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1. Background

During‘the present century we have heard freqﬁent claims to the
effect that in the foreseeable future we shall be able to make nearly
perfect detailed weather forecasts many days in advance, and that all

we now lack is the needed skill.- Success in predlctlng solar ecllpses

" and oceanic tldes is sometlmes cited as supportlng ev1dence. We have

also heard claims that the weather is ba51ca1}y~unpredictab1e, and that

. forecasts will never be much better than they are today. Weather fore-

casting has even been compared to predicting human behavior.' The.truth

presumably 11es between these oxtremes- let us examlne what is 1nv01ved

We shall flrst consider the procedure currently .used in numerical

weather predictlon, and the errors wh1ch 1t entalls. ' ' .

In nuﬁerical forecasting we begin with the observed state of the
atmosphere at some initial time, $ipce no meteerological-instruﬁents,
measure perfectly, the_prervations pOseess some errors, .Of greafer;'
importance, however, the observations are..ordinariiy made only»et
speeific loeations, and the interpola%ieﬁ to-intermediate locetions
introduces further errore. The inadequacy of interpolation stems mainly
from the fact that the state of the atmosphere consists of superpoeed

features of many scales; a relatively small-scale happening, such as

a thunderstorm, may go undetected if it occurs between weather stations,

We then extrapolate the observed state forward in time by means
of the governing physical laws. We do not know these laws perfectly,

nor do.we generally use them to the best of our knowledge, whereupon

we introduce additional errors during the extrapolation process.



To berform the extrépolation we must convert the state of the at-

. Jl.wouphere into a finite collection of numbers, and we must convert the

governing laws into procedures for varying these numbers, The numbers
. .#ay be the interpolated values of certain weather elements,af convenient-

~2¥ chosen locations, or some other scheme may be used, but in any event
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even the largest cqmpuuggmg§aay-cann6t conveniéntly handle énphghbnumbers
to represent the countless smail-scale features, even if such features
‘could be captured by the observations. . Therefore only the larger scales
-receivekadequate representatiqn. ‘Yet.the‘effects of‘the small scales
‘.ﬁpoh the large scales are fari@rom negligible,vang our numgrical:procedureg
for‘approximating these effects in terms of the lérge-scaie features
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themselves are far from perfect,

Replacing the numeriéal procedure by a subjeétive one will not
eliminate these problems.‘ The amount of relevant iﬁformaﬁion is simply
mdre!than cén beAhandled.. The human brain caﬁ probably étore fag,moré
infofmation than even a large computer, but-it presumably caﬂhot absorb
s§ mucﬁ new information“as a comégte; in the coursé of a>few minutes.
Inevitably the7initialfstatckwillﬁcqntain'errors; and additional erroré

will accumulate throughout the range:of the forecast.

Let us now visualize a make~believe situation in which a noticeable
_error has accumulated between the initial time and a later "key" time,
but where errors- in the exfrapolation.methéd subsequent‘to thé gey time
are c0mpletely absent, The extrapolation itself‘(not the methdd) sub-
sequent to the key time will étill coniaiﬁ’erfors, since at each step

the time derivative will be computed from a current state which itself
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contains errors, According to whether the errors in the time derivative
tend to be negatively or positively correlated with the errors in the
state itself, the latter errors will diminish or amplify. In the former

case, the physical system being predicted (the atmosphere ox something .

" else) is said to be stable; in the latter case it is unstable.

‘ To a first approximatioﬁ, the efrér:in the time derivativershoﬁid
be ﬁroportional in magnitude tb the effor in the state from wgich the
derivative is computed. The decay or gfowth of the error should therefore

. be quaéi-equnential, If the system is stable, the error_should'bécome o
unobservably small. If the system.ig‘uﬁstable, theﬂgrrorlshoulq become
large, but it will not grow-withdut iimit. The worst that a correct
extfapolation method can do is to replace the true state by another
physically realisti¢~state, whereforé the limiting magnitude of the

error should be no larger than the difference between randomly chosen =

states of the system.

" The oceénic tides offer an example of a stable Sysﬁem.= If one
could stand away from the earth and disturb the 6cean surface with a
giant fan, thereby setting up oscillations beafing little resemblance
to the normal tides, the tidés would presumably return to their normal
schedule after a few days or weeks. Equivalently, if'pne attempted to
forecast the tides numerically, using a peffect extrapolation method but

‘completely wrong initial conditions, the forecast a few days or weeks
in advaﬁce would presumably be essentialiy correqt, As a'90nsequence
of this stable behavior, it is not necessarily to use stepwise extra-

polatiOn at all in the forecast. One can predict the tides months or



" years in advance without considering their behavior in the intervening
time, simply by knowing the sun-earth-moon configuration at the time

for which the prediction is made.

-All - available evidende indicates that the atmqsphere.is_an uﬁstabie
;system. First of all, theory{:lj ind%cates that a.stable system should
.acqﬁire a ﬁefiodic behévior. Thé atmosphere does‘éxhibit some périOdic
oscillations, notably the normél annual and diurnal variations and their
overfones, but superposed uponvthese there is a stréhg honperiodic
oscillation,” Moreover, pumerical extrapolations [:2] applied to pairs

. . of nearly identical,inifiai states,‘ﬁsing the_closest aﬁbroxiﬁatibné,to
the laws governiﬁé the ;thospherehthéé we ﬁaﬁe so far been able to for-

-mulate, show that- the statés diverge from one another as time progresséS.

-

Abandoning now the make-believe situation, we see that during the

course of a weéther forecast'the error is affected by two'processes. One

is an accumuldtion due to an inadequate interpolation method, ‘occurring
at a roughly constant rate. (It is convenient to treat'the‘initiai error
as part of the accumulation error, as if it resulted from an abrupt accu-

mulation at the initial instant.) The other is an amplification of the -

alregdy existing error, occurring at.a roughiy exponential rate. It is
important to distinguish between thése pfoéesses when considering'the
improvements in weathe; forecasting which may be forthcoming. Such
improvements can be brought abouf only by reducing the rate of accumula-
tion (or the magnitude of the initial error); the rate of amplification

‘is an intrinsic property of the atmosphere.




The theory which tells us that‘errors‘will grow in any nonperiod-
ically varying systém does not tell us how rabid the growth will be[il] .
Our knowledge of this rate is based mainly upoh the numericaltextrapola—
tions[jzj. previously mentioned; TheseAindicate that root—mean-squafe
; errorsviﬁ both the wind and temperaturé fiélds will tend:t0~dou§1e ip
about three days, during thé time they.remain small, As tﬁey become

large they approach their limiting magnitude more gradually.

We may distinguish between two extreme<situations_which could arise.
If;thebexyrapolation»méthoq;is Very p§of,.the error ﬁay accumulate so fést
that it aﬁproaches ifs 1imiting magnitude during an inter§a1 téo short i
for mﬁch amplificd%ion due_tp instability to take place. 1In this event
| it matters little that the.atmosphere.is uﬁstable; theverror resﬁits
mainly from the forecasting scheme, as would have been_suﬁposed by th???
who maintain that néarly perfect forecasting is possible. Improvihg the"

scheme so as to cut the accumulation rate in half will then Virtually

double the range of 'acceptable forecasting.

If instead the extrapolation method is very good, very little error
nay accumﬁlate during an interval long enough for the total amplificatiOn
to bé considerable. From this time onward, until the limiting magnitude
is apprOgched, further growth of thé error will be due'mainly to ampli-
fication, Improving'the'scheme so as to cut the accﬁmulaﬁion rate in
”half will then not double the range of prediétability; it will simply

~increase it by about three days.

Further conéideration[.3] reveals that this picture is over-
simplified, and that it leads to an overoptimistic aSsessment-of future
>, ~ = _
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prediction possibilities. The factor which has not been given sufficient
prominence is again the presence of significant superposed features of

-
many scales,

Consider a hypothetical situation in Which the initial state of
‘the atmosphere has'been Qbsefved,perfeétly, éxéépt that»ope‘developing
thunderstorm has been'inéofrectly iocated. The total errér is then
essehtiallyrthe magnitude ofrtwo thunderstormé? one appearihg where it
shéuld not, and one failing to appear where it should, During the fore-
cast, the errqr'shouid ﬁhen amﬁlify about‘as,raﬁidly és;a thundéfgtbrm‘
~amplifieé, doubling in perﬁaps:tﬁénty minutes ratherbthén'threé days.

More gene?ally, the fotal efror.ﬁay be reéolved into scales, and
the error in_each‘scale possesses its own doubling time, Thé smallest
scales would appear to amplify yery rapidly, while-the threejdayadoubling
time is characterisfic only.of-those scales‘resolved by COnvéﬁtionai
wéafher—map anaiyses; | | |

It is éduaiiy apbarenf that the accumuiatiohverrof-(inéluding the
initial error) should be scale dependent. Certainly our-preséﬁt network
cannot begin to fesol&e the structuré‘of a thunderstorm, nor could the
equations as we use them succeed in ﬁfediéting»the proper development,

even if the structure could be observed.

It follows that our reasoning concerning the relative importance
of accumulation and amplification should be applied more or less separately
to each scale, In addition, we must take into account‘the interactions
among different scales, whereby errofs~in one scale may induce errors in

another, even if the latter are not initially present. From the- practical
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point of view the possibility that the inevitable errors in the smallest

scales will cause errors- to develop in larger scales is the most important
- ' o -

consideration, Theory indicates that the direct effect of errors in one

scale upon errors in much larger scales is.hegligible, but that there may

be -a large indirect effect, in which small scales. influence slightly .

larger scales, which in turn influence still lgrger scales, until ultimately

-the largest scales are in error, o A -

This possibility-has received considerable discussion since it was

first seriously proposed, but. we know of iny'one'set,inquantifative

computations which explicitly cénsiders scales too small to be resolved
by conventional observational .or cdmputational nefworké. We quote somé

of the pertinent results[:s] in Table 1.

In each computation the initial error is assumed to be cdnfihed to

..a very small scale (~ 40 meters), and the extrapolation>prbcedureris

- assumed to be perfect. The first two columns of results, headed "no gap”,

show the times required for the mean-square errors in the indicated scales

to reach 10% and then 90% of their limiting magnitudes. Accofding to the

theory which underlies the computations, the figures represent intrinsic

l1imits which no forecasting procedure can ever transcend,

From informal discussions with numerous meteorologists we have

gained the impression that these results are generally considered too

ﬁpeésimistic. There are a number of reasons for this attitude:

1) A "spectral gap" at scales of tens or hundreds of kilometers has not

been included, The effect of such a gap wégld be to suppress the absolute



Table i. Optimum predictability times estimated from a’simple
theoretical model [ 3] . Times labeled "10%" and "90%" indicate
times required for mean-square errors in indicated wave lengths
" to reach 10% and 90% of their liéiting magnitudes, assuming that

extrapolation method ‘is perfect,

wave length : nd gap' weak Eap strong gap
(xm) 0%  90% 10%  90%  10% 90%
12 0.8br 1.3hr  1.0hr 1.7hr 1.0 hr 1.5 hr
25 . 1,3 - .21 - . 1.8. 31 - 1.8 2.9
50 2.2 3.4 . 3.4 6.1 . 3.6 7.6
100 3.5 5.6 6.1 20.7 7.8 3.5 day
200 5.8 9.2 11.1 1.4 day’ 2.3 day 4.6
400 . 9.6 15.2 0.8 day 2.0 3.7 5.5
800 15.9 1.1 day  .1.4 2.7 ._.4;7 ... 6.3
1600 1.1 day 1.8 2.1 3.3 5.2 ‘ 6.7
3200 1.9 3.1 3.0 . 4.3 ‘6.0 - 7.6
6400 © 3.3 5.4 4.5 6.6 7.6 = . 9.8
12800 5. 9.8 = 7.1 11.0  10.2  14.2
25600 9.4 16.3 10.6 17.5 ~ 13.8 20.6

errors in these scaleé, which in turn would reduce the absolute influence
of fhese scales upon the larger scales. We therefore present in Table 1,
. in the columns headed "weak gap" and "strong gap'" the results of two
additional computafiogs (not previously published), in each of which a
.gap spanning several octa;esvis gssumed to be cehtered at a wave length

of about 50 km., The exact nature of the gap in the true atmosphere is -

not known, and even its existence is sometimes questioned, but the often
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mentioned "minﬁélihird—powef'spectrum" [ﬁ] in the sub-synoptic scales
places the gap between the weak gap and the strong gap uéed in the com-

N
putations,

' 2) A somewhat unrealistic statistical "closure assumption” has been
" used in the computations. This may serve to decrease the indicated pre-
dictability times; hdwevef, some closure assumption is needed to obtain
any results at all, and no known closure assumption is clearly realistic.
3)~ For computational reasons, errors in each scale were allowed to
increase abruptly to their limiting magnitudes, whereas their growth rate.
should have slackened sooner.
4) Viscous damping was omitted,

Nevertheless, one can also cite reasons why the results might be
too optimistic., Chief among these are the omission of all vertical,

structure of the atmosphere, and the omission of water vapof, clbuds, and

precipitation.

2. Projections

In the light of these computations,vwe now consider the present
limitations upon predictability, bea?ing in mind that the comﬁutations
are too crude to serve as more thén a guide. Ovér the continental
Uhited States, stations which observe upper-level winds and temperafures
aré somewhat irreguia;ly locafed,bbut their densit} is about equal to
that of a square grid of points.with a 350 km grid spacing. This ﬁeans'

that wave lengths of 350 km or less are virtually unresdlved, while wave
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lengths of 700 km or more are captured with fair accuracy. Let us see
first what would happen if a similarly dense network of stations covered

the globe,

Looking at the.figures under ''no gapé.in'Table 1, we-see that at
Aabout 15 hours, errors in the 800-km wave length have reached but 10% of
~their limiting values, while those in the 400 km length have reached 90%.
That is, the errors at 15 hours with unlimited" observational resolution
are aboutAthe same as errors would be initially with present observational
resolution. It follows that the predietability times for'the larger
. scales wou1d~be‘those.appearing in Table 1, redueedrby 15 hours.  Unlimited
improvement in the observational network would add only 15 hours to the

possible range of predlctablllty.

However this rather dlscouraglng conclusion is obtalned without
regard for the spectral gap. If we apply s1m11ar reasoning to the figures
under "strong gap" , we flnd that predictability times can be increased by

not 15 hours, but about 5 days, by improving the observatlons_sufficiently.

Moreover, the assumed 350-km spacing between stations does not

really exist over the oceans. Wave lengths of eveh 3000 km are actually
not too well resolved, For forecasts.more than two or three days in
advance, even over populated land regions, the effective observational
resolution is the hemispheric or perhaps the globai resolution, The
possible gain in_predictability is then seen to be about 3 oays if no gap

is present, or 7 days with a strong gap.
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Even'so, the indicafed optimum ranges of predictability with pre-
sent-day resolution seem to be larger than current forecasting practice
has attained. The discrepancies are no;doubt due in part tb the crudéness
of the computations, but they may also be'q'méésure of theifailings of

» current forecasting methods., Aside from such'mgthematicalAshortcomings
as truncation erroré, some of the relevant physical proéessés are inade-

. quately»represented, or évep omitted. Represe;tétjon of vertical trans—-
pofts of moisture, heat, aﬁd momentum by cumulus and.cumuionimbué convec-—
tion presents a special problem;r The'transformgtiOn-of clouds iﬁtbﬁpre—
cipitation, éﬁd‘the”absorption and reflection of radiation by clouds,
also deserve mention, Iﬁ short, it is notvcertain wﬁether‘observational
ihadequacies or extfapolationvinédeqﬁacies.contribﬁte more to current"

forecasting errors,

In estimatingvthe improvemént; to be;realized in the cdminé decade,
V'Qe'must e#ﬁiicitiy rébbgnizé the roie of such:uhdé}tékings‘as the Globai
--Atmospheric Research Program (GARf){ Pne task of GARP is toAdetermiQe
the degree of improvement in obéervation and extrapolation needed to
bring about a given degree of improvement in the forecasts. The findingsA
Of GARP are likely to play a part in-futuré planning, and it therefore
‘seems thét, aside from ever present.financial limitatidns, the observa-

fions and extrapolations will be improved just to the point where little

gain is believed to be attéinable from still more improvement.

Referring again to Table 1, we see that if the "strong gap' figures

are to be believed, a 2-day increase in the range of predictability.may be

~ -
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gained by reduéing'the‘largest unresolved wave length from 400 kﬁ to

100 km; the increase is at least 4 Aays if thé(reduction is to 50 km.
(Only minor gains are indicated by the "no gap" figures.) For financial
reasons ifvfor.no_others, such an improfément in the network of conveﬁ—
tional observing stations is utterly impossiblé. However, satelliteb-
ébéervations, whiéh’iﬁdeed are‘already“cqntfibuting to fhe‘weather fore-
casf, offer real hope. Routiné photographs of“clouds in visible light
alfeady have very high resolutibn,-but cloud obsérvétiohs are hot eaéily
used as a basis for numetical fqrecasting. Temperature“measurements by
infrared sensiné seem to offer considerabie proﬁise, pérticulafiy if
present experiments in deducing thé wind from the temperature prove
"successful., Barring any major natiénal-or-internationa} happenings which
act to givé weather forecaéting a low priority, we believe that before
1985 some form of gatellite observations shquld resolve wave'lengths at

least down to 200 km over the whole globe,

Ifusuch,high—regolution bbsarvations are to serve their_intén&ed
purp@ée, tﬁe computational grid must be reduced accordingly,
preferably to 50-km spacing. On the basis of past trends, allowing for
kconsiderable slackening, we feel thgt_the capacity and»speed of computers
shoul& increase at least 100-fold before 1985, This will allow'a reduc-
fion of the grid at_léést,to 100-km spacing, on a global basis; another

factor of 10 in speed would make a 50-km spacing possible.

Neither better observations nor better computers will serve their
purpose unless corresponding improﬁemehts in the extrapolation method are

forthcoming, We find the extent of such improvemehts\the most uncertain

N @ -
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item»in our projection., This is partly because we are rather uncertain
as to the quality of even today's extrapolations, not knowing.to what
extent the operational erroré re;ult from inadequafe'observétions rathér
than ihadequate extrapolation. One of the gims'of GARP is fo learn how
;to parameterize sub-grid-scale influences; hoping for moderate success
along these lines; we venture that the range'of acceptable fbfeéasting
of synoptic s&stems will be increased by two to three days in'tﬁe next
decéde.

_ Sd far ﬁe have been considering the ;imitationsAupon forecaétings
on a continental orkglobal basis,lwhéther'by numerical or subjective‘\
means. Let us now consider the forecast of such specific local events
‘as severe connective stormé, at a range of less than six hours., Here
we mean not the forecast of whether there will be numerous storms in a
general area, which‘is a synoptic—scale forecast, but the forecast of

whether a storm.wiil affect a giverr Iocatibn at»a given instant.

Such storms might fit_the.lkam or 25-kme*wave-length category iﬁ
Table 1. The figures then suggest that these storms cannot be predicted
on a regular basis more than one to three hours in advance; despite the

crudeness of the model, this conclusion may not be too unreasonable.

To make good forecasts of short wave lengths we must observe even
shofter wave lengths, We’neéd not, however, obéerve ovgr an extensive
area, A netWork of stations a few kilometers apart, surrounding a key
location such as an air base, is therefore economically feasible, provided

such networks are not repeated for too many air bases. Observations would
™~ ~
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be needed only'Qﬁg£ convect{ve storms or»other critiéal coﬁditions
appeared likély, and some sort of automatic observation s&stem seems  to
gugé@st itself. Satéliite phdtographs>also have the necessary horizontal
resolution, and perhaps with an eﬁhanceéentﬁteéhnidue they could serve to

- detect virtually every thunderstorm.

It seems most unlikely thét detailed fields of motion, temperature,
and moisture within individual storms can be égserved on an opérational
scﬁedule. The best forecasting procedure will probably iﬁvolve predicting
the motionsvof the storms by dynamigal techniques, but predicting the
growth and decaj according to’fﬁe.known behavior of typical storms;
Projecting to 1985, we feel-fifst that the state of fhe art in the subject

of predictability will have advanced to the point where we can say just

how predictable convective storms really are., For the present, we simply

-

note that the éxistence of so much turbulence at a scale just smaller
than that of the storm itself does not favor prediction.’ We vénture that
by 1985, most of the few advanceS'in very-short-range prediction which

are possible will have been achieved.

We finally consider extended-range and long-range forecasting of

general weather trends or average conditions, to which Table 1 does not
apply. Can we, for example, say that next month will be exceptionally
stormy, even though we cannot ﬁame the days on which the storms will
occur? ‘There is some empirical and theoretical evidence that thg atmos-
phere can become temporarily stuck in one of several "regimes''; wifhout
being able to predict the particular‘weathgr pattern a few weeks in

advance, we might still be able to say with some assurance that it will
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be typical of one regime rather than another., Again we feel that the

biggest advance by 1985 will be in learning td.what extent prediction

at thesé ranges is possible, We also anticipate some progresé in actual
prediction, - It seems possible.that the:mqst practical long-range fore-
.casting procedure will be demonstrated to bé a relatively simple statis-

tical technique.
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