of course on the |oad factors achieved = the higher the nean
load factor the greater the proportion of critical take-offs and the greater the
need for aceurecy in forecasting take-off conditions.

Information on the degree of accuracy achieved zn take-off forecasts is
somewhat scanty but the points indicated in Fig.3 are thought to represent a
reasonabl e approximation to current standards, i.e. standard deviations of
about & knots in wind and 2°C in temperature. These figures, like the rest of
Fig.3, cf course refer to errors relative to foreocasts made at the time of
flight planning (fuel |oading). The points shown happen to lie on the flat
part of the curves in Fig.3, but if the errors were significantly hagher than
assumed hi gh penalties would be incurred, particul arly as regerds take-off wind
on the SST.

6 ECONOM C ASSESSMENT

For assessing the overall ooonomic affcet of different |evels of
accuracy in neteorological forecasting, the nost direct and appropriate nethod
1g to calculate the increese in operating costs that would be caused by
notional ly redesigning the aircraft so as to be able to accommodats the
increased fuel reserve without relaxation an any performance or operationa
characteristic, i.e. maintaining the sane overall regularity (already assuned),
the same everage | oad factor, tho same take-off and |anding and of course cruise
performance, the same payload capacity, the same structural integrity etc. To
assume that the aircraft is "stretched" in any of these respects in order to
acconmodate the extra fuel is sinply to hide some of the real cost against
deteriorations in performance, airworthiness, regularity, eas¢ of scheduiing
and operation, and passenger service and goodwill, all of which cost money to
provide and should therefore be costed if altered
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In Figs.2 and 3 the weight penalties shown are simply the inereases in
fuel weight for en unmodified design,i.e. allowing take-off and landing per-
formence,strength etc. to deteriorate. To avoid such deterioration it is
necessory to increase the structural strength, wng arca, engine size ctc.,
thereby increasing the weight still further. [t IS this fanal "snowballed"
weaght i ncrease which we need for costing purposes, since the airceraft direct
operating cost is quite closely proportional to the final 2ll-up weight for
a given payload.. For & Mach 2 SST such as Concord 1t 1s found that the
factor by which the (take-off) weight penalties an Figs.2 and 3 must be
increased in order to obtain the fanal nll-up weaght for the szme perfornance
etc. is about 2.0. For = subsonic jet such as the Boeing 707 the factor is
about 1.4. The effect of, say, 1000 | b of extra fuel in Figs.2 and 3 can there-
fore be assessed as follows:~

SST Subsoni ¢
Increase in fuel in Figs.2 and 3 1000 I'b 1000 Ib
Increase in A, U,W, for same performence 2000 |b 1400 1b
Dat um A.T.W, -340 000 Ib -315 000 Ib
Therefore % increase in D.O C. (=% incrcase in
A U W) 0.59% 0.45%

The next step 1g to turn these D.O.C. Increments into total costs per
annum, It will be assumed here that the main antorest lies in getting an
indacatiron Of possible chenges in enphasis and values 1n future SST opera-
tions conpared with the oxisting subsonie situation on which present ideas are
boged, We will therefore use current statistics for long-range subsonic
traffic and a forward estimate for SST's.

Current subsonic |ong-range traffic anmounts to about 60 x 109;passcnger~
miles per annum equivalent to about 350 Boei ng 707's. At an average darect
operating cost of &bout 2id per passenger-mile the world-vade totel of direct
operating costs for current subsonic traffic is therefore sbout £560m per annum
Thus, 1000 I b in Figs.2 and 3, whach we heve seen 1s equivalent t0 0.45% D. O C.,
1s worth about £2.5m per ennum spread over the current world total of long-
range subsoni € operations.

Estimates of future supersoniec traffic vary considerably. Al l owing for
continued traffic growth, houcver, and assumng thot SST's ere successful, it
will be assuned that i n about 45-20 yews time there wall bo the equivalent®

*i.e. including possible Amorican SST's.
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of 400 Concords in service, corresponding to about 120 x 109 passenger-niles

per annum  Assuming a D.O C. of 234 per passenger-mile at currant noney val ues,
thag corresponds to a world-wide total for supersonic transports of about

£4400m per annum  On this basis 1000 Ib in Figs.2 and 3, worth 0.59% D.0.C.,
corresponds to a total of £8,1m per annum spread over a possible world total of
SST operations in 15-20 years tine. A large part of the difference between
this figure and the previous figure of £2.,5m per annumfor subsonic aircraft is
of course due to the fact that we are here assessing future supersonic operations
agai nst a datum of existing subsonic operations, with a factor of two between
the respective traffic vol unes.

These costs per 1000 | b of fuel can now be oonmbincd with slopes taken
fromFigs.2 and 3 to give the value por knot or per degree change in standard
devi ation of forecasting errors, As noted earlier, we meet at this point the
difficulty of deciding whereabouts on Figs.2 and 3 to measure the slopes, since
the curves are non-linear. In the table bel ow the slopea have been neasured
in the neighbourhood Of the typical values which are thought to have been or
aro expected to be achieved. The sl opes used are quoted, and if it is wished to
wc di fferent values tho answers can bc scaled up or dovm Wth reference to
Figs.2 and 3.

Table 2

Effects of 1 knot or 1% change in the standard deviations of
wind and tenperature forecasting errors

Annual val ue
Sl ope assuned por knot or per

degree C
Current long-range subsonic operations:-
1 knot S.D. in route mean w nd 230 | b/ knot £0,58m
1°6 S.D. in route Mean tonpcrcturs 30 1b/°C £0.08m
1 knot S.D. in taku-off singd 60 | b/knot £0.15m
1°¢ S.D. in tekc-off t onper aturo 100 1b/°c £0.25m
Puture supersonic transport operations:-
1 knot S.D. in routc mean W nd 30 |hb/knot £0,24m
100 S.D. in route noan temperature 130-430 lb/OC £4.05m~£3,.48m
1 knot S.D. in take-off wind 30 | b/ knot £0,24m

1°C S.D. in take-of? tempercture 150 1b/ °c £ .21m
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Apart fromen-route wind, the economic effects of 1 knet or 1°%¢ change
in the standard geviation Of forecasting errors are all higher for the assumed
future SST operations than for existing |ong-range subsonic operations. As
noted above, this is partly due to the assumed increase in traffic. However, in
the case of en-route tenperature there 15 also a large increase in sensitivaty,
with the result that the value of 1°¢ change in S.D. wall be very much hagher in
future supersonic operationg than it is an current subsonic operations.
Accurate ferecasting of take-off tenperature will also be appreciably nore
Inportant than at present.

Since changes of 1 knot or 1°c, in the table above, represent quite differ-
ent proportionate changcs relative to datum as between different conditions and
as between subsonic and supcrsonzc operations, it is useful to re-cast tho
results to show instead the effects of equal percentzge changes in accuracy for

cach condition. This is done in Table 3 below, using for illustration a change
of 25% conpared with the datum accuracy assunmed.
Table 3

Ef f ects of 25% changes in the stondard devietions Of wind and
temperature forecasting errors relative to the assunmed datum val ues

Agsumed Annual val ue per
datum 25% change in S.D.

Current |ong-range subsonic opercosions:-

25% S.D. an route mean W nd 12 knots £ . 7ha
25% S.D. in route nean tenperature 11°¢ £0.09m
25% S.D. in take-off wind 4 knots £0.15m
25% S.D. in take-off tenperature 2% £0.12m

Fut ur e supersonictransport operations:-

25%S.D. in route noan wind 6 knots £0.36m
25% S.D. in route meen tenperature 14°% £0,39m~£1,30m
25 S.D. in t&e-of f wind 4 knots £0.24nm
25% S.D. in take-off tenperature 2°c £0.60m

Thus, in terns of equal percentage changes in accuracy compered with what
hes been zchieved Or 1g expected to be achieved, theonly ztem of real inpor-
tance in current subsonicC opecrations i S en-route wind, where it is worth paying
as nuch as £1.74m per year to effect a 25% amprovement. With the dat um velues
uscd here, nothing on supersonic transports iS as inportant as vand on the
subsonics SO far as a given percentage changc in accuracy is concerned.
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However, the other items arc significantly nore inportant than on subsonics.
Whereas i n current subsonic operations the conclusion would be that any
additional effort available should be applied mainly to inproving the accuraoy

of forecasting en-route winds, in future supersonic operations it would seem

that effort should be spreed between en-route tenperature and take-off tenpera-
ture.  The inportance of take-off tenperature on SST's is worth noting, sance
in prelimnary discussions the enphasis has usually been laid on en-route
tenperature. As discussed earlier, however, 1t must be noted that some doubts
have been raised on tha validity of the datum assunption of 1!;°c S.D. for route
mean tenperature errors, based on North Atlantic data. If this were 50% higher,
for instance, the value per degree change in S.D. (Table 2) woul d be about

40% higher, i.e. £1.47m~&89mper annum and the val ue per 25% change

(Table 3)would be over twice as great, i.e. &£0.82m=£2.74mpor annum depending
in each case on the sensitivity of the engine/intake/nozzle systemto anbient

t emperat ure.

The wi de spread of answers for en-route tenperature effaects i S unfortu-
nate but unavoidable at the present state of knowledge. To reduce it, cffort
nmust be applied on the one hand to inproving our knowledge of what the standard
of world-w de route mean forecasting accuracy is likely to be at SST operating
altitudes, i.e. whether the assunption of 14°¢ S.D. basod on North Atlantic
data i s representative or not, and on the other hand to defining with nore
certainty the sensitivity of SST engine/intake/nozzle systens to ambiont tenpera-
ture. So far as the latter espect 1s concerned the only figures currently
evaileble in this country are for Concord with the pre-production intake and
nozzle system  BAC/Sud hopo to be able to inprove on this for later {Stage |)
sarcraft; the |ower sensitivities quoted correspond to this hope and the
hi gher sensitivities to the currently-designed system In 6-12 nonths we shoul d
have a better idea of the extent to which the hoped-for inprovement will be
achieved on Stage | Concords. On Anerican SST's we have no know edge of the
tenmperature sensitivity, and since this 1s highly dependent on the general
phi  osophy and detail ed matching of engine, intake and nozzle, any attenpt to
estimate it aithout a proper knowledge of the systemproposed coul d be consider-
ably in error.
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Despaite the uncertainty about; the precise nunbers, 1t is clear that accurate
en-route tempersture forecasting wall be nuch nore important in future supersonic
operations than 1t has been in subsonic operations, and af the standard deviation
of errors 1s appreciably greater than the assuned value (411°C route nean) high
econoni ¢ penalties wall be Incurred.

It should perhaps be noted once again that the conparative results for
supersonic and subsonic operations in Tables 2 and 3 are directly affected by
the assumptions made concerning relative traffac vol unes, and. that the above
figures all refer to assuned future supersonic sperations, represented by the
equi val ent of 400 Concords in 15-20 years tims, conpared with existing long-
range subsonic operations eqguivalent to about 350 Boeing 707's. One m ght
instead be Interested an the conparison of future supersonic operations with
future subsonic operations, in order to decide between competing demands On
limited future facilatics. Inthis case, in order to bear the correct relativity
to the quoted supersonic figures, the subsonic figures nust be scaled up to allow
for future subsonic traffic growh. On the assumptions made here, based on a
60% penetration of the long-haul market by S§STts in 1980-1985, the scaling
factor on the existing subsonic faigures 1n Tablos 2 and 3 would be about 1.5.

If the markct pen:tration of SST's werc smaller than assuned here, the super-
sonic figures would need to be scald down compared With those given zbove,
whale the subsonic figures would be anercased still further. Thus:-

Scaling factors on the results of
Tables 2 and 3 for future subsonic

and _supersonic_ operations

Rel ative supersonic/subsonic
share of future traffic

Supersonic Subsoni ¢
60% SST/40% subsonic (as here) 1.0 1.5
50% SST/50% subsonic 0.83 1,88
LO% SST/60% subsonic 0.67 2.25

The effect of such changes is of course to increcse the relative impor-
tance of accurate en-route wand ferecasting for subsonic circraft conpared with
the inportance of acecurate terpercture forecasting for supersonic aireraft.

7 CONCLUSI ONS

(i) The effects of errors an neteorol ogical forecasting can be expressed
interns of the extrarescrve fuel nceded to achicve a given operational regulerity,
and hence in terns of tho additional c¢perating cost ceuscd by designing the air-
croft SO as to be able to carry this higher reserve fuel without degradation of
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any ot her performance, oporational Or pagsinger-sorvico cherectorastics It 1s
| mportant yhen attenpting to cost noteorol ogical errers or the infiuencc of any
othor variabality that the effects should ve properly conbined wath all ot her
contingencies on a statistical basis, otherwise exaggeroted results will be
obtained,

(2i) On current long-range subsonac Jets, by fer the nost important
mateorological factor is the error in forecasting the rout0 noan wind., currently
assossed aB o standerd devastion of i2knots, A 25% chonge in this stendard,
i.e. *3knots, zs estimzted to bc worth £1.74mper yeer over the current worl d-
Wi de totel of subsoni ¢ long-ronge operations.

(iii) On SST'sthe nost sensitive Cn-route varinble IS tenperature.  Look-

ing t 0 & world-wile supcrsonie transport fleet equi vnl ont in productavity to

4.00 Concords in 15-20 years timp, it a2g calculated that 1°¢ chenge in the stan-
crd devictaion of error in the route mean temperaturo will be vorth £1.,into
£449m per year, depending on the absolute |evel of aceuracy achieved end on the
sensitivity of the engine/intzke/nozzle systemto temperature. North Atlantic
statistics suggest a standard devaction of route mean forecast error of only
14°C, A 25%change i n this stendard would be worth £0.39m to £.30m per yeor,
but if the drtum error wore 50% higher t han assumoa (1.c. 2:°C instesd of 13°C),
tnen ¢ 25% change would be worth £0.82m to £2.74m per yoar,

(iv)  Accurate forecnsting of airficld temperaturc for take-off will be
more inportant for supersonic trensports then for current airernrt, fAssuming a
standard deviation i n forecasting error Of 20{}, a 25% improvement in accuracy is
>stimated to be worth about £0,6m per year,
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It is found that 1” current leng—range subsonic operations the accurate
forecasting of en-route winds i3 the most important item, 17 future
supersonic operations, however, the most important item is iikely tc be

t h e accurate forecasting of en=-route temperature, wind heing of compara=
tively minor importance, Accuracy 1”7 forecasting the airfield Temperature
for taka-off 1s also likely tc be Important for supersonic transports,

It Is found that 1”7 current long-range subsonic operations the accurate
forecasting of en-mute winds s the most imgportant Item. In future
supersonic operations. however, ths most important item Is 1likely tc be
the accurate forecasting o f en-route GLemperature, wind being of comparae
tively minor {mportance, Accuracy 1” forecasting the airfield temperature
tor take-oft 1s also likely tc be Important for supersonic transports,

It 1g tound that 1~ C-t long-range subsohlc operations the accurate
torecasting of en-mute winds 1§ the most important {tem, In future
supsrsonic operations, however, the most important item is likely tc ba
the accurate forecasting ¢f en-route temperature, wind being of compara=
tively minor importance, Accuracy 1" forecasting the airfield temperaturs
tor take=off 1s also likely to be Important for supersonle transports.
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