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AN INVESTIGATION OF A TRAJECTORY METHOD FOR FORECASTING
 FLOW PATTERNS AT THE 10,000-FOUT LEVEL.

Herbert G. Dorsey, jr.
Glenn W. Brier

Introduofion

Since the 10,000-foot chart has become generally accepted as a use-

ful instrument in the preparation of both short-range end extended fore-
oasts, research directed at improvement of the teohnigue for construct-
ing prognostic 10,000-foot charts represents & potential contribution
toward better weather forecasts, One such work of research resulted

in the method which has been tested in this investigetion.

Previous work in the development of methods for forecasting 10,000-foot
charts has been based 1arge{{ on extrapolation technique, except for

the contributions of Rossby «). The method tested in this investige-
tion involves a more physical basis than pure extrapolation since it
8pplies the principle of conservation of vorticity to arbitrary initial
streamline patterﬁs. It represents Rossby's extension of the theoretical
considerations involved in his simple harmonic wave formula in order to
deal with the irregular flow patterns generally observed on the 10,000-
foot chart. ' ' o

The basic premise guiding the study of this method was & belief that the
most objective evaluation of & new instrument in forecasting procedure
is obtained by meens of & complete statistical anal ysis. This analysis
may make it oasier to decide whether or not the method should be .
incorporated into any specifio forecasting system.

Meny forecasting procedures asre difficult to evaluate statistically .
exoept through'a verifiocation of the ocompleted forecast. In suoh cases
it is almost impossible to differentiate between the contributions of
the analytioal and empirical factors, sinos the forecast or prognostie
chart being verified represents a synthesis of many components. The
contribution to be expected from the use of Lossby's trajectory method
in oonstructing 10,000-foot prognostic charts is comparitively easy to
determine objestively by verifioation of the winds which are forecast
by computation. :

This investigation was divided into two mejor pheses, the first being
ooneerned with obtaining & large number of treajeotory-computed 10,000-
foot wind foreoasts, and the seoond being ocoupied with the statistical
verificetion of these forecasts. It is the purpose of this

(1) The severel contributions (including the method analyzed in this
report) with exemples of their application to synoptic meteorology,
are oconveniently summarized in Starr, ViP., "Basic Principles of
Weather Forecasting," Harper and Brother, 1942
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report to describe the work done in the preparation of a sufficient o
sample of data, %o explein;the breakdown and verificetion of thes?_de !
and to present ard discuss the statistics obtained from the analysis-

1. OrganizingAthpLI§yestigation

. &
This stvdy of Rossby's proposed trajectory method WﬂS-undertayen,after
numher of 10,000-foot prognostic.charts, prepared st the University ©

Chicégo or the basis of frajectory computations, were found to compar®
févorably with the oWserved corditions:

It wes decided to test 'fhe vsefulness of the method when applied to datz
currently received by forecesters in the United States, The choice of ®
summer period was jmposed hy the nepessity of sterting the program 7o
dietely. It eppeared that while the tormally weal: flow petterns.of SV©
would be a'ﬁ?ndiqap’walthdughimOStgf°T35&S£ingfProcedures,are at a,s?mz
disedvantage in poorly defined situstions, any favorable festures stil
showing in Rossby's method would be gtite: impressive.

During/ the .period Sovered by this invesbigation; June 30 to July 25» 1943&
The University of Chicago contributed.the services of & man well Vafsedd”
the theory snd prectice of the method, who gave instruction &nd assiste
in the trajectory computations end preparation of prognostic chartse.

In:the original progrem,.which ¢slled for the construction of prognostlg
eherts on the besis of the  computed wind forecests, it was elso. propose®
to study the, problem of obtaining the interrelationship between 10,0007
foot charts end see-level weather. anelyses.. A similer trestment. on the
ahove plan was outlined concerning the application of this method tO

five-doy meen. charts. . However, this report deals solely with the deily

forecasts of 10,000-foot winds and-tre stetistical anelysis of these
forecests,

In.preliminary phases of this investiration, efter Rosshy indiceted th®
potentialities of. the frajectory method, it appeared that a statistice?
enalysis of $the 10,000-foot wind forecasts would be desirahle in or'der,.c
to form definite criteric governing their use in constructing prognost
charts. Actuval experience 'in prepering vrognostic cherts demonstrat?d
the need for such criterie end

Prepe 40
 showed thet it would he unsatisfectory igﬁ
evaluate the trajectory method through verificetion of the prognostio ¥

thousand foot cherts, in viéw 6f the indefinite’ elements of continuitys

qualitative physical reasonirg, &rd subjectivity included | in - the ir Pré”
paretion,

When the stetistical snalirsis of ‘the: computed wird forecests for the}qp}i
mériod-wasjéOmﬁleted; donsiderable ‘work he&d been dond in all-divisions =
the originel progrém, but it seémed besk %o“répdrt‘Onfthe”StatisticS~a”1g
hend since they show thée emount’ of: pureély objectiVe”ihformation‘availsb‘“
throvgh use of Rossby's trajectory method in constructing 10,00,0"f°°‘t
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pro;nostic charts., Froa these statistics forecasters may decide whether
tie method shovld e 1noor)oratcd into their ‘echnique and may formulate

cirtain critoria governing its use.

2. Tbe Tc” Tnousand Foot Hwnd borecaSus
JU l’l&) )b -

These forscests. were made daily during the above period on the basis of
the 2300 E.£.T. 10,000 foot charts prepered in the Five-Day Forecast
Loetbion, United Stetes ™eather Burceu. The nmcchanics of the procedure
frow the celectio. of points for computation to the' completed wind fore-
cast aro doseribed iv Reference 1. (pegcs 2?h*7ub On the aversge about

10 trajoctorics ~ere comyuted daily and extended seven days. Usually
around thres of tie points sulected fell oﬂ‘,uo axes of well-defingd
currents and wore ex,.ectod to verily Imlrly well, since they met the re-
quirements of tho thcorctical assumptions. Tne balance of the points werc
more doubtful or cxporimentel in nature due to their lo¢ation in ‘arcas of
scanty deta or in poorl; defined currcuts south of the main westerlies.
Huch offort was thus spant OOM‘utlul data of questionable value and ex-
trapolating it to an cxcessive length of tianc, but it was done in the at-
tenpt to obtain & maximum of wind forbc'“ts since thes o data were to fur-

hish the basis for the statistical analJ51s.

In corsidering the state of the gouoral circulation, as obscrved at the
10,000 foot level during the pericd studied, it sheuld be noted that it

w priwncipal Lelt of westerliss displaced
over the United States. However, at
tue stert of tiils tost period decp westerly curreabs extended sowth of
the Canacdian border arnd thoere was & prodominance of well-defined flow
patterns for the Tirst two weuks. A marked shift sorthward end trond
to poor patterus wes aoted afber July 12. The following weck was essen-
tially onc of transition in whiel poed pattorns appearcd on soveral days.
The final Weck found the circulation defisitely, subnormal over the United

States with wwridionel flow provailing.
. A Rl

is norusl in sumer ¢
north of thc aerological networl

“hile the 10,000 foot wind forccests wrre bein. computed from day to day
and the ‘irdividual charts were belog carcfull, SJﬁﬁlbd it ap cared that
the extont to which the t.eorctical assumptions wore th {(vith rogard to
o_timum couditirns affceting the trajectories) should provide a logical
groupiz: of the forucasts. - Thus in 001ncct10n with tue chanying states,
noted in the generel circulation CUrlnb the test poried, tihe charts were
listed s havimg, oithor well-definzd patterus or poor patterns. Simi-
larly, but without repard for the cnart cleseification, whon the individa-
ual poluots wore teken on the axes of decp currcnts they were lictsd as

good. Rplutg_‘ULl others bein, considercd poor f01ncs. Conscquently the
tre jectory cowputations for ood points on charts having well-defined
(MUPQJ matterns repr o sent cate obtuined d.sofar as gos:ible vnder con-
ditions imposcd by tho tihcorstical wssumptios B, end a statistical an&l&—

oi theso data should ¢uavlo ons to evaluate the trajectory methed.

S
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The wind forecasts were &lso grouged scoording to ﬁhe positiontof,zhihgo
putation point in resvect to the flow pattern.- Points ch?sen wher i
had meximum curvature were called curvature points end points chose

minimum curvature wbre called ggf}gg?ion'points,
speed of the trejectory on the verificetion we
points into two classes.

m—
f1ov

The effect of the initist
s studied by dividing the .
Fast was taken us Berufort 6 or grecter an@ El%{p
as Beaufort 5 or less. It was slso decided to investipgate thg relatlsgée
‘between the verification and the initisl angle Qﬁthat.the tra;ecto;ytﬁé
with the letitude cirsle. The effect of the geographic 1o?at10n ) rongti0P
comprtetion point was studied by counsldering the verificetion as & fvu

of the latitude end longitude of the point.

Finally, for wind foreoaéti
beyond, twenty-four hours it wes possible to investigrte the verificetilo

as affeoted by the verificetion on the previous day, since preli@i?arywall
investigetions hed sugpested that if a perticulsar trajectory verified iodse
at twenty-fovr hours it hsd a better chance to verify at subsequent pert

Phe various criterie mentioned shove are not independent and this faqt tne
should be kept in mind when interpreting the statistics. For exsmple,
resvlts fourd when oompering good points egeinst poor

points will b?ﬁce
associeted with the comperison of  fast points egninst slow points &

it was found thet & predominence of ™ fUst points were cnlled good e
Altho it wes impractical to estinate the independent effect of these ion
_varions quentities on the verification, in most cuses whore the intersd

. o
of these fectors with the verification was investignted the Chi-test g2V
non-significant velues.

5. ‘The Statistical Analysis
The agreement of forecast witl. observed values wag measured by two
statistics. The first of thece is a skill score whicl. is weasured by
calculating the nvuber of correct forecasts as a percentage on the ran(®
vetween tlie nurber right by chance and perfect forccasting in which all )
are correct. The other .easure used to evaluste au irdividuval forecast 18
the absolute error, computed byt kivg the difference between the forecast
and observed values without regard to sign. Various tects of significance
were uvselC in the ansl sis of the data but only the fiial results and a
statement regardiug the stetistical sipnificance are ¢iscussed here.  When
the formal test of significance gave a value of the probability preater
than .C5 the term non~si nificant is used. A probebility between .05 and
+0l is referred to as sipuificant and a probabilit; of .01 and less is
called highly sigaificant,” ™ ™

A IyeAVerificaticn of Wind Direction

The procedure used in the verification of
the tabulations shovm in teble 1,

wind direction is illustrated bY
2,82 on the %2 point wind scale.

. i5
The ecore is 43 and the average error 1
The excess of observed number right over
expected nusber ri it is hihly significant.
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Tablé 1. ind Direction Verification For One Day Forecésts
All Points ’

Forecast Direction

12 U, 1 18 20 22 24 26 26 30 32 Total

2 1 2 1 L
L 1 1
6 1 2
] o
10
Baerveq 12 1 1
Mrcotion 1, 1 1
16 2 2 1 1 6
15 2 1 2 5
20 2 2 10 12 3 1 1 3.
22 1 3 6 8 5 2 1 26
2l I 5 & L 7 3 28
26 2 3 5 19 5 1 35
28 2 12 L &6 5 20
30 1 1 2 L 8
1 2 3

no

Total 3 8 10 26 36 22 Lo 20 171
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Table 2 gives a summary of the verification for all points for projections
of one, two, and three days.

Table 2. }fl"‘i*rl_d._ml_}}_r_'gg_‘g_ign Verification Summary for All Points.
Projection Seore Average Nurber of
S Error Observations
Deys Percent Points e
1 L3 2.82 171
2 26 2.95 161
5 26 3.95 129

As has been usentioned above, one grouping of the data wes a division into 3
charts having well defined petteras and those having poor patterns. . Consider
ing deys one and two under this clasrification gives a score of L% for good
charts and 20 for poor charts, the difference dein; highly significant.

When a classification was made (§ood or' poor) of irdividual points, regerd~
less of the type of chart on which the ‘

' p0int appeared it was found that 5999
points verificd better than poor points, the difference being highly

significant. Table 3 gives thie scores for good and

! , : poor points and maps WheP
the’ first two day projections are cogbined. = -
Table 3. Vﬁpﬁ_ﬁ}{ggﬁég&ﬂYpr?f}pation Scores According to
?1%§§i£i£§?ipﬁ,9f,M§£haﬁd Point - First Iwo Days
Combined, T -
Charts
Good Poor
Points  Good 55 L8
Poor 37 6

Since there see:ed to be a definite tendency for the 'good points to
verify better then the Poor  points, verificetion for %Hé“fifth e
sixth deys was carried out for the ;ood points only. The results are
summarized in Table L. [t
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Table L. TWind Direction Verification for Good Points Only

Projecction Good Charts -Poor Charts Good and Poor Charts Number 6 Qb=

Score Score Score  Avcrage servations
Days Percont Percent Percent Points

%9 59 L9 2,00 58
71 29 49 1.65 52
30 28 L7 2.53 L9
-1z %6 10 %140 Lo
2 -1 -4 3.9k 31
21 -l -12 L.27 30

[0 RN [ SRR i

Table '5 summarizos the. date for the first three days according to the
nosition of the originel point in the {low pattern. Mo significant
difference was found botwesn curvaturs and infloetion points in the
verification of wind dircetion T

Tavle 5. *ind Dircction Vorification Scorcs According te

TFositTon pr Coiititior Poiit in Flow Pabtorr

Pattern

Projection Curvatury Inflection

Days 1 & 2 %6 3

Day 3 17 26

When projectiocns of owe and two d&ys wore cowblucd, points having an ini-
tial speed of Beaufort o or . reater verificd with an average score of 39
ard thoss with slowor speeds nad en average scorc of 33. This difference

is not statisticelly significant,

The effoct of the initicl angle ¢ that the trajectory made with the lati-
tude circle wes stvdied by cowputing tiwe corrslation coefficient between.
the an;lo @ »nd tio gubscquent error in direction. The corrclations
within t.e verious groups are presented in Table 6. Th@y_indic&fe a defi~
nite tendéney for trijoctorics having small angles with the latitude circle
to vorify better than those heving large angles. '
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Table 6: Correlation Coefficients Between Initial Anglo
" ~knd Subsequent Brror in Direction.
Projection Curvature aflcetion
o .Folnts (Foints
Days
1 Jilyx 23k
2 o 5B%* .05
% ROLE lo

* Significant
**  Highly Significant

In order to study the effwct of locatlon of tne computation point oh the
subsequent verification, corrclation coefficients were computed betwoeen

the errors and the long “itude ‘and latitude of the point. The correlations
for the varisus. groups arc- presented in table 7.

Table T. Qp;relaﬁlon of Brrors. 1n Dirsction #ith Lat1§3§§
Ind Longitude of the Computationw Toimt.
Projection Curveture Points lﬂf%ﬁ?ﬁi?gufpi?ﬁﬁ
'n’Daws ' ' '
- Fast Slow Fast Slow
Latitude 1 .08 .26 -.13 .12
2 27 .11 .16 .02
3 2 76* ~Jdil -.11 .15
Longitude 1 55 -.25 .19 .09
2 < Th -+35 35 i
5 =17 Ly .20 .32

% Significant
*¥*  Highly Significant

When all points for the secord day were cowbined the corralation between -
errors and longitude was .25, a significent valve. Tho rogression equation e

Eo= 0% + 025 L
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Where'Ez is the error in forecest direction on a 32-point scele, and I is
the longitude measured in degrees. This equation indicates that, in the
area studied, the segond dayerror im.direction was diminished by 2.5 points
for every 100° eastward that the™initial point wes chosen.

The relationship between verification on one day and subsequent verificatiom
wes investigeted by computing the correletion coefficients between errors

on first end second deys, and between second end third days. The follow=
ing regression equations were derived:

L2B%%, (1)

131

Ez - 2.21 4* 0-26 El: r
W264%, (2)

Es - 2185 + 0040 Eﬂ‘; r
[4]

whers By is the error in direotion on the i-th day.

1t may be noted from equation (1) thet & first deay error of zero indicates
8N average second day error of 2.21, a value less than the average error
for g one-day forecast, viz, 2,88. This indicates that a two day forecast
Wwhich has zero error on the first day is, on the averege, more reliahle
then a one day forecast. The same reasoning can be epplied to equation (2).

B. The Verification of Wind Speed

The extent of the egreement of forecast with observed speed is summarized
}n Table 8. The. tendency. for curveture points to verify better than
infleetion points we's significent, but there was no significant difference

between good and poor.points.

Table 8. Verification of.Wind Speed

Projeetion Inflection Curvature Good Poor Total
Score Average Soore Avérage Average Average OScore Average
Error Error Error Irror Error
Days Percent Points Percent Points Points Points Percent FPoints
1 18 1,15 27 .54 0.88 1,08 20 1.01
2 0 1,10 16 .85 1.13 0,97 4 1.04
3 4 1,11 «13 .G¢ 0.98 1,13 -7 1.08

Thére'was 8 slight tendency, not significant, for errors on the second and
third days to be greater when errors on the preceding days were greater.

This is shown in Table 9
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Tablé 9. Verifiocstion-of Wifid:.Speed &s Related to Errorg
ont Preceding-Days: ‘

VerificationDey &

Inflection Points Curveture Points

Seare.  Av. error Score  Av. error

Day 1 error

1

[¢] 2 103 29 0.62
Day 1 errol D O 0 1.14 5 1.06

Verification Day -3

Day 2 error = O 21 0.85 Tl 0.88

Ddy 2 error > 0 -12 Y21 -15 1.00

-correlated with the initial angle ¢ 10

und. . Fof the first three days, an 8n%

pysst

. verlar errors ‘determine the effect of geograph®
Yoostion of the point on subsequent verification. The only signifioan®
relations found were between latitudes for infleotion point first day ..
errors and between latitudes fgr, ‘third dey errors.  There.was & very 5%
tendency. for points betwesn-107 «19P. North and 20° = 49° North to heve

slightly larger errors.

C. Verificatign:of; Fosition in Flow Fattern

As well as a forecast of direction and speed, the method under consider®’
£101i:a1d6’ eriebles  one to' forgon st whether a partiole is assooisted With
a-ridge (M), & trough (), or in escending (") or descending X))
position in the nelghbor-hotd of an”inflestion point. Table 10 i
illustrates how the data were tabulated in this particular: im're_.stiga‘t ior
The association between the forecast and observed position was highly
significent.
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Table 10. vVul‘lflCa’blon of Position in Flow Pattcrn
bay 1 - Fozcce‘st Dircotion (22—26) B

Torecaet Fosition (from trajectory path)

. Total
S AN Bumber
w33 1 5 Lo
Observed >
Position o 2 o] 10
(from Y 10 20 1 31
Isobaric
Arnalysis \ 2 N 6
L7 1 38 1 7

Scores for tho first thred deys are given in table 11,

Teble 1l Vul"lflC&'LlOl’l Scores for roswlon of fjflii

o Ll Elow Patucrn

T"omc&c L D ire ct ion

Projection Fe
Day's (22-25) (2u-32) (12~20)
1 A 2uye 29%
2 1 7 13
3 9 7 L
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L. Interpretetion of Statistical Results

oo e it e b

In concluding this report the following discussion based on some of the
stat1°t10al reqults should indicate how the trajector; method may be use-
ful in forscasting flow patterns at 10 OOO feet.

The ‘Verificatior of wind direction forecasts for the first three days
apgenrs sufficiently favoravle to'warrunt the use of such forecasts as
an akd in’ the preparetion’ of prosnostic charts. It would not be diffi-
cult %o perform an .experiment C6$1”n6d to estlmate the relative contri-

,bp ion of this method when used to supslement or replace other methods
How in use.

Verifying all forecasts of
oplb improved slightly and
aud poor points.

Wlﬂd soqu gave rather poor results, which were
hot s1'n1alc&ntly after a breakdown into EQQd
This could'raise a question as to the validity of the
cirection forecasts derived from assumed constany spegds) but has been
coisicered dunother indicution that the tregectory computation shouvld only

be apslied to- purticles well witiin tie main westerly currents where ap-
proxiuatel; coiust.rt wiud specds may -be expected,

Other resvlts iludicatin, the importaice of selecting yOlntS on the axes
of wollwdelepd curreuts were tioss

56 which showed that Yetter forecasts 8re
ootaLned with moderate and small initial’ trajoctory angles and with fas st
wind speeds.

The fact that erroérs in direction are reduced systemetically through pro~
gressive esstward selection of initial points suggects the influence of
large-scale croraghic and thermal effects arising Lfrom the L& osraphic

Aocation of tle ‘Pock, wourtainichain veer the wos tern limit of the ares
studied.

ylwce it wes shown that a
a better
starting:

tra;actor Vcr1$"1ﬁb correctly at 2 hours has
chance of bedir & right at subsequeit periocs than a tragcotor}
off poorl,; the use. of forwcasvs crecked at 2 and L6 hours to

SUPJleJG“t curront com.xuatlcus is an important phase of the method which
should not be. neylectdd.

In brluf,lxor Progunostic charte vy to 72 hours:
out to 5 days te obtéin benefit
well within the main westerly

ars

extrajolate trajectorics
of 2% aud L& hour choels, solect points

curre:ts, avold points woere the westerlies

#it: in permenent or semi-pormcnent ereas affected by topo,raphical or
thoraal ivfluernces such as

mountain ren es or subtro;ical anticyclonic
cclls, end cousidor tho wisd

20 foree ste as. S\FHI“MJﬂtul date to be used @8
an additional tool along witi. other testud forecustivg procedureuq



