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by

L. A, Hughes, E. S, Jordan and R, J. Renard

Introduction

In the analysis of uppar-level churts, the leck of sufficient wind
obgervations remains a significant problem. This deficiency is particuiarliy
apparent with the recent aviation requirement of winds at and above the
jet stream lovel anc with the advent of lorecasting techan:ques based on
a lknowledge ¢l tie wind field in this region (¢f. L, 9, 12)., The present
density of wind reports 1is inadequate to datermine the wind field to the
degree required for the above and will remain gso until it irncreasecs to
et Least that of the raob network regardiess of tne weather conditions end
wind speeds erccuntered, Until that time, repcrted winds will have to be
supplemented with computed winds in spite of “he admitted inadeguacies of
the latter,

Much has been said in the titerature concerning the computation of
winds (cf. 3, 5, 6, 8) but Littie if any has been especially concerned with
the high speed winds essociated with the jet stream, The purpcse of this
paper is to introduce and test a computational technigus trhat consicers the
special problems of upper-itcvel high-speed winds and yet is simple encuga to
be applied in routine anat ysis and forecastinge.

Prelimine.y Considerations

A factor which is enerally neglected in the computation of low-speed
winds, but which must be considered here, is the choice of a mep projecticr
suitable for analysis of the height field., Of the maps mosht frequently used
for mid-latitude anatysis, the polar stereographic and the Lamuort conformal
conic, onty the latter is suitable, The reason being that only on this pro-
jection witl the curvature of a 1ine on the map closely approximate the
geodesic curvature of the line on the earth.sxcept for scale differences,
When using the stereorraphic projestion, the difference betwesn the real and
the measured curvature can result in errors of 2C-25 per cent in the coux—
puted wind in the jet stream region, for the error is directly proportional
{0 the wind speed as well as inversely proportional to the latitude (when
south of the true paralles, and the curvature,




A painstaking anuiysis of the heignt field at the level of interest is
asgumed in the discussion since camputed wind speeds are, of course, primarily
dependent on the height gradient. The reader is referred to (1) for a detailed
disoussion of the prcblems invoived in such an analysis,

Neiburrer et al (5) fourd that for winds at the 700-mb level, ccmputations
using the geostropnic assunption gave just as good resutts as those using the
gradient -~=<sumption, But this resuilt would rot be expected at upper levels where
the wind speecs are much hi rer, for the gradieut correction is a seccnd order
funotion of the wind speed, Therefore, the methcd of computation to be discussed
is based on the gradient wind assumptions.

Constructicrn of the Gracient Wind Lomograms

Nomogrems were comstructed from the gradient wincd equetion as expressed by

\/a
Ft+ F(v-va)z 0 .

where V is the zr-adient wind, V, is tre geosirophic wind, f is the coriclis
parameter, and R, is the racius ol curveture of the trajectory of the air parceli
(positive for cysionic), The parameters ot this equation are easily caicuiated
from a constant presswre char®t with the exceptron of Rie The usual assumptions
in this regard are to consider R, scual to the radius of curveture of the
streamiines (Rs). which in turn 1Is equal %o that of the camtours (R,).

These assumptions signify the existence ot a stationary steady state
pattern of contours. However, this 1s not usually the case in the atmosphere,.
Considering R, equai to R, is tantamcunt %o saying =het there are no acoelerations
along the streamiines, 1.6., the wind blows para.lei to the contours. This
assumption is “he more Jjustifiabie under the circumstances as 1%t 1s inherent in the
gradient wind equation, The error thus innwroduced wouid n0st likely be & minimum
in the lover tevels of the matrmosphere and & maximum in the jet stream, Unfortunateiy
the present data network and computational difficuities void considering acceler-
ations at any level and especially sv in the region of the jet stream. We shail,
therefore, have to neglect them to keep our oomputaticrnai method simpie., Because
the sign of the acceleration 1s rot systematic (see 1U), the resulting error
should nnt be systematic,

Considoring R, equal to R_ implies no movement or change in shape of the
contour field, This 1s not inRorent in the gradient winc equation., Use of this
assumption would cause the computed winds to be iower than the true gradient wind
under cyclonically curved fiow and higher under anticyclonically curved flow,
Thus a systematic error is produced which shouid be eiininated 1f possible,

It hag been shown (7) that in & system movinrg with no change in shepe, the
relationship betwsen Rt and R can be expressed hy the equation
5

N-C v ¥
A, - R, 5

(2)
g
| & !‘ . - ‘: . L& J'n:‘ ' -
S - PRI Shds. w25t S i w3 T




Where C is the speed of .2oticen of the pressure svs‘em end W is the angte between
the wind directict and Zhe directicr of motiom of the pressure systsme In the
case cf the quesi-sinusroidel wave pattern typicar of upper-ievel patierns, %
would generally be lecs than 450 sc that cos Pwould be larger than C.7. In the
vicinity of tne treugh snd ridge iines, wher. the gradient correction is largoest
and errors in cnrvature wore significant, the angle ¥ would generaliy Le much
smaller <han +5Y, since these lires move 12 a drection aimcst perpendicular to
themselves end are of rscessity perpendiculaer to the contours. In this case the
value of cos Y weuld ve very close to 1.0, With yood approximation, we therefere
obtair the fcliowirz equition bty ccmbining equaticns (L) acd (2)s3

y—iz'z‘\i‘g + F(V—Va):o
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This ecuatice wes gravhed so that compubations could be guickly and eesily made.
The resuli is presented in Fig. & (cyclonic case) and Fiz. 2 (anticyclonie case ).t
The nomogrems are for a particaler tatitude and a particulsr value of T with
d

e
Jnstmzat feor other values of these paresmeters, Ir the construction

provision for a
a value of 20 kmote wes used fer C since that is approximately the averags value
found by Namias {4) et 7UC mb, and the speed of pressure systems 1s known to

be approximately comstamt wita height. TFor computatiox purposes ihe value cf

C may be determined from the speed of the mnearest troush or ridpe line,

Comparisor of Computed and Uvserved Winds

To test the wiwe of the nomcgrams and wind coemputations in genernl), & number
of computed winds were cormpared wath cbserved winds ancd the deviatimms noted. A
number of winds were computsd from a series of 25 J00-md charts for the first half
of November 1951, The ragiong chosen for the Lest were tiiose with a meximum of
data, namely the United States and Grset Britiem,with L8 por ceni of the winds
coming frcm this latter area. The choice was mace with the aim of obtaining a
good comtour amalysis, These analyses wers carefully made with the primary
concern beiug ts araw for the hoicht data although the wind datlu wase on une chari
at the time. A wird was computed for esacn station that reported a wind at 300
mb provided the radius of curvature c¢f the comtour and the geostrophic wind could
be measured fairly reliably. This elimimated computations very nsur certers, ir
very sharp troughs aund ridges, and im regions where the contours oegan to converge
or diverge sharply. This was not a major restriction es very few winds were
eliminated for these reasong. Un!y winds above 25 iqmots were onnsidcred,

The computations wars porfcrmed using the nomograms described abnove and the
geostrophic assumption in cases of straight flow. They will be conaicdered under
three classificationst Cyolonic, antieyclonic, and no~curvature. The aefinlition
of this latter group is somewhat indefinite since a curvature correctiom 1is not
significant beyond a certain point dependent on the wind speed, and thess low
curvatures can be considered siraight flow for practical [urposes, Ior most winds

1For the details of the construction amd use of the nomograms see the Appendix,




a radius of curvature in excess of 40°
significant effect on the cecmputation,
found in the region of tne jet stream,

latitude can bo neglected as having no
However, fcr winds :uch above 100 knots, as
this 1s not true. For example, a éradient

wind computed to ve 250 kncts, using a cyclcric radius cf curvature of 53° latitude,
would become & 300 knot wind if “he curveture correction were neglected--a 20 percent
error. Just how largc a rudius of curva-ure 1% is possivle to measuro w!th the

curve fitting or other methods is cpen to questicne It is doubtful if values as

largo as 40° 1atitude can e accurately reasured at t imes, whereas rnuch larger val ues
cen be measured when we huve a currcnt of cansiderable length with tittle curvature
change alung 4t. As a compromise, radii of curvature up to 80° latitude were measured
vhenever pessiule, with the remaining winds corsidered as "no curvature" cases.

This provlem is not sigrificant as far as this comparison is concerned as only two
winds lerger thae 125 knots were observede It would be much mors so in the case of
an sctual wind analysis since tho very hign winds are mest likely to Las missing from
the reports and must, therefore, be canputed,

The distributicn of the winds used in the test is given in Table I,

Table I, Distribution of 468 observed winds (in per cent)

Observed wind speed (knots)  25-49 3C-74 75-99 100=== Total
Cyclonic 18 17 8 2 45
Anticyclonic 12 13 4 ¥ 30
No=curvature 10 11 4 0 25
Total 40 4). LE 3 1G0

0f the anticyolonic winds, almost half were in a region which the radius of
the contours was smaller than the mirnimum radius possible with balanced gradient
fiow (see (2) for discussion of minimum radius). Under such conditions, a
gradient computation was not possible, The distribution of these winds with respect
to speed was quite similar to that shown in Table I for all anticyclonic winds.

Cyoclonic and no-curvature cases. Fige 4 13 a curmlative frequenoy distribution
of the deviatims (positive acd negative) of the computed from the observed wind
spead speed comparing the gradient and geostropnnhic winds for the cases with
oyclonic flow, It can readily be seen that here ths gredient speed is a better
approximation to the observed speed than the geostrophic. Of course, the obserwved
wind due to its inaccuracies may be differeni from the real wind so ithat the
deviation of computed w nds from real winds could be somewhat different from that
given above, but it would not necessarily be so.

Fige b gives the frequency distribution of errors for the cyclonic and no
curvature groups with positive deviation indicating a computed wind larger than
the observed. The curve for the cyclonic group using the gradient wmnd (Fig. 5a)
is fairly symmetricel with a mode cof about zero. It indicates that 30 per cemt of
the canputations came within % 10 per cent of the observed wind speed and about
70 per cent within £ 30 per ceut (see also Fige 4).
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The curve for the no-curvature group (Fig. 5b) is guite simitar but has a moce
slightly greater than zerov., This is probably due to the fuct that cases with large
radii of ourvature were considered to have no curvatwe and that these cases were
predominately cyclonic. Thus, if the small curvature carrection had been applied,
the computed wind would have been slightly lower., Approximately the same accuracy
is indioated as in the cyctonic case,

To improve these distributions the large percentage errcrs should be eliminated,
In an attempt to dc this, all cases with errors greater then 30 per cenit were examined
to determine if a common factor existed such that these cases could be eliminated,

Grouping according te the radius of curvature failed to yie!d the desired factor
as the errors were fairly evenly distributed except for a siight tendenoy for large
errcré Lo ocour when the radius of curveture was small., The investigation of the
effect of wind speed was more fruitful, however, In both cyclonic and no-curveture
orges, it was found thu® most ol the large errors occurred with w. ndés iess than 50
knots. In Fige 5 the dashad curves give the distribution ¢f errcrs for the cases
where the aotuai wind was 2 50 knots. The fact that large orrors occur at low wind
speeds could very likoiy ve dus to the use of percentages instead of absolute valuesa.

Beoause of the fairly large amount of dispersion still remainirg in the curve
of the cyclomc winds, the significance of the correctian for movement was investigated.
& tabulation of the speced of the trough and ridge lines showed timt Y0 per cent feis
in the range 0-40 kuots, wnile 40 per cent fell within i5-25 knots., Ifhen the average
speed of movement--2G knots--was assumed for ali of the cases there was no appreciabuie
change in the curve as presented in Fig. S5as This is readiiy seer from the nomogram
as well, for use of the averapge speed of movement instead of the real speed resuits in
an error of less than !0 per cent in the wind speed for any computation made tc the
right of the short dashed curve at the far lei't on the nomogram provided the real
speed lies between C and 40 knots, inclusive,

Some positive skewnoss 18 to be expected in a1l of the curves due to the use of
nercentages, for then the size of the deviation is much more restricted on the
negative side than on the pesitive side,

Antioyolonio case: The anticyclonio greaph, Fige. 6, shows an entirely different
picture from that of the cyclionic graph for now the gradient wind speed is, oun the
average, no improvement cver the geostrophie speed. In fact, the geostrophic is even

. somewhat better.Z This is surprising since the curvatwe correctioan is more significant

under anticyoionio oonditims than under cyclonio canditions. The most readily
available explenation is cocerned witn the conoept of a mirimum radius of curvature.
As has besn stated, hatf of the cases selected under anticyclonic condtions had

radii of ourvature #malier than the minimum and a gradient computation could rot be
mado. Of the remaining winds, most had curvature radii quite near the minimum,

This would lead one to the oonclusion that, wath amticysclonically curved fiow in the
upper troposphere, non-gradient oconcditions are the rule rather than the exception,

The emticyclonic oase, therefore, presents consideratle cumplicavion because it is
desirable to be able to obtain an estimute of the wind even when a gradient computation
ig not possible dus to a sma:l curvature radius, and alsoc because the gradient wind
does not appear to give good results when it oen be used., For these reasons, it

.

aﬂhen those winds for which a gradient oomputation was not possible are inciuded in
the geostrophio ourve of this figure, there 13 no great ohange,
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was decided to see what could be obtained from the peostropnic winde ALl
the geostrophic winds are inciuded in the foLlowing cmsiderations, as it
was found that in each of the cases the separate curve for ali winds did
not differ appreciably from the curve for those cases when e gradient
computation was possible,

The winds were first divided into rroups with rerorted speeds of
£ 50 knots ard 2 SO knots. Fig. 7a is the frequenczy disitribution of errors
for those « 50 knotse. This curve shows a mcde of zero erd an accuracy
comperabie to that sacwn in the dashed curves of Fig. 5. Fige 7b is for
those winds 2 50 knots. It has a mode which is definitely negative eas
would be excocteds A shift in this mode so that the curve wouid be moro
or less symmetrical around zero can be accompiished oy adding Z0 per ceut
to cach of the gecstrophic windse +he resuri ol such au ndditon is shown in
the dashed curve, This latiter method of computing, whiis strictliy empirical,
allows an =ctimate of tho wind speed undsr cmditions that wculd proclude a
gradiernt computaticn, and y:% give an accuracy vompurable to the best ettained
above,

Analysis of Errors

The question impediately arises as tc why, in spite of the care exercised
in makine ths comutations, do deviations of 6C per cent or more stiil
oceur, Thke cause :must ue that the base for zompariseon wacs inaccurate, the
asswapt tons iu Lhe nmethod wore not Juifilled, or tne wotncd was net appiied
correcily. ihese aay ve Licken dovm for discussion under the foilowings

(L) Inaccurate rawins
(2) Rg#F R,

(3) Anpgle ¥ #0

(4) Anaiysis errors

(L) While rawins cre not sccurate, they ure the hest that are availeble
Thoir errors cen be appreciable upon occasicn, howsver, due to such things as
low elevation angles and evaiuation by incompletely trained perspnnel,

(2) Of the non-gradient terms in the equations .f moticn that have
been negiscted, the acceleration term is prouoaviv the most significant.
It wiitl produce ocross-cortour flow such that R # R . From a sample
of 257 winds in the jet stream region, Riehi and Jenista (40) found that
the winds blew across the contcurs at engles larger than 30° in 20 per cent
of the cases and angles iarger than 45° occurred in 5 per cent of the
cages. Part of their data was taken over the same regicn end for the
sane period us the wirnds considered hore, Whiie ths meusurement of such
angles is probably subject to considerubie error using the present wind
reporting network, some cross-contour flow should exist and, even allowing
for some orror, the data in (L0) show that iarge anr.es do occur. Croas-
contour flow will cause R_ to be different from R, but the effest on the
computed wind spced is difricurt o evaluate. Walie it is rossible that
the difference in curvature used could cause such :iarge errors ty ltselrf,
cross-contour fiow also signifies a different balance of foices from that




assurmed under the gradient wind egjuaticn, It is beiireved, there:ore, thet
cross-contour flow can acccunt ror & large porticn of the deviations that
occurred but that deviaticns in excess vt 50 per cent are prcobably not

due to this factor alone,

(3) The assumption that the wind blows paraiiel to the direction of
moticn of the system shouid be quite good for this and most series of charts
at high Llevels, for vou do not have rapidly .oving closed centers but have
instead smaller wave-like perturbations (short waves) noving eLong ihe basiec
current (the lopg-wove pattern)., The lar gest aeviaticns from this assumption
occur in the vicinity of the infiection point of the flow-~a region in
which the gradient correction t¢ peostrophizc tlow will te quite small anywaye.

(4) The analyses for this test were made by the authors., Data missing

from the reguiar teietype reports were obvained from the source so that

the coverage was as complcte as possibre, With tne present radiosonde net-
work, however, it is impossihble to aprroacn a uniqu:® anelvsis, This was

weli demonstratec when the analyses were examined 1in regions where .arge
errors were made in coumputing the winds, In many cases it was possible teo
change tne anaivels to greetly reduce the error waithout disregarcing existing
data, It is, therefore, believed that errors .in the computed wind speed of
50 per cent or more can stili originate in analvtical errors.

Conclusions

Fromn the above, it appears trat the comgputatzcn nf winds from & pressure
field can never give winds of the accuracy needed, due to analytical errcrs and
the non-gradient effects in the atmospiere, Therefore, it seems tnat the only
way to obtain a wind fietd a* upper levels accurate encugh for rorecastirg and
navigational purposes is to ircrmase the number and eccuracy of ovserved winds.

At present, we must sti!l make wind computetions., Consideratiwm of the
above suggests that wnhen computing winds in the regiun of tle jet stream
three methods s3hould be used:

(1) Under cyolonio flow conditicns use the attached graaient computer
and the brief m thod of computation (using the average C). This wiil produce
wind speeds with protabie errors of lLess tham L0 per cent one-=thard of the
time, and with errors of Less than 30 per cent two-thirds of the %ime.

Better results wiil be obtained if the computations are restricted to regicns
where the winde are expscted to ve greater than 5C knoits.

(2) Under "no-curvature” fiow, the negiect of racdii of curvature
beyond 80° latitude hus no appreciabie effect, and tne gecstirophic wind wisl
give as good resuits as the gradient wind does with cyciaaic fiow. Agsain
if the computations are restricted to piaces where the winds are expected
to be greater than 50 knots the resuits wiil te better,

(3) Under amticycionic fiow the geostrophic wind shouid be used if it
is 1e3s than 40 knots. If it is greater tham this it should be increased
by 20 per cent, With this method, reswts wiil be obtained comparable to
(l) and (2) above .
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It shculd bte rememtered that the nomogrems and other computational
techniques suggested above are for use in regicns of the jet stream=--300 md
to 200 mbe Their use at other Levels ig questionable. This is so partly
because the ncmograms were constructed under the assumption that the
angle between the wind direction and the movement of the streamtine fielid
was quite amell, Therefore, at any level in the atmosphere where the
flow pattern consists of many closed highs and iows, this assumption will
not be generally valid. Another factor is that the methcd of computing
winds under anticyclonic flow conditions is based on a statistio obtained
with data at the 300-mb level. It is, therefore, appiicable only in that
vie inity,
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APPENDIX

The nomoprams were constructed from equatim 3, using & particutar

tatitude (43°) and a particular value of tlie speed of the systam (20 knots).

The ordinate is the geostrophic wind speed in knots (V,'; the abscissa is
basically the radius of curvature of the contours (streamlines) in degrees
latitude at the point of computation (Rs)° The gredient wind is obtained
from the solid curving lines labeled in kmots.

To correct for latitudes other than 430, muitipty Rs by the facter k,
as obtained from Tavle I on the nomogrems. When the speed of ihe system does
not equal 20 knots use the dashed tines radiating from the lcower left corner
of the nomogram and Tabite II on the nomogram to obtein a correction to the
gradient wind for C = 20 knots,

A brief method of computaticn wich eliminates estimating and correcting
for the speed C is performed simpiy by assumming C = 20 kncts, the average
value, This wiii ocause an error of less than 10 per cent in ths computed
wind provided the actual speed C iies within the range O to 40 knots and
provided the computation is performed in the rerion of the nomoisram to the
right of the short dashed curve. Tris dashed curve is Located a*t the fer
left on the nomogram,

To obtain the radius of curvature of the contours it is supzested that
& tool similar to that of Figes 3 be used. The values to the teft of the
curves give the valve of R_ in degrees latitude appropriate to the scale and
projection of the map used? the vaiues on the right rive xRge To use this

it shouid be transpareni go that it can be ;;iuced over a map and the curve
of the ocomtours matched with one of the curves on the overiay,

vttt .
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GRADIENT WIND NOMOGRAM
(evelonic)
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Fige 13 Gradient wind nomogram for cyclonic curvature,

(1) Determine kRg using Tabie 1 and the radius of curvature of the
contaur (streamiine),

(2) Enter graph with this value (kEg) and the geostrophic wind
(Vs). At their intersection obtain value for gradient wind (V).

(3) Using speed of system along streamlines (C) correct V aooording' to
Table II, obtaimimg Vy. Brief Methods Eliminate step No. 3--

this introduces error £ 10% in area to right of short-dashed
curve, assuming 0€C<€40 kts,
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GRADIENT WIND NOMOGRA&M
(onticyclonic)
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] 1. W
0 * "';n et An exampie of un overlay for obtaining
B el radius of curvature. The values of Rg
T AN i given on the lLeft of the overiay are
qthlf';::‘h o D radii of ourvature correoted oniy for
B 0, B o e (L R the iatitude of the oomputation point,
~:3»tﬁ§:f“"~-—Jurf‘f.vf;‘= The val ues on the right are mltipitied
b i i o bv the anpropriate k as given in Tabie I
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on the gradient wind nomograms (Fig. 2),
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