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Prof. Jules Charney
Department of Meteorology
Me I.T.
Cambridge, Mass.

Dear Jules:

In accordance with ourr telephone conversation I am sending
to vou the enclosed NCAR revort.

Best regards,



THE PENNSYLVANIA STATE UNIVERSITY

ETATYECCOLLEGE, SFENNSYLVANIAX
Tniversitvy Park, Pa.

COLLEGE OF MINERAL INDUSTRIES

DEPARTMENT OF METEOROLOGY

Jarch 1, 1955

Dr, Jule Charney
Tastitute for Advanced Sti
Princeton, New Jersey

Dear Jule:

vale I'intz tells me that you have some misgivings in regard to
the measurement of divergence from winds. I certainly agres with
vou that divergence cannot be measured that way, between say 700
be. and 100 mb. However, we are actually determining divergence
5 the wind integrated from the surface to 700 mb., thus including
frictional divergence. Ue find that many cases exist where the
wind speeds up along the streamlines without confluence, or a con-
fluence exists with the speeding up of the wind.

[ believe that not only is friction responsible for the fairly
large divergence, but also the accelerations in the general region
near 350 mb. In fact, we are trying to check the integrated di-
vergence by (1) the adiabatic technique, and (2) the vorticity
cquation, in which we include a frictional term containing the curl
Af the surface stress. TI an rather prejudiced in believing that
the latter contributes creatly to the vertical motion at the top
of the friction laver and, therefore at 700 mb. Our measurements
at Brookhaven indicate that the wind of ten metsrs per second »ro-
duces a stress of about 10 dynes per square centineter,

Pleass don't answer this letter unless you object to 1t. In any
case, I hope to see vou for a vary short time arcund Easter.

32st regards,
TrHeo[

i. Ae. Panofsky
Acting Heau
Department of lieteorology

TAT
i=

PENN STATE CHANGE OF ADDRESS

Effective February 22, 1955,
mailing address of The Pennsylvania
State University was changed to

UNIVERSITY PARK, PENN SYLVANIA

All mail intended for the main campus

(formerly sent to State College, Pa.)
should be sent to University Park.

the



August 6, 1953

Professor Hans A. Panofsky
195 Westerly Parkway
State College, Pennsylvania

Dear Hans:

Enclosed are the results of the time series
analysis of the data sent to us on April 11, 1953.

The quantities sent to you have six respectively
five significant decimal digits of which at most the first
three can be trusted. You will find e short explanation of
the results on tha bottom of the dats sheet.

The code was checked out by special input data and
the results should therefore by trustworthy.

I am sorry you had to walt so long to obtain these
results and hope that they are still of interest to you. As
for the computation of the other date, this is a problem to be
iscussed with Jule. The machine has been dismantled and is
in the process of being moved and I am leaving the Institute
in September.

Sincerely yours

Adolf Nussbaum

AX/cb
nelosure
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lr, James YW, Cooley
Inatitnta for Advenaced Study
Biectroniae Comuter Project
Princeton, New Jdersev

Deg T rN [|TT Nr. Cooley:

11 your datz looked very nice. Hinge we are shtarfiing to
rite a fined report for our project, could you zive ns an
estimate as to vhen we conld rave the vemninineg asracter=?
TP dt vomtd evmedite matters a creat Je2l,.m = 30 wvonld he
e1fFFiotaont.,

Alen, vould von he =n ind to remind Charney to send hock
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vanhts to save the rostace, he can take it to Tas Anealea
nnd ocive it toa me thors.
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March 10, 1954

Dr. Jule Charney
Institute for advanced Study
Princeton University
Princeton, New Jersey

Dear Jule:

Thank you very much for letting Cooley work on the turbulence
spectra.

I hope to be in Princeton the ionday after Easter, April 19.
Hope to talk to you for a little while about various things.
particular, I have completed Chapter V of the Navy text which
deals with numerical forecasting. I am very anxious that you or
Gilchrist read this chapter before I throw it to the wolves, before
I come to Princeton, if possible.

Rest regards,

Ha. -
He Ae. Panofs.y
Acting Chizf
Division of Meteorology

TJAP-ck
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December 1, 1053

Dr. Jule Charney
Institute for Advanced
Princeton University
Princeton, lew Jersey

Study

Dear Jule:

hile vou had vour discussicn with Cressman, I tried to rewrites
Tukey's formulae ir much less elegant notation. It is pretty
certain that they are correct, but if Tukey would look them over
sometime, 1t would be greatly appreciated, Also, I explained
them to Mr. Lewis who seems to understand the formulse thoroughly.
Yr. Cooley was not around when I left. Would you be so kind as
to keep an eye on what happens to these spectrum analyses?

You still have several sets of cards which we would very much like
you to run if or when 1t is convenient, in particular, that set
containing u's and v's, five minute averaces for a period of a
weel-

 ”"t

yr

T

oy

A talking o- veur eam | Fact

"agt

Fo
He Ae Panof ky
Professor
Department of Meteorology

HAP: ck
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Cl =

2L Gentember 1953

Dr. Jule Charney
Institute for Advanced Study
Princeton, New Jersey

Dear Jul

Thank you very much for taking care of the different matters
for us concerning Dr. Sheppard. Viould you be so kind to also
thank him for taking out time to stop at State College. Ve
enjoyed his visit tremendously and learned a great deal from
hime.

Sincerel-r vours,

i

Uancfsky

CAD ipur
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Le | Yr 1ntember 1953

Dr. Jule Charney
Institute for Advanced Study
Princeton, New Jersey

Dear Jule:

After looking up the calendar for this year and my course
schedules, it appears that the only day on which I could
zive a seminar at Princeton would be the day after Thanls-
giving. Would you be so kind to let me know whether this
is convenient.

Best reoards,

Fl Wp)

H.A., Panofsky
Agence, ProfecenT

AP ew
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2C "ay 1973

Dr. Jule Charney
Institute for Advanced Study
"rinceton, New Jersey

Dear Jule:

any thanks for your letter.
Crip, I am changing my plans
7, and 8. TI hove to see vcu

of your proposed
"Tinceton June 6,

snort time.

Some of the physicists here have made some very pleasing
comments about your speech in Washington. You seem to
be leading a one man campaign to raise the physicists’
opinion of us meteorolozists.

Best regards,

H.A. Panofsky
Assoc. Professor

TAP :pwr



May 15, 1953

Professor Hans Panofsky
Pennaylvania State College
School of Mineral Industries
Mineral Industries Building
State College, Pennsylvania

Dezr Hans?

This 1s in reply to your letter of May 5. I would be
glad to see you in Princeton on any date that is convenient
to you, but unfortunately I am leaving for the West coast ap-
proximiely June 11, therefore, I hope it will be possible
for you to get up here before then. However, 1f it is not
possible for you, Nussbaum will be here and I hope it will be
encuch for vou to dlscuss vour business with him.

The code has taken longer than we had planned, but it
13 now finished and we should run the computations within the
next few davs.

With best regards

Yours sincerely,

JC [cb
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ADDRESS: MINERAL INDUSTRIES BUILDING

rELEPHONE: STATE COLLEGE 8441

“law 077

OTe Jule Charney
Tnstitute for Ldvanced Study
“pircoton Naw Jersev

Yor Jnnlee

T hove sent you senarately another set of dnta, including vertical
and horizontal velocities. There are altocetheor somewhat over
1200 values of each. If this is too many for vour nresent code,
mst omit the 2311 end of the observations.

is you lmeow, I had a chance to tolk to Tukey by telephona, ord he
axplained his new method to me. The spectrum vhich he {inlly
obtains after the mornirulations indicated still has to he frons-
formed in order to hecome comparable with the spectra which ve hove
hean comvnmtine,

fo discugs this and sr
£21k to you f+
ret to Princ
Jiscuazeinz °

and Svndav”
I showvld

"har things I would very much like to
© Tune. I had been plannin. to

June 13. Are vou adverse to
Sindey, especially that Sntverdsy
wand TI shall change mv nlans.

GMT

Tag meme +

~~
31 Isingeraly vouTrs.

 AG
felal yo ES
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March 27, 1953

Professor He A. Panofsky
Department of Earth Sciences
Pennsylvania State College
State College, Pennsylvanie

Dear Hans:

Thenks for your kind remarks about the meetings.
Also thank you again for your own contribution. I found it
very interesting and would like to discuss the subject with
you again. I certainly do think you should continues along
the lines you are now followins, This Tleld must be developed.

Concerning your visli. We shall be glad to have you
come on Tuesday, April 7. We have sous meetings on Monday,
April 6 and cannot be sure when we will be free. The invita-
tion ia also extended to Mr. Miller. Norman Phillips has done
the programming of the specural computation for time series
snd will be on hand to discuss matters.

Best rezerds,

Sincerely.

JC [cb
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20 March 1953

Dr. Jule Charney
Institute for Advanced Study
Princeton, New Jersey

Dear Jule:

The proposed arrangement for processing our data by the
Princeton electronic computer will take quite a bit of
jetailed discussion, partly between you and me and
partly between your coders and me. Would you be so very
kind to make arrangements for me to talk to your
1ssistants April 6 or 7.

If possible, I would like to talk to you for perhaps a
couple of hours one of these two days. Also, Mr. Miller
of our staff would like to see you about the same time
concerning his studies which deal with the relationship
between surface weather and the free atmosphere field of
notion.

I believe that the symposium at Atlantic City went
axtremely well and I learned a tremendous amount. One
of the things I would still like to discuss with you is
whether you think there is any sense in our continuing
along the lines of objective analysis which we are now
doing. Hope to see you soon.

Best regards,

Hoans

H.A. Panofsky
Assoc. Professor

HAP spur 2

TC Do Gon tonids (ot tereiso&lt;e Ape C1
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 © 7 February 1953

Cre Jule Charney
Inst tute for Advanced Study
Crinceton, lew Jersey

Dear Jule

before I stick my neck out too far at the March mectingz I
wonder 1f you have any comments on the following type of
semiobjective analysis: Cur school has an analogue computer
hich will make a two-dimensional Fourier analysis fron
dbgervations at equidistant grid roinbts. We are plaoning
to tale some stbjectively-analyzed weather naps, take off
Cota at grid points and compute the first 3 or 4 harmonics.
Je hepne that these few harmonics will not denend very
strongly on the original analysis, provided the nunber of
coefficients of the functions is not larger than the number
of observations. I have no good theoretical reason for this
oninion and vonder whether you have any opinion on the
An TT Or.

Tn any case the experiment may not be finished in time for
inclusion in the tall at Atlantic City, in vhich case I
would simply review the philosorhy of making an objective
annlysis and summarize some of the worl: done by Haurvitz and
us.

Incidentally, am T required
30 vould vou nes before °0 Vit&gt; rte a fo1s = i ‘sel ral. pape:

ner aand idif

Sest regards tt leanor.

Sincerely yours.

He.lee l_%
TTA .Hele Ponofsky
Aes -19S50Ce rrofecasor

TAD enyr
Ee vt







October 30, 1951

Professor He. Panofsky
Mineral Industries Bullding
Pennsylvania State College
State College, Pennsylvania

Dear Hans,

There isn't much I can add to what you already know
and what Bolin told you at Woods Hole except that we are now
making a direct attack on the three-dimensional problem via the
quasi-geostrophic equations. An analysis of the amount of real
information contained in upper eir dsta has convinced us that
six bits (six binary digits) gives all the information contained
in an upper alr temperature or pressure recording. This means
that we can etore

depending on whether z, p or is used as the vertical coordinate,
for about 1000 grid peints. We are now contemplating en integra-
tion for a lattice of dimension 12 x 12 horizontal x 8 vertical =
1152 pointe. The equation

will be solved for Dy &amp; rather elaborate relaxation method.
There are a number of problems connected with the integration of
a technical-mathematical character. For the time being ve are
going to have to be applied mathematicians whether we like it or
nots We hope to run the problem before the end of the year, but
are keeping our fingers crossed.

We are also conducting a number of side investigations
which need not be mentioned as they de not have a direct bearing
on the numerical forecast problen.

I hope this is what you want and I wish you success in
your lecture.

Best regards,
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Dr Jule Charney
Institute for Advanced Study
Princeton, N.J.

Dear Jule,

on November 17, I am supposed to deliver a Sigma Xi lecture

on "Weather Forecasting as ag Phvsical Science". In this lecture,

I am mainly enine to talk about what you have been doing and are

rvine tn d-.

However, I am not familiar with what has been going on since

last summer, when Belin was my office mate at Woods Hole.

I wonder, whether could send me any publications since the

Tellus articleg (if there are such). If no, could you tell me

roushly what vou have been doing? Also, in what state of completion

is the Maniac?

[t is really too bad that the Sigma Xi section here has been

concentrating on local speakers, for I am sure that vou would be able

to give a better talk on this subject. However, I must admit that

 IT live to tal'-.

Please give mv best re-ards to Eleanor (or however else she spells
herself) and have a gnnd time

a ys2  Oo





8 March 1949

Professor Hans Panofsky
Department of Meteorology
Yew York University
vew York 53, Kew York

Near Hans,

Thanks for your offer to replot the 500 mb |
naps. I am returning to you all the data you collected
for us so that you can have the data plotted for the
following dates.

January 12, 1946, 0300 Z
Jaruary 12, 1946, 1500 2
January 13. 1946, 0300 Z.

am sorry you had difficulty with my expense
account, and although I have filled out a travel report
ind am returning it I am willing to drop the whole
natter if it will cause you further trouble.

,2le Charney

JCA K :



NEW YORK UNIVERSITY
COLLEGE OF ENGINEERING

UNIVERSITY HEIGHTS, NEW YORK 53, N. Y.

DEPARTMENT OF METEOROLOGY

TELEPHONE: LUDLOW 4-0700

 Merch 1949

or. Jule Charney
Institute for Advanced Study
Princeton, New Jersey

Deer Jule:

I ar sorry to delay you any furtner for the refund tor
your travel expenses. however, for sums larger taan wnat
can be paid out of netty casa tue execution of the enclosed
form is recuired. 1 am sorry that I aid not senda you the
form before but 1 did not realize tinat vour expenses had been
an high.

By the way, Go you want us to do any more with the datal

Fergardas to vour wife. Nicky and X.

yy

HAP WL
Fnclocure

NT



NEW YORK UNIVERSITY
COLLEGE OF ENGINEERING

UNIVERSITY HEIGHTS, NEW YORK 53, N. Y.

DEPARTMENT OF METEOROLOGY

TELEPHONE: LUDLOW 4-0700

18 January 1949

Dr. Jule Charney
Institute for Advanced Study
Princeton, New Jersey

Dear Jule:

egiESELS a lot for the maps. However, we still needtheres for February. Could you possibly bring these to
the meeting next week? Your maps siould also be ready for
you tnen,

Best regards to everybody.

HAP : WL

t 7

Hians Panofsky







NEW YORK UNIVERSITY
COLLEGE OF ENGINEERING

UNIVERSITY HEIGHTS, NEW YORK 53, N. Y.

DEPARTMENT OF METEOROLOGY

TELEPHONE: LUDLOW 4-0700

28 May 1948

Dr. Jules Charney
Department of Meteorology
University of California
West Los Angeles, California

Dear Charney:

Would it be possible for you to stop at Flagstaff on
your way back long enough to argue with me three hours or
more? Write to me at Lowell Observatory there.

Best regards,

HAP: WL
{ew (ef

Hans Panofsky







N, Pocsnofoke

-REPORTONQBIECTIVE APHALYSTS

The purposes of synoptic weather map analysis are roughly these:

1) To summarize the large number of meteorclogical data by relatively few

lines and sheded areas in such &amp; way as to give the most relevant information to

- - - - ~~ &gt;

the practicing meteorologist or air plane pilot.

2) To eneble the theoretical meteorologist tc perform certain computations

on the data, such as differentiation, intervolation etc,

To summarize discrete characteristics of the weather, such as for or pre-9

cipitation, ezress are generally shoded; continuous variables are summarized bv

means of isoplethd, if the variables are scalar, cr by streamlines if the varisbles

are vectorial. 4 In addition, the boundaries of air masses are indicated by fronts.

Weether man esnalvsis so far has been a subjective process. Isovleths,

streamlines, end fronts are drawn by eye, with considerable use of "judgment".

Judement is necessary to (a) eliminate wrong observetions, (b) to weight observations.

(c) to smooth rendom errors of observations, (d) to eliminate local effects which
1s } i

are irrelevant few the large scele picture, (e) to see that physical laws are not

violated, (f) to establish continuity in time and in the third spacial dimension

not indicated on the map. In general, different exverienced analysts will arrive

at similar isopnleths or streamlines. Excentions are found on surface nevs in

nountainous areas, where the treatment of locsl factors becomes prenonderent. 2nd

on very high level charts cr in oceanic areas where the data are insufficient %o

vield a unicue analysis.

fhen shading areas containing precivitation or fog, analvsts will generally

not differ in the total picture, which is unicuely defined by the observations;

they will differ, however, in mountainous areas; they will also differ in the

detailed internretation of the shaded ares.



Ainalvsis of fronts presents a different problem. There exist a large number

»f criteria for the placement of fronts. The different criteria agree only rarely.

ence, the final placement will devend on which criteria an individual analyst

slaces most weight. The difficulty is that the process of weighting &amp;F the different

factors is often not a rational one.

The term "objective analysis" will be interpreted to mean the process of

finding a mathematical equation describing the field of the given observations.

Once this equation is given, isopleths or streamlines can be constructed objectively.

Internolation of the field presents no further problem, since this is equivalent to

computing values the function at voints between observations.

One advantage of "objective analysis" is that derivatives can be obtained

st every point, once the equation which satisfactorily describes the observations

is known. Normally, in lieteorology, derivatives are approximated by ratios of

finite differences; derivatives determined in such .a way are really average values

sver finite distances. Values of derivatives at specific points are difficult to

jetermine by conventional vrocesses. Still, the equations of hydrodynamics refer

to point values of derivatives, and substitution of average values may lead to

sonsiderable error, unless allowance for the averaging is made.

~At present, of course, "objective! analysis will recuire an excessive amount

of time; however, with a fast electronic computer, this disadvantage probably can

be eliminated entirely.

An objective analysis is vossible, whenever the "judgment"orinterpretation”

involved in the standard, subjective technicues of analysis, can be translated

into rational, unambiguous rules. This rationalization of judement seems sometimes

Jifficult, especially in case of frontal analysis, in mountainous regions or at

1igch elevations.



This first study of map analysis by an objective method was therefore limited

to cases where, in the subjective analysis, "judgment" is used largely to smooth

out random errors of observation and random effects of turbulence.

The wind field at several levels above the surface was chosen for the first

test. Continuity in time and with heirht was irnored. The method used could,

if required, be extended to smooth variation with time and height as well as in

the horizontal.

One reason for choosing the wind field for the first test was thet functions

involving derivatives of the wind field, such as vorticity and divergence, are of

special importance in theoretical comowt ation and practical work.

The wind at a given elevation is determined by two scalar cuantities, such

25 direction and speed, or two velocity components. In this case, two Cartfesian

components of the winds were formed, along the x and the y axis. The yv axis was

95W meridian, the x axis at right angles to the y axis, passing through the point;

longitude 95W, latitude 30N. These axes were constructed on a Lambert conformal

conic projection, which wag assumed to be true for the limited areas used in this

study. The wind comocnents in the coordimate system so defined will not simnly

be southerly or westerly. Only near longitude 95W, can these commonents be

interpreted in this simple fashion.

It is assumed that the fields of u and v, the velocity components in the x

and y directions, are given by separate polynomials in x and y. Since the errors of

observation and the effect of turbulence can be assumed to add comnonents to the wind

which are distributed approximately normally, the method which seems the simmlest and

most promising for the computation of a polynomial which smoothes out these variations

is the method of least souares.

Since the random factors in the winds are relatively large, the number of winds

from which the polynomials are to be commuted should be considerably larger than the

number of coefficients in the polynomials.



A situation was chosén where the wind coverage in the Eastern third of the

Inited States was ocuite complete up to 10,000 feet. The number of winds reported

raried from 54 at 3000 to 36 at 9000'. It was decided to fit this wind field

(Dec.2, 1946, 22 GMT) bv independent third degree polynomials in x and y at the

levels 3000', 5000', 7000', and 9000'., A third degree polynomial was selected

since it has 10 coefficients, a number considered about richt commared to the

number of winds in the area.

Let the polvnonial 2t level ag be given bye

i 7
P., (x,7) = a; x 7 i+ 23

p

Then the ten normal ecustions needed in the solution for the coefficients a3; can

re summarized symbolically in the form

S - h
ijkl 2ij klii

here

2iikl ~ “tk witd and hq =2 D ’ &amp;)

Tere index gs stands for summation over all stations at which winds were ob-

served. p represents the observations. x and v are the coordinates of the ob-

serving stations.

The necessary meteorological data were collected at New York University, and

the calculations indicated by equation (3) were carried out at the Buresn of

Standards Mathematical Tables Grouo headed bv Dr. Arnold Lowan, under the immediate

mpervision of lr. Jack Laderman.

The Princeton Research Laboratories of the Radio Cornoration of Americs have

recently completed an electronic linear ecuation solver. This device wes very

oblisingly out at our dismosal, and it was anolied to the two first sets of 10 normal

sonations with 10 unknovms (Ecuation 1), with the help of Mr. B.A. Goldbere of the

!
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RCA Laboratories. Since it is an analogy device with a relative precision of about

1 part in 1000 it could not be applied to the equations directly — the determinant

233k vanished to that degree of the accuracy. A linear transformation of the coordi-

nates to a new system, the center of which was the centroid of the stations used, and

the axes of which were symmetrically loca‘ed with respect to the stations and the

nits of length properly normalized, increased the corresponding determinant in the

new system of coordinates above the tolerance in question. In this form the equations

vere solved with the electronic linear equation solver, and an iteration method permitted

obtaining eny desired degree of precision.

In practice, the transformation and subsequent solution by the electronic com-

outer was used only at of the 3000! data; it was found later that the sets of

von equations with the ten unknowns could be solved very conmliody oe the square

rcct method with ordinary computing machines. The time required to solve 10 equations

sf the form (2) was finally reduced to two and one-half hours including checks, a

time short commared to thet recuired in the rest of the commutations.

Figure (1) shows the winds smoothed least squares and, for comparison. the

observed winds. Close inspection of the two parts of the figure shows that there

is no systematic deviation between the two types of analysis. Thus the least square

rind field may be recarded es a satisfactory representation of the broad field of

"low on this particuler date

Since the wind field in the least soumare representation is given bv a third

order polynomial in x end y, icopleths of the divergence and vorticity must be

conic sections. Figure (2) shows a comparison of the field of divercence at. 3000!

ng computed from the objective wind analvsis with the measurements of divercence

oy two meteorologists from the observed winds, using subjective technicues., As

seen by comparison of the results of the two subjective measurements of divercence.



the accuracy of the subjective technicues is very low. The agreement with the

sb jective method is satisfactorv.

Figure (3) compares the field of verticity, evaluated by the objective method,

gith that determined from the circulatiorsaround finite sreas. Acain the acree-

nent is as good as could be expected.

An entirely different check on the computation of diversence can be made by

ise of vertical velocities commuted indevendently. If the ecuetion of cantinuity

is integrated with respect to height under the assumption thet individual density

*hances are adisbatic, we obtain:

fay.

10 - 2)
"Pip

i

(4

A
‘here p is oressure, { is the ratio of specific heats Cp,and the limits of inte-

Cor

&gt; » * i -

rration are given in thousends ofifeet., The intecral can be rerlaced by a sum of

values of divergence at 3000, 50001, 7000', end 9000!', weighted by the prover

factors. | The vertical velocity wo at 2000' is presumably smell, so that wigs the

vertical velocity at 1C,000! can be comnared with the vertical velocity determined

oy the "adiabaticht srtinds | The patterns are strikingly similar,with the soparent

difference that the zero line of vertical velocity appears further to the west on

the map of slatoebivgly measured vertical velocities (Figure 4). This difference,

nowever, is not serious, since the data used in the objective analvsis did not

reach as far West, and the computations in those rerions could not be eyvnected to

agree with observation. Another difference is that the observed field shows less

North South symmetry than the commuted field.

L
The principles of the adiabatic method for determining vertical velocities are
outlined in apvendix II.

wah
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[f divergences are measured subjectively at 3000!', 5000!, '7000', and 9000', and

combined, values of vertical velocities at 10,000! are obtained which scree somewhat

better with "adisbatic" verticel velocities than the values cbtained objectively. For

sxemple, there.is no forced North South symmetry; the upward motion avpears stronger

bo the North than to the South.

On the other hand, the objective technicue permits calculation of vertical

relocities over the whole field of observing stations, whereas the area of subjective

ommatation is more limited,

"igure (5) shows a correlation dizcram of vertical velocities mecsured

Jirectly as compered to vertical velocities obtained by summations of objectively

determined values of divergence. The points on this diasram are well scattered

shroughout the analyzed area. The cerrelation is good. However, the objective

vertical velocities are, on the average, gbout twice as eves an the vertical

velocities mezsured directly. This is partly explained by the fact that the ob-

jective determination yields instantaneous verticsl velocities, whereas vertical

velocities determined bv the adisbatic method renrecent sverage vertical motion

ver a twelve hour rveriod.
Omi 53 Ion

[t might have been exnected that the omiss#l of the 2000! vertical velocity

in the objective method would lead to systematic errors in the 10,000! values.

Inspection of the surface charts shows that if the 2000! values could be included

the discrepancy between the two sets of vertical velocities would have been increscsed

to a slight extent.

As far as can be judged, then, the polynomial fitted to a windfield of limited

area represents a satisfactorv renresentetion of the ceneral flow.

The next cuestion to be investicated is how adjacent aress in which senarste

elynomials have been cemruted can be connected.



In this case &amp; vector field was chosen ~f "Resultant Winds". A resultant

- . - * + - 2

wind is defined by the ecuation: Ryp

integral is the surface of the earth, the upper limit is 10,000'. One vroperty

of this vector field is thet its divergence, multiplied by a correction factor,

ie nenrly equal to the vertical velocity at 10,000' elevation. This can be

checked by indenendent comvutation.

Accidental errors should have a considerably smaller effect on wind resultants

than on winds at individual levels. Algo eddies located in particular layers will

influence the resultants to a smeller extent. Therefore, the ratio of coefficients

in the polynomials to the number of "measurements frem which these coefficients are

to be determined would he grecoter,

The observations for December 2 TQLE 22 GMT were chosen, «ince resultant

| .

+ind vectors Rg could be obtained at unusually many observine stations Past of

100° longitude, and since vertical velocities were available for that period. The

number of recultants available in the Tidwestern and Eastern vart of the United

States was 57.

The totel areca was divided into two sections, C and D, bv a strairht line.

The criteria for chosing this line were: (1) that the number of observing staticns

in each area was eprroximately the same and (2) that the distribution of observing

stations in each area did not show great varietion of density; a preliminary study

had shown that, if few observations were available in one part of an area dnd many

in the other, the observations in the section containing few data influence the final

coefficient in tre nolymonizl to such an extent that a small error in the observeiions

will influence the values of the coefficients in the polynomials significantly.

First, separate third order polynomials were fitted to the x and vy comnonents

»f the resultant vectors in both areas, and the divergences commuted. Firure 6
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shows the distribution of vertical velocities: w ==L.15 div R. As was to be

~xpected, the field is discontinuous along the boundary AA' between the areas

+ and D. Fiecure 7 shows the vertical velocities measured by the adisbatic method, for

the same period.

"he two third order equations in the regions C and D were combined into a

sinele fourth degree equation by the assumption that the coefficients in the

sriginal cubics vary linearly at right angles to the line separating areas C and D.

If the x' Girvection is defined as a direction at right angles to this dividing line,

the coefficients ass are then given by an equation of the form:

-—

The m's and n'~ were comouted under +hr= assumption that the values of the a's

rere equal to the values determined for the individual cubics at the position of

the centers of gravity of areas C and D.

Ficure 8 shows the distribution of "objective" vertical velocities obtained

From the divergence of the fourth degree equation. Apparently the smoothing process

nad a pronounced effect on the distribution of vertical velocities.

The apreement between the objectively computed vertical velocities with the
BY

adiabatic" values #2 only feir. Both methods show some downward motion in the

iastern part of the United States, but the adisbatic region of downward motion is

located much farther to the North.

\1so in the Westy a discrepancy exists; the "adiabatic" recions of downwerd
uv

notion do not extend as far Fastward as the objectively computed ones.

[
Vext, the possiblity of dividing the total area into smaller sections and

;sing lower degree polynomials in each was investigated. Area C was divided into

to sub-zreas, C7 and Cp, and area D into Dp and Dy . Figure 9 shows a map with

this subdivision. Again, the lines were chosen in such a way as to yleld as nearly

» uniform distribution in each sub-erea as possible, with nearly the same totel
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number of stations in each. The number of stetions reporting wind resultants in

sach sub-area varied from 13 to 15. Quadratic polynomials were fitted to the field

of resultants separately in each sub-area. Thus, the ratio of number of cbserva-

tions to number of coefficients was a little larger than 3:1.

Figure 9 shows the distribution of vertical velocities as computed from the

yjuadratic vector fields in each region. The fields of vertical velocity are, of

ourse, linear and discontinuous at the dividing lines. They give, however, a

sorrect impression of the distribution of vertical velocity, (compare Figure 7).

The cuadratic polynomials in the four-subareas were combined by assuming a

linear variation of the coefficients aj of the form:

2.5 5 =0.. x + pss vto (5)

yhere x and y are the original Certesian coordinates. Apparently, four sets of

coefficients are available to determine the three constants O, p, and g. They

vere evaluated by least sauares, assuming that the values of the a's at the centers

of gravity of the sub-areas previously determined should be fitted by Equation 5

vith minimum square residuals. This leads to a cubic resultant field for the whole

area, and a quadratic field of vertical velocity. As is apparent fromthe previous

Figures, a quadratic field cannot be exvected to fit the field of vertical velocity

in the whole area accurately. Figure 10 shows this cuadratic field of vertical velocity.

Effeatoferrarof.oh~arvatico.gondiversenees

Previous experience with subjective methods of measuring divergences of winds or

resultant winds indicated that observational errors would have a large effect on the

neasured value. With subjective techniques it is difficult to estimate this effect

mantitaetively.
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The observations in region D were subjected to random errors estimated to be

5f the same magnitude as the errors of observation. The frequency of errors of given

sizes are summarized in the following table:

Error: od fl wl WB wf ww] wm?

frequency: ]
-

-
pk

—

The unit of the errors is (100 mn)? mint. Each possible error was written

on one or more cards (devending on the frequency in the above table) and the

cards were shuffled. A card was drawn at random and the error on the card was

added algebraically to the first observation. The card was put back into the deck,

the deck was shuffled again and a new card was drawn. Its error was added to the

second observation and so forth, for all observations. The table below shows the

vertical velocities computed from the altered observations at certain points compared

vith the original computations:

STATION ORIGINAL VERTICAL VELOCITY

3ig Springs, Texas
{ansas City, Wo.
5%. Louis, Mo.
lemphis, Tenn.
Tallhassee, Ila.
Jacksonville. Flr

This sample seems to indicate that the errors did not influence sign signifi-

cantly, but that the magnitudes are affected considerably.

[n Figure 6 the dashed lines indicate the position of the zero lines as

svaluated from the altered observations. Apparently the position of the zero

lines is not very greatly affected, although the field of divergence, which was

previously elliptic is now hyperbolic. It may then be stated that errors of ob-

servations, if their magnitude was estimated correctly here, will only rarely

alter the sign, but will often alter the magnitude of the divergence considerably.
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APPENDIX I

Let N observations, numbered n = 1,..N, be made; observation no. n being made

at the point with the coordinates x,, y,, and producing the result f,,. It is de-

sired to find a cubic polynomial

P [Vv A =&lt; #1
i

wishes
t i

vhich minimises the mean square deviation

[n order “5 do’ + &gt; mm first

and then introduce the new variab.

Torm next

Ir

A

y
“hen

and then introduce the
- -

*v

Yow form

1

ar

Note, as a check, that necessarily

Toa



Form, furthermore,

for .

L2

&gt;

~

“orm the matrix

2

‘oo A220 fo2
Ay Ap fm
oz Paz Ros

An M03 Ae M2 A300 Ao

 FE
brn Ape Ay

Ano 12

Ago t32

hoy, ha M15 5 By
Ay bo B22 Bp A;

fo Ms hoa Ao Ap hog

bp An bn A330 Ap Ap feo Ap
As Ayn Ay, Ay Bay Ay An

ho1

421

o&gt;
10

f2

Aap

hy

1

om

Aq A

(Note the somewhat unusual arrangement of the Ajj ) and the vector

(b—- by) = (Bag Bog Boa Boy Bay Bos Bip Bin Bag Bip)

(Note the somewhat unusual arrangement of the B, i)-

The coordinate svetem which was used in setting up this metrix was chosen in

such a manner as to mske the positions of the observations stations as random as possible:

The mean as well as the dispersion of each coordinate is the same as if each were

randomly distributed in the interval -1, 1, and their correlation is O. If they were

randomly and indenendently distributed, then the matrix a would be

1. 1 4
1/3 1/9 1/5

4

L
;

1,

1/5
15 1/15

1/15 1/7
1/4

1-9 1/15 1/15
1/5 1/15 1/7

/9



[his should be a reasonable anproximetion to the true a for orientation nurnoses,

mit one should not exmect to find it adeocuste for the ecuations which follow. The

72 empty fields are all occunied by O's.

APPENDIX TIT

The adiabatic method is based on the following derivation:

AT dT _ IT -
—_— = — orm — pe Vv ® i T
Era ye PAR

( ¢

vhere T is the tomnerature and subeerint 2 denotes a two dimensional vector.

lence,

3 + +

- 37

go T= W(%E CETLJ OFA i

Ty. 2 ”

 fa

311 anuantities on the right can be measured. if the individusl sir noticn is

saamnad sdlshatle ond Blin = - LOL Ye

The adiabatic vertical velocities used in this renort are based on the

isobaric" technicue. From ohserved gecstronhic winds, 17 heour isobaric air

rrajectories are constructed. The numerator in the expression for the vertical

relocities may be internreted te mean the individual temverature chenee of 2

harticle followin» the horizontal motion. Since the differance between horizontal

and isobaric traiectories may be neglected, the difference between final and

initial temperatures alone an isobaric troiectorv vields the numerator recuired. The
v * T - - - * - 5 - 1 »

ralue of .— in the denominator is obtained from isonleths of vertical temperature

iifferences on isobaric charts.
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Objective Analysis, Report 1947-48
John von Neumann fnstitute for Advanced Study
He A. Panofsky, few York University.

Introduction

One of the sims of the Meteorological Computer

ProjectatPrincetonis the application of the hydro-

dynamie equstions to “---~--~%ing,

Initial conditions for this problem would be fur-

nished by the oF -rvations at a ct-rting time, t_.

At time t, 1t would be required to know the meteor

o0logieal vv “les and some of their snsce derivitives

at certain rid points. This could be accomplished by

the normal modes of analysis, that is, the subjective

drawing of i1sepleths, The der’ vatives could be approxi-

mated by ratios of finite differences, A disadvantaze

of this process 1s that it is subjective; another, that
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the data must first be plotted.

fheas. "28 could be avoided if the maeteore

ologieal vr: ’~"les could be r-Irt~d o**--"*vely to the

space co ““~~tes by analytic functions. Then the

coded wr~"" "» rennrts could be translated into initial

sonditions without human $+  fe

Tomes

The prrhlom is then to find an an-?vtic function

p(x, yy 2) which =  ---nts the distribution of the

meteorological variable p in three dir--~ions. In all

computations so far, however, the vertical dirension

(or pressure) has been held constant the "objective™

analysis completed is thus analogous to the subjective

analysis of envetant level or constant pressure charts.

Also, the analysis has been rectricted to ree

latively small areas over which third order polynomials
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fit the datz g- © Tactorily.

b ra

A third ¢=?~= ralynomial c¢~n be voitten in the forms

&lt;3)+] =xiyd (1= 7 843plx,v) {1

vhere x and y e¢~y Cr" BN CO=- -» ~tes, There are

altogether 10 ~~ ""“cisnts ayy. The size of the cr-a

to which such a polynomial is to be fitted will depend

pn how mach tha o&gt; — “dons are to be smoothed, A field

of 10 or © “*~mg can be £-“~d rx-v- *-1ly by a third

order polynomial, with no smoothing of data. Some smoothe

ing is howev~r 4- “rable in all canes, since all ob” ~rve=

tions are 1° "ead by obrarvational errors and more or

less local eddies. The polvnomials cannot possibly be

sxpected to £1t these eddies, but should rather ---~ssent

the large s¢-7a f -“ures of the fisld to be analyzed.



The amount of smoothing will depend on the nature

of the variable analyzed; winds, for example, should

be smoothed more then »» --nres. If a pr~-sure fleld

is to ba analyzed, 12 = 14 observations should be used

to detarmine the 10 constants of the polynomial; in

case of the EasteWest component of wind, no less than

20 observations are required.

The problem of ¢-° ~~ “-¢pe n ¢~ icients from m

observations (m&gt;n) is usually handled by the method of

least squarese This would yield the most probable

polynomial if it 1s assumed that eddies and observational

errors are distributed normally about the smoothed field,

Even if the distribution 1s not normal, the least sguare

solution represents a probable state on which errors and

eddies have been sv» imposed,



Generally, the conditicn of least squares for a

cubie polynomial in x and y leads to ten normal equations

with the ten values of a; as unknowns. Considerable ale

gebra 1s involved in computing the coefficients in these

equations and in their solution. ' The time needed to do

these computations with e#tandard computing machines is

long compared to a forecast periody however, the come

puting time nc sary for the projected electronic com-

puter 1s not expected to be ( .ravagant., The corn-iderable

computations ne -ary in the objective analysis to be

described here were made by the Commutation Laroratory of

the Bureau of Standars at New York City, headed by Arnold

Lowen, under the immediate sun~rvision of Jack lLaderman.
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Analysis of a Wind Field

A situation was chosen where the wind coverage in

the Eastern third of the United St-%es was nesr~ly come

plete up to 10,000, The number of wind reports varied

from 54 to 3,000' to 36 at 9,000!'., Cartesian coordinates

x and y were defined as follows: The y axis was the 95th

feridlan, the x axis at right angles to it and passing

shrough the point: 30°N, 95°W., The coordinates are de=-

fined on a Lamhart conformal projection.

The u comnonent (in the x dir-~ction) and the v com-

ponent of wind (in the y direction) were fitted by ine

dependent cubic polynomials, at 3,000, 5,000', 7,000

and 9,000,

Figure 1 shows the observed winds (above) and the

vind computed from the cubic (below) at 3,000', The
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numbers indicate speed in miles per hour, Apparently

the computed winds show little, if any, systematic

difference from the obs~rved winds. They are, oJ cour:&lt;;

a great deal less erratic. It may thus be stated that

the cublies fit the observations srti~factorily.

Flgure 2 shows the divergence of the same field.

On the left, it is shown as computed from the cubiecs.

Lines of constant div-rgence are the~2fore conie sections.

The maps in the center and to the right show the fields

of divergence determined by two analysts, A and B, by

conventional methods, Aprarantly, the two sets of sub-

jective measurement agree with each other no better than

wlth the objective detcrmination. In gen ral fcaturer.

all three maps are similar.

Flgure 3 compares fields of vertical velocities for
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the same periods On the map on the left, the vertical

velocities have been computed objectively by adding the

properly welghted values of divergence at 3,000', 5,000',

7,000! and 9,000!', Again, lines of constant vertical velo=

sity are conic se~"ions. Also these vertical velocities

are Iinst~ntaneouns., The vertical velr2ities on the right

were computed comnletely inde~~ndently by the adiabatic

method. This method vields 12 hour ar om wT Yen] velo

2ities, The acreement is as good as can be ernected,
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CombinationofSevarateAreas

The objective analysis as der~—ibed so far leads

to indenendent polynomial ~~ ~-~inns in se¢- © ta ar—as

of limited sizes At the boundaries, the analyzed field

ls disconlinuous, This discontinuity has no physical

reality since 1t deanded on the arbitrary choice of the

area. Therefore a method must be divised which smoothes

out these disrrntinnities.

[t 13 now postvl-ted that the corflicients of the

individual polyncmials only apply at the center of gravity

of the areas, or perhaps only at a centroid line. Between

those points, the co~f icients are assumed to vary by a

simple laws If only 2 areas are analyzed, the coefficients

*an be taken constant along certain dir~et ions and made

“0 vary linearly in anotherj if more areas are to be
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connected, the co~"lleients of the individual polynomials

are again polynomlals in x and y, the order depending on

he number of areas.

Instead of thus piler*ng tor ther of sen~rate areas

1t may appear that spherical harmonies lead to better re-

sults when objective analysis1stobe apnlied to a hemie

3phere or the whole earth.

The process of piecing togr Ce
wa Cp ® was studied on a field

of resultant vectors. Horizontal components of resultant

vectors are defined by$
h h

or [udgemany = [vas
” ©

hese can be obtained directly from pilot balloon runs and

have the prr~--rty that their divergence 1s pro-~t“1onal to

vertical velocities, which can be determined independently.
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Accldental errors should have a considerably smaller

affect on wind resultants than on winds at individual

levels. Also eddies located in particular layverswill ine

fluence the re~-iltants to a smaller evtent, Ther-fore,

the ratio of ¢~ ~**~*-nts in the polynomials to the number

of mezsurements from which these ¢ ~“"-?ents are to ba daw

termined would be greater.

Tha observations for Decomber 8, 1945, 22 GCT were

chosen, since resultant wind vectors R. 5 could be obtained

at unusually many observing stations East of 100°W longitude,

and since vertical veloc!“les were available for that period.

The number of re=ultants avilable in the Midwestern and

Eastern part of the United Stetes was 57.

The total area was divided into two sections, C and D,

by a straight line. The criteria for choosing this line
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wera: 1) that the number of observing stations in each

area was an oximately the same and 2) that the distribu

tion of observing stations in each area did not show

great variation of density; a preliminary study had

shown that ob-~rvations in the section cnr+-4 ning few data

Influence the final er ~“teient in the polynomial to such

an extent that a small error in the ohear—*4ons will in-

fluence the values of the ec “ficients in the polynomials

significantly,

First, se -~-tas third order polynomials were fitted

to the x and y components of the resultant vectors in

both areas, and the di --aces computed. Figure 4

shows the distribution of wrrtiecal vele~'tiessW=«1,15

div Rs As was to be ex~~cted, the field is ¢*--~ntinuous

along the boundary AA' between the areas C and D,
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The two third order ecuations in the regions C and

D were cormkined into a single fourth de~ree aguation by

the assumption that the corfTleients in the original

cubles vary 17° rly at right angles to the line sea~-rae

ting areas C and Ds If the &gt;»! d4r “ion is defined as a

direction at right angles to this di:lding line, the co=-

efficients 8. are then given by an equation of the form:

1 4 2m ox! + n,,

The m's ard rr! v= com "dd und-p th: umntion that

the values of the a's were equal to the valves d-*~rmined

for the ir" 5ual cubies at the nec ition of the centers

of gravity of p~~~3 C and D,

Figure 5 shows the df ° ibution of "ahiaetive"

vertical v “es obtsined from the &amp;/--rrence of the

fourth dezr~e esuation. Apper~ntly the smoothing process
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had a pronounced effect on the distribution of vertleal

velocities.

Influence of Observational Errors on Objectively
Determined Vertical Velocity.

Previous experience with subjective methods of measur

ing divergences of winds or resultant winds indicated that

observational errors would have a larre effect on the measured

value, With objective techniques this effect can be ese

timated quantitatively.

The observations in region D were subjected to random

arrors estimated to be of the same magnitude as the errors

of observation. The freauency of errors of given sizes are

summarized in the following table:

Errors wl #7 wh «F wd +) «2 «] =0 »

re
- $4 5 w

3
’ i

Frequeneyt: 1 1 1 2 2 2 3 3 3 3 3 2 2 211 1

The unit of the errors is (100 m)2 min=1, Each possible
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pessible error was written on one or more cards (de=-

pending on the ’~~*gnecy in the above table) and the

cards wera zhu7Lled, A card was drawn at random and

the error on the card was added alrebraically to the

first of "lone The card was put back into the deck,

the deck wax 2% 0 "led again and a new card was drawn.

Its error was added to the second oh-~rvation and so forth,

for all o% tions, The table below shows the vertical

velocities cor ted from the altered ol “vations at

certain points compared with the original computations:

STATION PRIGINAL VERTICAT VELOGITY WITH ADDED_ERROR
Big Springs, Texas
Kansas City, Mi«~-~
St. Louis, Mie-
Memphis, Tenr
Tallahassee,
Jacksonville

1
1’

v1

This sor »1l¢ seems to indicate that the errors did

not influence sign significantly, but that the magnitudes
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are affected considerably.

In Figure 4 the darhed lines indicate the position

of the zero 1*°+g as evrY ~ted from the ~r'terred or--pvge

tions. Apparently the position of the zero lines is noi

very greatly affected, although the field of dA{~ - sence.

shich was pr-vionusly elliptic is now hynerbolic,

Anrlyeis of a Conteur Field,

Contour lines are rerely analyzed on the basis of

reported elev: tions alone. Winds, usually aid the analyst.

The majority cf forec -ters consider wind direction only

"as nearly parallel to tha

wind as possible. Usually the speed is used to indicate

the reliability of the direction. A mincrity of meteope

ologists mako use of the wind speed to adjust the spacing

of contour lines, using the geostrophic wind scale.
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Both of these procedures can be incorporated into

-&gt;

objective an~l' is, The quantity V. grad h (Vv horizontal

wind, h e”~ “fon) 1s zero if wind and contour lines are

. &gt; 2
parallels, ZXence the conditions = (V. grad h)¢ = min

describes *==-%1cally the subjective procedure of ad-

justing contour lines to fit the winds, Since the analysis

has to fit winds and elevations simultaneously, the polynomial

for h should be subjected to the condition:

ap

oZ (heh)? + z, (V, grad h)2 = min

8 denotes summation over rr{ic~~nde station, s' over pilot

balloon station, Subscript o denotes obrerved, a 1s «

constant which denends on the relative weight of winds and

elevations, This constant has dir~nsions and depends therege-

fore on the units used for elevation and wind.

If wind speed is to be used to space the contour
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lines in addition to wind direction and elevations, this

condition may be usads

heh 12 - 2 ~ 2LS (heh 3 +z (u u,,) + Z(v Vg) = min

Subseript #3 87nd: for geostrophice bb 1s a constant

different from ;

Figure 6 shows the data and subiec’2ve analysis.

There are 8 elevations and 14 winds, judged about suf-

ficlent to ¢° ine the 10 constants of the elevation

polynonial,.

Figures 7 and 8 show the objective analysis by the

two technigm:

Both ob ~~" “ve techniques give re-ults very much

alikey they differ less from each other than from the

suhjr “Ave analysis, Both objective techniques differ

fron the sub’ “ive analysis by a more even spacing and
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simpler patterns It may be argued that the objective

analyses ara £# lly preferable in this case since the

pim wae tn ~~ ¥Irnatq drt 21g evo —*—----d on the brcad

fields The deviations of the obe~rwations from the analyzed

field are small enough to be accounted for by errare

and eddies,

A chenze of the weight b t+ a factor 3 did not change

the analysis siec-"Tleantly.

Horizorts] Cr~ "ants of the £1014 of h and its

Laplacian ware also computed, The »-=sement in the

gradients was tolerableg that in the Lanlaeian not good.

This indicates that meteorolosical data at presant are ine

su”“iecient to vi21d reliable valves of second d-"~—ativee,

This conrlusion was suhn*~-**-%a4 bv an evaluation

of the effect of observational errors on the derivatives
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of the elsvation field.

The effect of the c*- ede ge ~tional errors is 1illu-

strated belows

IX Ty + Le
obs. with obs. with
 error error

-26,1 =-24,8 +25,5 +18.8

-17.4 14,8 23.5 = 4.9

"206 =29,1 413.0 =11,7

= 73 =25.2 =25,3 419.3 + 3.6

Salisbury, NeCe = 2,5 = 2.6 «25,6 «29,7 +40.6 + 7.8

These valnes are based on the following distribue-

tion of e:

uoryvy

weight

FY. » oe  5 (nm s-n-1)

i} -7 U -
5

7

10

c

15 20

1 1
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woight

Bran t
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"hy 21 ~

(‘n reo. ~~)

~1.0 «05 0

3

0.5
=

yy

1.0 1.5 2,0

1

The assumed errors in the wind comnonents are n~esibly

too lar:e, hence the changes prndvced on the prlynomials

too greats Lvon so, it aprears that com "4on of the

Laplacian of i: “ure (or height) 1s not reliable, and

should be r-
L,

tion from ~~netrorhie wind

The fundamental equations of Meteorclogy can be

transformed into a complete system of equations in which

partial 4d: 'S with respect to time can be « ad

in terms of the mete~rologzical variable and their gradient:

This systen of ecuations ean be ir’ "¢d nur-riecally,

provided that the quantities on the right side of the

squation are kr~wn with "elent sccureery
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Two of tha eauations of this completa syatem are the

two horizontal c¢em=~=ants of the vector equation of motion,

solved for the time derivatives

2d ves - wg + £(v-v,g) + Fy

qr = war LTE= wey 4 f(u-u,.} Fy

(1)

(2)

The p~*~{1lcn is sipnd-rd, u, v and w are the three wind

somnnnents in the dir~~tions x. y and # f£ is the Coriolis

parameter, t time, The subscript gs stands for geostrophic,

F 13 the corn~ment of the force of friction in the direc-

tion snecli'-edbythesubserint,

The terms 1 = Ug and v = v,, which ennear prrminently

on the rizht =%4e cf enuations 1 and 2 are the components

of r---

porti. “

’

"hie wind vector”. "Tha

" magion —y
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omg; Te=fg hve been made in the past to mensure

the deviations from geostronhic wind, The easiest method

consists in dr-wing smooth 1szohars, commuting the geo-

strovohie wind from the di-*ance of the i~ “~rs and sub-

tract it from the renrrted wind obr-~rvation. This method

leads to ~~~ "mg reaults for two im~~rtant ressonsi

1) Tha Ssonars are usually not dr-wn indepcrndently of thewin

2) The geosi. hie wind is an average over the space be-
tween the isobars, Moreover, the isobars are smoothed
and drawn from relatively distant observations. The
vinds, on tha other hand, are local and not smoothed

Thera difficulties can be overcome by

1) Independent analysis of wind and
fields

pr “ure (or contour)

2) Consistent smoothing of the two fields.
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Two situations were treated in this manners

A) The wind ond ecorntour field at 700mb, Mar. 25, 1947,
© 15002 and

B) The wind ar. n
1600%

ure £1~1d at 10,000', Dec. 2, 1944,

Tha oY "~tinns are given in figures 9 and 10. In

situation A, even the subjective analysis indicates a

blowing of the winds across the contour lines, toward

lower eleveticnsg also, in the Eastern part of the area,

the winds av

In.

© lew zeostrophic.

- nhic.winds

1ppe

Ir

subie in a"

(or elevation) ar: “tad by a

va other zeo-“~nhiec wind components are

quadriticse Honce 1t was decided to fit quadraties to

the obs —=¢d wird component alse,
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say, 25=

~&gt;~&gt; chosen in such a ™ay that they con-

tained 12 obs~rvations of pressure (or elevation), In

both cases, about 25 wind rer~rts ~ere sveilable in the

Barr 3 ay

On both fisures 9 and 10, rectanzles were drawn

to indicet

30 as to t

+

~~= analyzsd in detail, They w-re chosen

r surrounded by both pressure (or

alevation) ard wind observations,

Figures 11 and 12 show the devi~tion vectors from

geostrophle wind in the areas outlined in fi-ures 9

and 10, com uted from the polynomials of Py or hy, u and v,

[sobars (or contour lines) are also given.

In situation A, the geostroohic deviations point

toward lowcy ed

flow in the Li:

vations, and are ¢ir-eted against the main

‘™n part, as evmected, In situation B the
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geostrophiec d-- "ations form an anticyclonic wheel,

centered sli-htly East of the wedze line,

The data used in this study were m~“ified by random

"errors", of 2 rarnitude cor-irtent with ov “anal

errors. Tho following table gives the errors and their

welr, 31

for u and v (in m sec*l)

uoryvy «

weight -

-B

«-

dh

“4 «2 0

5 3 3

2

3

4

2

8 12

1 3

for p(in mb) and gecnatential (megerzs gm=1)

¢ or p «led 1,2

weight *

r

»

-

©.

0

3

ad

3

»f 1.2 1.8

2 1 1

Figures 13 and 14 show the ~--- trnvhic deviations

with errors apnlied. Apparently, the effect of the errors

on the final result is much greater in situation B than
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in A. Indeed, 1t becomes likely that the geostrophic

deviations of situation B (fig. 12) are extremely une

nerheine

It 43 ¢

computed

and 12 by §

Mle to test the reliability of the

~“nhic wind vectors shown in figures 11

 ~~

nt r- —

*"

1,

Then the h. TE

‘=nt the "Mie wind vector,

“~~ftal component of the equation of motion

may be writteng

Nd 2 -&gt; &gt;
’ (F - dV) kA av)x (3)

shere F 43 the hr~izontal cr—~--ant of the force of friction

and k 1s a unit vr “ical vector,

In order to estimate the n- ~“anhic wind vector

to be ex~retad it is first assumed that F is small come

~~ - ,
pared to dV/dt at 700 mb. The term dAV/dt indicates the
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change of the horizontal motion following a parcel in

threes diman=jiocns, It can be computed most essily from

isentropie ch-vts if individual ter ~ture changes can

be assumed a {ice

In tho case of sftuation A, isentropic charts were

not available, and change of speed along an isoberic

trajectory was subciituted for that along an ir ntropie

trajectory. The geostrophiec drviatimng ~— -oted fron

these = "ions are indicated in figure 15. The

agreement between this and the observed geostrophie

deviations (fisure 11) is tol-rablej both the direction

toward lower elrvation, and the dir~ection against the

flow in tha L»«tern part of the area arres. Beiter

agreement 1s not likely to be evnacted because a) observed

geostrophic deviations were almost instcnt-~neous, accele=
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rations were 12 hour average changes of velocity up to the

period analyzed (later winds were not available). b) friction

and vertleal r-“lon vrre neglected. However an attempt

to improve tha arrveement by including the effect cf these

two factors falled, perhaps due to the inadeav~ncy of our

knowledze of these quentiiies. n the case of situation B

isentropic trajlectories could be conetructed and 12 hour

accelerations could be computed centered at the period of

analysis, The nor -eostrophic winds based on these measure-

ments, are er’ r~4 as broken arrows in firure 12. Tha

agreement with the observed n~- ~~-*wanhie winds 1s voor.

The dovhtful reality of the geostrophic or ation field

in situation B (fizure 12) can be demonstrated in another

way. Apparently these vect-»s have a veaoticity

magnitude curl Vy = = 10~5 sec-l, Now, taking the divere
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gence of (3)1

-
div dV = A curl v,

at
(4)

The left side of (4), the ¢.- ~ ‘ence of p~~~T~vration, 1s

ralated to the #~ * “4con of div-=-ance., Assuming these

two quantities the same, this would mean a deci~ase of

diverzencs alone the trajectoryofabout10~9 sac~l in

3 hours. A 8~ rase of div “ence, ho—.ver, was not ob-

served, in fact, along most of the trajectories though

the area anal 2d, the div-rgence incr--red.

From all a rp~~n11ts we mry conclude that the

"observed® £icld of geostrophic deviations gives a fairly

correct pleture in situation A, but not in B. Even in A,

the exeset marritnde 1s not er ~~ h~re reliable, eanecially

in the north: Re  ~rn section where non-sostrophic speeds

of the order of 30 m see~l appear.



AbstractandConclusion

For the nurnnse of "analysis" of the -esure and

wind field, pclynomials have been fitted to the ob---rntions.

This process 1s oYjlective, eliminates the rr-~-~sity of

plotting the data, but takes a ~~g9 arount of tire,

This is of 7 © "7+ ly small imnortance if the technique

is to ba r+ 1124 to forecrsting with the aid of an electronic

comput ar.

It is chovm that -aurements and corutations made

from subjectively analyzed wind and = -sure fields can

be made e~t .11y well from these polynomials. Isobars and

stream lines etxlusted from the polynrmials scree wall with

those obtained subjectively.

The foll~ming conclusions can be reached concerning

data at 10,000":

a) Pr “
4

irnts can be r--rured with fair accuracy.



b) The Laplaclan of the pressure field is very poorly

determined by the observetions

e) Deviaticns from ger “ronhie winds can be obtained from

observations or~asionally, but not with suflicient accuracy

for use in the numerical computation process.



A Study of the General Circulation in larch

Project Report 1947 « 48

Introduction

The term "General Circulation™ is used to describe many

kinds of mean motions in the atmosphere, At one extreme, it

is applied to the general flow aloft on an individual map, at the

other it refers to the mean motion over a period of many years,

averaged also over all longitudes,

The definition of general circulation" used here i: close

to the second extreme, denoting a long period mean as well as

a mean over longltude. Thus, essentially, the study refers to

mean motion as functlon of latitude and height only.

This meaning of "General Circulation” is thus similar to

that given by Rossby in his "Scientific Basls of Meteorolcgy™;

however, due to the wealth of data required in the type of

analysis to be deseribed here, this study wlll be limited to the

"General Circulation" in a single month, Larch was chosen since

the circulation in that month is similar to the annual circulation,

Rossby's largely gualitative theory postulated the existence

of three cellsj the present study was intended to utilize

existing observation to arrive at a guantitative deseription

of the circulation averaged over longitude and time.

It 1s clear at the outset that the averazing process will

reduce magnitudes of the meridional and vertical components of



the motion, However, these very small average motions still have

a pronounced effect on the meridional heat and moisture transfer.

It is proposed to compare the magnitudes of the heat and moisture

transfer by these slow average motions with that produced by the

large scale eddies superimposed on this mean motion. It is

clear that 1f the "General Circulation" represents an average over

both longitude and time, all pressure systems, both travelling

and semlstationary, must be regarded as eddies,

Ideally, the "General Circulation” and the mean pressure

distribution should be inferred from the energy balance, the

equation of continuity and the equations of motion. In that case

the pressure, the only meteorological element which has been ob=

served thoroughly over most of the earth and to high elevations

would not be used directly, Hers, the pressure will be assumed

known, and it will be attempted to determine a field of motion

consistent with the pressure field, It will bo seen that even

with the knowledge of pressure, the field of motion is subject

to considerable uncertainty, dus to our lack of knowledge of the

offect of momentum exchange by eddies of all sizes in the free

atmos phere,

Method of Integration

Nith the pressure given and the density inferred from the
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hydrostatic equation, the problem reduces to determine the

three components of mean motion from the first two equations

of motion and the equation of continuity, The independent

variables are p, latitude, and r, the distance from the earth's

center. The dependent variables U, V and W are the mean zonal,

meridional and vertical wind components. As used in this report,

a mean expressed by a capital letter, is defined by

-

Z |

years

2

¥

3 Dep

»

- d \dt

alliefy 19 moufpl, X 277

(1)

L

where # 1s time, \ longitude, The symbol "intezral over time"

extends over the month studied. The number of years considered

here 1s of the order of forty. In practice, the integrals have to

be approximated by sums. Also in this manner, P denotes the

mean pressure, Q the mean density. The first two equations of

motion and the equation of continuity can now be written:

e\/=
ZU d7 RE_Fo

oo + dan b
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z ¥

1 dn
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9am) = - 1{a(0) - QVtan ¢]

(3)

(4)

where f 1s the Coriolis parameter and FA is ths gonal frictional

force, to be discussed later at some length, Equation (3) can

be used to compute U as a function of ¢ and rg then glven W at

a low level, V is computed from (2), hence W at a higher level

from (4), then V at that level from (2) ete,

The approximations involved in these equations have been

discussed in detall earlier. Equation (3), which expresses

geostrophie balance along the meridians, is aprlicable above the

"Friction layer" only it also becomes of questionable value in

the troples where both pressure gradient and Coriolis force

become small and friction, even 1n the fres atmosphere, 1s

presumably of a similar order of naanliude, Thus the inte=

gration will be carried out above the friction layer and North

of 20° latitude.

Three problems have to be discussed, before the actual

integration 1s started;

1) the northern and southern boundary condition,

2) evaluaticn of W at H, the top of the friction layer

3) estimate of PF



The Extreme latitudes

Due to lack of data the calculations are terminated at

20° and 65°N, ‘The quantity? gt at 20? and 05°N 1s evaluated
sith the aid of the assumption that there is no flow across

the pole and the equator. This mesns that pV 1s assumed to vary

linearly, from 0® to 25° and 60° to 90° latitude.

The Lower Boundary

The determination of vertical veloclty at the top of the

friction layer 1s treated as a problem. From the equation of

continuity 1t might be expected that the vertical velocity would

be correlated with surface divergence, Therefore, divergence

charts were constructed from resultant winds over long pericds,

Since the divergence1salinear function of the wind, the

divergence of the mean wind 1s the mean diverzenceofthewind

vhich can be measured from mean maps, Initially, sufficient

resultant mean wind data were available only over the oceans,

the continental United States and seetlons of India. Measure

ments of divergence in these regions indicated that areas of

naximum divergence exist 5° South and 10° East of High Pressure

centers, Dlvergence was plotted sgainst pressure, taken off

go North and 10° West of the point where the divergence had

been measured. This graph is shown as fizure l. The scatter is

“In the appendix a theoretical study of mean divergence, carried
out in connection with this project, 1s summarized,



very large, part of which 1s due to random errors in measurement

of divergence, another part due to the questionable nature of

a relationship between divergence and pressures A straight

line is drawn on Figure 1. It was drawn by eye so as to give

the best relation between divergence and pressure, One cone

dition for this line was that the divergence at 1815.0, the

mean pressure of the Northern HemisphereinMarch,should be
Zer0. |

The straight line in Figure 1 permits an estimate of

surface divergence, averaged over all longitudes, from the mean

pressures. The result of this estimate is given belows

latitude 200 259 30° 35%40%45% 50° 55%60% 65° 70° 75

divergence in 1076 sec™l +1 1.5 1.5 102 47 2 =o2 =e4 0 +.3 +.5 +.6

Lon.2h

The relation between vertical velocity at 5000' (which was
taken as the top of the friction layer) surface divergence could be

studied only from United States data where vertical velocities

were available. Figure 2 shows the relation of vertical velocity

with surface divergence.

The figure shows that a good estimate of vertical velocity

sould be obtained from: W = 1.25 x 107 div Vi If this relation

is used, the following table results

® 20 25 30 35 40 45 50 55 60 65 70 75

NT o08 «012 =.12 =.10 =,06 =,01 4,01 4,03 0 «403 =,04 =.05
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Frictions

For convenience, the friction term F can be divided into

two parts:

1) the effect of eddies so small that the eddles are

smoothedinordinaryweathermap analysis. This will be called:

Austausch Friction.

2) the effect of the large scale eddies which appear on

weather maps as cyclones or anticyeclones, but act as eddies on

the average circulation, This will be ealleds Gross Austausch

Friction. |

Austausch Friction

Austauseh friction 1s usually separated into horizontal

and vertical components:

N=ApBgvig 2] (5)

where // and // are the vertical and horizontal coefficients of
SN h

2ddy viscosity, the horizontal coefficlent being assumed the same

In all directions. Little is known about the variation or even

the magnitude of either coefficient, above the friction layer.

If both coefficients are similar in magnitude, horizontal momentum

sransport by eddies can be neglected; however, this assumption



does not agree with studies of isentropic diffusion.

Gross Austausch Friction

The force of friction due to large scale e¥~hange of

momentum (Gross Austausch) may be writtent

 = -LGpTVT + JoRTHT - PNT tan 9]
plroo r

here a' denotes deviation from the mean, p the individual density.

The variation of density 1s neglected compared to the variation

of the wind components.

The quantities =pu'v' and -pu'w’ will be called "stresses"

and denoted T__ andT_,respectively.
Only To can be evaluated with any generality, T, can be

estimated if the velocity is a linear function of meridional

velocity everywhere, as it seems to be in the United States. In

that case, we can put

TT, 2 —

— |&lt; “xn
vhere K may be a function of height,

Observations of vertical velocities in the United States

lead to these values of K:

Height O 3km 6km  10knm 13km 16knm

0 1.8x103 2,5x10=3 2,0x10°3 1.2x10~3 .8x10~3



Thus the problem 1s reduced to evaluation of Tey = epulv',

The "Gross Austausch" stress can be broken up into two

parts, the "Longitude Average" (LA) stress and the "Time

Average™ (TA) stress, The former is computed by combining

the deviations of time mean wind components from the timee

longitude meang in order to find the TA stresses, deviations

from time means at individual locations have to be combined

and averaged over all longitudes. Thus the LA stresses can be

obtained from mean maps, whereas the TA stresses have to he

found from numerous individual charts. Essentlally TA stresses

measure the momentum transfer by travelling pressure systems,

LA stresses by semistationary systems,

So far, LA stresses, based on geostrophlic winds, have been

computed from U.S, Weather Bureau normal charts at 0, 3, 6, 10,

13 and 16 km, The results are shown graphically in figure 3.

Apparently, the order of magnitude of these stressesis10dyne

em~2, a little larger than normal surface st=~zses,

The Time Average Stresses

Time average stresses would be relatively easy to compute

If the patterns were consistent year after year. To test this,

stresses were first computed at 10,000' in the U,S. for March 1939,
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1945. and 1947. In each case, u'v' was computed from u,v. «

LIL (subscript gs means geostrophic); the averages were

computed from observations 24 hours apart, As figures 4, 5, 6

show, there are considerable differences in the stress patterns

of these 3 years, perhaps becausa a single month is not a suf=-

flciently long period®, Perhaps similar stress patterns are not

bo be expected year after year, because many properties of the

flow change completely from a given month of a year to the same

month of another year, Incidentally. stresses vers computed for

04 GMT and 16 GMT independently. The differences between the stress

[lelds at the two times are small and not sufficiently consistent

50 lead to any definite concept of diurnal variation of stresses.

Even if the stress patterns in given re~ions repeat them

selves year after year the average over all longitudes would be

uncertain, since sufficient data for computation of these stresses

are not avallable in large parts of the Northern hemisphere

especially above 3 Ym,

Only if the stress patterns are related to +ha patterns of

2 varlable easily evaluated, 1s there any hove TP the mean

over all longitudes. Comparison of the stress patterns in the

United States with the pressure patterns showed a possible ree

lation of sign between the stresses and the East-West pressure

According to V Starr's theory Journ. Meteor. 5s 39, 1948, T
should generally be negative. This does not seem to be born out.
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gradient, Hence the North-South geostrophic wind, Voor averaged
over all longitudes within the United States, was plotted against

SUIT cverazel over the same longitudes. The result is shown

in figure 7. In all cases, negative stresses occur with Southerly

mean flow and vice versa, If a linear relation between stress

and geostrophic meridional flow could be assumed, the total TA

stress averaged over all longitudes would vanish,

Stresses =pu'v' were also computed at 1N.000' over the ocean

for 1945, In this case, there was “correlation between stress and

meridional flow just opposite to that observed over land. Hence,

the question of relation of TA stress to other variables needs

considerably more study.

Circulation Model Ia

In spite of all une~~tainties it was decided to compute a

General Circulation model based on equations 2 - 4,

Model Ia started from the vertical velocities at 1.5 km

given above, proceeding from these in vertical steps of 1.5 km,

All horizontal gradients were computed over 5° intervals. At

55° and 20°, however, pi had to be computed from finite
diff~=~nces over 25° or foe degrees, since the boundary con=-

11tions give pV at 0° and 90°, respectively,

The friction term was simplified greatly, Of the Austausch
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terms, only//., 320 was computedj //was assumed 50 gm em”! see=l
 Pp 0z°

up to 10 km and zero above that level.

Of the Gross Austausch components of fri~tion, only the first

term of (6), 1. QpulvT, was used, and of this only the LA component,
pr

which shows only the contribution due to the semi-stationary

pressure centers, Admittedly, some of the other terms contributing

to friction may be equally large, Additional terms will be ine

troduced in later models, as thelr computation nrorresses,

Streamlines of model Ia are shown in fizure 8 in a vertical

eross section, Apparently the sign of the vertical velocity

throughout the model 1s determined essentlally bv the sign of

the vertical velocity at 1.5 kme In other words, the change of

IW with height is small compared with QW itself, Thls shows the

importance of having correct vertical velocities at 1.5 km. It

also shows that at a given latitude, the vertical velocoty is not

11kely to change sign up to a very high level.

The absolute magnitude of the vertical velocities is of

ordar ‘1 em sec~l, that of the meridional velocities, 3 em sec~1,

The latter is large enough to carry northward a considerable

fraction of the computed radiation excess at the equator and

convey 1t to the pole,

A more detalled study of the heat transfer is planned for

1948-1949,
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According to figure 8, momentum 1s carried downward over

most of the latitudes between 20° and 65°N, However, from the

equation of continuity we know that, if no air is to flow across

the equator,
a ar /%

QW cos ¢ dn %
-

4

This makes extremely plausible the assumption, that in low

latitudes momentum must be carried upward, It is unlikely that

sufficlent upward flow would occur North of 65°, partially be=-

cause the cosine factor becomes small there, Also, synoptic

experience in the equatorial regions makes upward flow there

likely.

Thus, figure (1) shows two large clockwise cells, and two

smaller counterclockwise "eddies™ between them, It would be

misleading to call the two large cells "direct", since they

reach into the stratosphere, where the horizontal temperature

gradient 1s opposed to that of the tropos=+~

It was pointed out previously that the surface divergence

is of the order 10-6 see=1, However, in model Ia, it drops a

magnitude already at 1.5 km, and stays at about 107 see=l

above that, On daily maps, on the other hand, the divergence
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is of the same order of magnitude at all 1 vels, In order to

arrive at a vertical velocity at l.5 kr =: assumed a relation

between surface divergence and vertical velocity at this level.

This relation was based on measurements on dally maps. However,

since the divergence maps seems to decrease with height more

rapidly on mean maps than on dally maps, the vertical velocity

computed from daily maps may be systematically too large. For

this reason, model Ib was constructed, The integration was re=-

peated, after the vertical velocities at 1l¢5 km had been reduced

by a factor 4, The result is given in figure 9, The change of

the lower boundary condition apparentlv did not affect the

"*y at highgeneral circulation pattern very =v

latitudes where the vertical velocities vvre £211 to begin with,

the changes are smally at low latitudes, however, the streamlines

are generally more horizontal than they had been before.

A rather distressing property may be noted in both modelsj

according to considerable evidence, in middle latitude, northerly

flow 1s generally accompanied by downward motion and vice versa,

The correlation 1s good enough so that a similar effect might have

T

been expected in the mean, in the midtropcsphere, The figures

do not bear out any such relationship
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SUMMARY

The equationsofmeanmotion w-~;

for March, with the pressure assumed known, Only the effect of

vertical Austausch and the horizontal component of the Grosse

austausch due to semi-stationary pressure systems were included.

The result shows two large "direct" cells in tropical and north

temperature regions and two small "indirect" eddies between them.

The term "direct being defined in aconr-Aance with the solenolds

normally observed in the troposphere. The cells in question

here, however, extend far into the stratosphere,



Append

Analysis of divergence over the North Atlantie

The values of mean dlvergence computed from wind resultant maps

were analyzed theoretically, -

If the vertical componentofthecurl of the mean equations

of motion is computed, the following equation results:
-

iv, V5 =» [ curl F4 + | curl F’  curl dv,
at

where subscript 2 means two dimensional. F! is the friction force

due to Austausch, Fl! that due to Gross austauseh.

The term curl F) has been discussed by Rossby and Montgomery

and has been applied by the latter to the determination of cone

vergence of ocean currents, It can be evaluated although not

altogether accurately 5 from mean mane.

The last two terms of the equation above also can be ese

timated from mean maps, but appear to be a maznitude smaller than

either a1v,v, or 4 curl Fle The second term on the right, 1

surl ph can be evaluated only if a sufficient number of individual

maps were analyzed. However, a sufficient number of North Atlantic

charts were not available,

Charts of 1 curl x were compared with charts of div V,,

The agreement was quite poor in some regions, for example of



Newfoundland, Such disagreements can be due either to errors

of observation or to 1 curl Fs which was not computed. As a
 tT

matter of fact, the charts of 1 curl F! agreed more with the mean
f }

pattern of diverrence expected by synoptie leteorologists than

did the pattern of div,V, itself, It is thus culte possible that

the principal reason for the discrepancy 1s the larce experie-

mental error of div,v,.
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