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The object of this thesis was to explore the possibility of
improving the statistical surface pressure prediction through the
use of 500-millibar vorticity data,

The test was made with surface pressure and 500-millibar
height and vorticity data for January and February 1951, The sta~
tistical prediction was based on the pressure data from 24 and 36
hours previously. A reduction of error of ,63 was obtained by
using the pressure 24 hours previously, whereas the reduction of
error was .70 when using the data of both 24 and 36 hours previously,

The combination of the statistical method with the methods

containing the upper level vorticity field did not show any improve—
ment over the statistical method alone, However, the results indi-
cated that a slight improvement could be made by using the 500-millibar
height change in conjunction with the statistical method.

Upon the investigation of the causes of the largest error, on
February 1, when cyclogenesis occurred, it was suggested, at least
in such a case, that it might be beneficial to include the temperature
or thickness field in the statistical prediction.
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SURFACE PRESSURE PREDICTION BY MEANS OF STATISTICS AND THE VORTICITY PRINCIPLE

i INTRODUCTION

Statistical weather prediction methods may be used to determine

the future state of the atmosphere as a function of its past state,

These methods are not rew, but now application of thew is much more

feasible because of the development of high-speed computers.

In statiotical forecasting one requires a vast amount of infor-

pation. For example, in the case considered in this paper, each of

the 113 weather maps contains #4 points, Each of these points contains

two observations. This makes 18,984 pieces of data for only two months,

Attiesipts have oiten been made to find 8 relatively small set oi numbers

that contained almost as much information as the original data. This

is sometimes done by expressing the data in terms of various linear

combinations, since observations at different points are usually core

related with each other.

In some of the first studies in ti-- tical weather prediction,

Malone and Miller /3_/ reduced the number of predictors from 182 to

32 by means of the normalized coefiicients (2's) of 14 Tschobyscheff

orthogonal polynomials, However, it appeared in this study that

certain Z's were highly correlated with each other when considered

as tunctione of tine, Therefore another method was needed in order

to represent the maps by a small number of quantities having coefficients

uncor—slated with each other



A method using empirical orthogonal functions (hereafter denoted

as EOF) was developed and described by Lorenz 717.

The surface pressure field was expr-r "ed as a sum of products

of BOF's of time, 9's, and EOF's of space, Y's. The XOF's have

these properties:

i. The functions of time, 4's, are orthogonal to each other,

2. The functions of space, Y's, are orthogonal and 2re chosen

in such a way that the sum of the squares of the functions are unity;

i.e, they form an orthonormal set,

It was found that 91% of the variance of surface pressure obser-

vations at 64 stations over a period of 140 days was represented by

only 8 80F's while 37% of the variance was represented by 15 EOF's,

The computational procedure ior determining Y's and O's was

described by Lorenz [17, and applied to prediction of the sea-level

pressure field by Shorr [27 and the upper level vorticity field by

Sellers / 37.

Sone of the results {rom this method will be presented in this

paper. The possibility of further improvement of surface pressure

prediction by using upper level height data and vorticity datz is the

principal subject of this study
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[I. THEORY AND APPLICATION

1. The Linear Regression Formula

The regression equation for computing a predictand Xo

as a linear corbination of predictors JX, JX, ...... Xn is given

by the expression.

 * 74

 XY, -

X.=

Am Ka

X., + €.
{1)

where €, is the error in estimating +o , provided that the

time-means of X. ..... X, are zero. The coefficients Cl. are found

by minimizing the mean square of errors, Thug for M = 1,

2 er =- 27 + la x* =0
Ja°

and Qa.
 4k x—

&gt;
{2%

Here a bar indicates an average with respect to time, The expression

in the numerator is the covariance of the functions +,o and

The denominator is the variance of the function &lt;, , Generally,

for m = M, the coefficients Jd, ere evaluated by the expression

given in matrix form
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(a.ay- Qu) = (dd NA ANE EAE TAY
BY, XX. Jdw)

(3)

\ Yu Y, Yi X, ur }

f

The second matrix on the right side of (3) is the inverse covariance

matrix which has diagonal elements as variances and non-diagonal ele-

ments as covariances.

In this study the predictands are 14 EOF's, ¢,, %2,. . -- 2

The predictors are values of these same EOF's at earlier times.

If the values of the EOF's at time n-2 alone are used to predict

the EOF's at time n, the prediction formula may be written

A

0. = QOu-2 Pp {4°

Then

Qn * (4,9. © 291) m

is a matrix of one row and 14 columns, and P, is a 14 x 14 matrix

of prediction coefficients. The subscript n refers to the time.

1f the velues of the EOF's at times n-2 and n-3 are used as

predictors, the formula may be written

[he coefficients in

= AF + Q SE {&amp;"7

© and P_ may be found by solving equations
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of the form of (3) for each predictand separately,

Equations (4) and (5) will be used for the surface pressure

syedictionsg.

2. The Barotropic Vorticity Equation

The hypothesis was made that the prediction obtained by the

statistical method that used only surface pressure data would fail

mostly at the pressure centers, Therefore it was thought that an

improvement would be made after adding the vorticity data to the

prediction formula of surface pressure. The test was made under

the assumption of the validity of the barotropic vorticity equation

for a two-dimensional nowdivergent iow

A VoroY; {6

In this equation [ is the verticel component of the relative vorti-

city, V ie the horizontal velocity vector and Ve is the horizontal

del-operator taken with respect to 2 constant pressure sursiace.

repregents the locel time rate of change of the relative vorticity

and therefore denotes the accumulation of vorticity within a certain

unit area. The term on the right side of (6) is the horizontal

advection of vorticity through the boundary of the same aros,

For many purposes it is useful ito use the geostrophic

approximation and compute the vorticity from the zeostrovhic wind.
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The geostirophic vorticity, 7, , is obtained irom

oF

hq*F7H + a {3 £7)

Here g is the acceleration of gravity, i 18 the coriolis parameter,

7*H is the Laplacian, Z , of the contour field, u is the zonal
~1

wind component and Ie is the Rossby parameter equal to &lt;2 {Ll ¢29yf2

 f&amp; is the distance from the center of the earth to the suriace at

latitude 7 . R decreases slighily {rom the equator (6.378 x 10° km)

to the poles (6.357 x 10° km). 1 is the angular speed of the earth's

- ~
rotation (7.252 x 10 ¥ sec L. Since the second term in (7) is negli-

gible compared to the first one, it may be omitied. Therefore the

geostrophic vorticity is obtained by computing the Laplacian oi the

500 ab height. Thus

ES EAE Dd {3%

3. The Finite Difference Approximation

The well known finite difference scheme is shown in Fig, 1

for the point §,j. Let the =x axis be in direction of the grid

rows and the y axis be in the direction of the grid coluuns.
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vig. 1. Finite difference scheme

Here the mearurorents of the derivatives oi the continuous variables

x and y are replaced by a discrete set of points (i,j) slong the

x and y axes respectively. So x = i/x and y = joy when 4x

and /y are the distances between successive points and i and J

have only integer values. Usually the distances between Ax and LN

are equal and are often designated by J. Thus the Laplacian is

avaluated as

ba = ot (Hew, + Hein + H... . + Hp = GH. (9)

A problem which always appears is one of choosing distance d,

This problem has been discussed by many authors. According to Charney

and Phillips / 5 7, one obtains *“¢ best results by choosing d = 200 lm.

This choice depends upon the size of the disturbances that are to be

ons idered

An attempt was made here to adapt d to the available data sO

that Xr could be easily evaluated. Usually data cre available at
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latitude and longitude intersections. Therefore d was chosen to

equal 5° longitude. However, in such a case, d varies with latitude;

also, the distance along the x axis differs from that along the vy.

Let the distance between 1 +1 and 4 ~~ 1 be d_ and the distance

between Jj +1 and j~1 be dd . Thenwedefine

£ Ax
ad

{aio

The re’1*ive vor’ ~*ty sccording to (8) is

, © (Hun, THiaj = 2H) + (Hijo Hijo = 2 Hif)| (11)

Once [, is ovaluated, the v~ ie3 “ity ve* tion {68) can be or bonliad y

various methods.

In agreement with the vorticity equation, the Laplacian of

height change is

(RHPA) fH) { qo#

whare { iz the Jacobian determinant of H and
J

Lg . At the point

a
«+

{ “j (H,():(Hi, i= Heo, NC Ln [ ji) Hejn=Hiju) (ei [1
Here the velocity V ig expressed by means of the gradient of height

in the x and vy directions.
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Thus equation (8) can be writilen

eh fh) (14)

where the symbol / replaces the continuous independent variables of

vorticity and time change by the discreie variables according to the

finite difference procedure,

To solve equation (12), we should, ideally, invert the Laplacian

hy relaxation or some other method. However, this equation can be used

for forecasting purposes by making the first approximation that the

local rate oi height change is proportional to its iaplacian, Thus

oH 2 2H
2 TJ

{15°

The coefficient of proportionality ¢ must be negative and evaluated
oH

smpirically by correlating values 37 and V

4. The Trajectory Mothod for Advecting the Vorticity Field

The trajectory of the air parcel, the curve described by the

successive position of the parcel during a time interval ke

an be expre~~~4 as a vector

- (Yd, tT) dE £186)
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yy
where V 18 the velocity vector which can be determined for each

infinitesimal increment of time. Certainly, such a method in prac-

tice must be replaced by some successive approximations where the

—
sector V is known at the beginning and end of each time interval /[.t.

Since the upper level charts in our case are available every 24 hours,

the method represents only a very rough approximation.

We shall make two essumptions: (1) the trajectories coincide

with the streamlines initially, and the velocity of the parcel is

constant and is determined by the wind field at the beginning of the

time interval. (2) the air parcel remains on the same pressure level

— —

V =V (x,y,t)., (A convenient method for evaluating the geostirophic

wind is described by Pottersen 71D.

Trajectories can be evalurted for a selected mmber of points

by using these points as the final positions of trajectory vectors.
—ty

Here V is taken at coach selected point as the first approximation

and then corrected by using its mean value along the whole trajectory.

The value of vorticity at the origin point of the trajectory is used

as the predicted vorticity at the end of the trajectory (applied in

section 11, 2b).

Synoptic experience shows one that better results are obtained

when complete vorticity isopleths are advected and when we use for

the initial position of trajectory &amp; selected number of intersections

of vorticity end contour lines (section III, bY.



Assuning the conservation of the absolute vorticity, the vortii-

city forecast for the time interval At iz obtained here by displacing
—&gt;

the vorticity contours over a distance Vit. Here the question arises
—

as to how conservative the field V is during the time interval At.

Fjortoit /8, 87 has shown that better solutions can be obtained if the
——

advective field V is replaced by a more conservative field which

would be found by soue aprothing process.

5. Data and Procedure

The experiment was made at a grid of B4 points over the United

States, Southern Canadas and parts of the surrounding oceans. The 113

raps of 24-hour difference were congidered frou January 3 to February

28 at 0030 and 1230%,

These naps were compared with daily weather maps of January and

February 1951 /10/, 56 maps at 24-hour intervals from January 3 to

February 27 at 12307 were compared with upper level maps, From thie

group, the first 31 maps were compared also with vorticity. For upper

level date, 500-mb charts were chosen. The values of heights for the

whole January, February 1 and February 2 were read oif at 150 points

of latitude-longitude intersections (20 - 65°N, 60 - 130°W) from daily

weather naps £10) at 1530%. Then these maps were enalysed., Heights

were evaluated in tens of feet, and contours were drawn at intervals

of 200 feet. From these naps vorticities were obtained for 42 grid
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points using equation (11). The units are 107° gen &gt;, As mentioned

earlier, the corrections had to be made for each latitude for quan-

tities € , { and 4 . The values of d_ ware read off{ from

Lambert Conformal Conic Projection Maps with Standard Parallels 30°

and 60° and the map scale 1 : 13,000,000, One latitwie degree of

this map at 30° ropreaents 60 ne = 111 kn. For example d_ ior

50°N was evaluated as 3.6° longitude at 30Nwhich is 400 km. The

values &lt;d for other latitudes are tabulated in column 2 of Table 1.

In column 3 of this teble are the values for e* and in column 4

ig A,

i

Fon | | _

60 | 1.263 | 300 | 0.232

-&amp;7 10 Ade ken o&gt;

525 1.194 361

400

, 258

30 1.117 313

3 1.031 433

477

JaAB4

10 J BE8

35 836 522 704

20 ROG BRS  OG

a5iy E16 BRE aan

A

ew

825|

548

B07

460

. 430

A236

AGH

Table 1. The values for the Coriolis parameter
J

distance d , and constants £* and ¥ a&gt; for
different latitudes.

Vorticity data were analysed on the same maps with 500-mb

contours, The first atiompt was made by computing the vorticities
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at each of the 84 points. The isopleths were so irregular that it wes

necessary to do some sort of smoothing, It seemed that it was better

to obtain the vorticity field at 42 points only and then to interpolate

for the rest of the points. In figures 22 and 23 are the selected 42

points from which the vorticities were computed.

The 500-mb heights from February 3 - 27 at 1530Z for each 5°

latitude and 10° longitude from 25° - 55° and 76° - 120°% were available

from the M.1.T. General Circulation Project.

The vorticity was computed by a desk calculator, whereas the

statistical procedures were programmed by Proi. Lorenz for computation

by the LGP-30 electronic computer of the Statistical Forecasting Project

nt M7 T
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111, RESULTS AND COMMENTS

1. Surface Presaure Prediction Maps

Surface pressure prediction was made for a 24~hour time difiifer-

ence. All maps were expressed by means of 14 empirical orthogonal

functions. According to equations (4) and (9), two predictions were

nade: (1) one contained only one tem (equation (4)) (hereafter called

'one-map prediction’), That means the prediction formulas contains only

the data at lag~l, i.e. 24 hours previously. (2) ithe other contained

two terms (equation (9)) ( two-map prediction’) where the first predic-

tor at lag~l is 24 hours and the second at lag-2, 36 hours previously.

All these past data were wed at the same points for which the predice

tion was made.

As expected, on the average, better results were obtained by

using the twe-map prediction than the one-map prediction. The csti-

nates of error were wade by comparing the results with climatology

and persistence predictions, Climatology prediction means that the

nrediction map is simply the average monthly map, Persistence means

that the pressure is assumed to be the same as it was 24 hours earlier

gt the sane points. The errors were expressed as the sum of the square

of er— ys over all nroints. Thus

c= 3 0.2 £17 TF

The Table 5 in Appendix I shows these errors, The prediction is assumed

to be good if the error is at least twice as small as the one obtained
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by climatology. The largest errors which were on February } and

February 2 will be discussed later. Comparison of all errors

pbtained by statistics and persistence was made with those obtained

by climatology. The reduction of error HE with respect to climaw

tology was computed by the formula,

(18)
£5

mor

 A i
— 3

hod
a

E
ES

ue

where B, is the climatology error, All errors are expressed by

(17). Column 5 in Teble 5 represents the reviuction of error for

persistence (RE) , colunn 6 is the reduction of error for the

one-map prediction (RE,) and column 7 is the reduction of error

for the two-map prediction (R22. Obviously the prediction for

both the l-and Z2-aap prediction is very good in comparison to the

persistence. The average reduction of errors RE = .12, RE, = .03

and RE, = .T0. The averages BE, = = 87, RE, = ,94 and

RE, = .61 if the reductions of errors for each day separately are

averaged. From the 113 maps, 49 BR,'® end 5 RE,. 8 were negative.

Upon comparing the reduction of error with column 1, it was seen that

the negative RE's for all of the three predictions at the periods

January 4 - §, February 4 - 5 and February 20 - 21 were due to the

relatively low error of climatology. The largest errors during the

period January 15 « 17 appear at the sane time as the largest errors

nT clinatology.
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Special investigation was made of the maps for January 4, 5,

10, 12, 20 and February 1 end 2 at 12302 Zor which the upper level

and vorticity maps wore available,

2. Test of Improvement of the Two-lap Prediction Formule by 500-rb

Vorticity ang Height.

a. Tout with oh-erved values,

In order to see 1f there is any possibility for improving the

surface pressure prediction by vorticity data, the test was nade at

first with observed values. The vorticity field was araslysed for

the maps with the 500-nb contour field. The positive isopleths

indicate the cyclonic vorticity and the negative ones the anticyclonic

vorticity. As can be seen irom the maps, the zero lines pretty well

separate the 500-mb troughs from the ridges.

Rough qualitative comparison of the vorticity maps with the

24~hour surface pressure change shows that the pressure fall corres-

ponds to the advection of cyclonic vorticity (positive values) while

the pressure rise corregponds to the advection of anticyclonic vorticity

{negative values), Point by point 2 comparison was made between the

WO0-mb height and the vorticity maps and also between the 24~hour height

change and the vorticity change, It turns out that the largest error

in surface pressure prediction cones mostly from poor prediction of the

pressure center's intensification.
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let us now consider the situation of January 4 which was among

the poor predictions. Figure 2 shows a two~map prediction pressure

field. In this map, the pressure trough was predicted in the direction

SW-NE from 30°N 105°W to 45°N 85°W. Going back to the vorticity map

of January 3, (Fig. 3) it is found that a strong cyclenic vorticity

at 40°x 05% is situated in the upper ' wvel trough. After a rough

qualitative estimation at the 300-mb chart of January 3, il was expec

ted that the trough will move eastward together with the cyclonic

vorticity. According to the gradient at the 500-mb level the displa-

cement was estimated at about 15° = 20° longitude. 17 the hypothesis

is true that the cyclonic vorticity advection, accompanied by height

fall, indicates the surface pressure fall, then the cyclone's center

should be expected to move eastward and probably be deeper than predicted.

Also the cyclonic vorticity is expected to be replaced by anticyclonic

vorticity as well as to be accompanied by height and pressure rise in

0 o
the region about 30°N 95 W. The maps of verificatio. (Fig. 4) show

that the above hypothesis was correct. Figure 5 shows the vorticity

map on January 4 at 15302. Here the cyclonic vorticity center was

displaced 20° eastward at 45°N 75°% while around the region 30°N 95°W

the cyclonic vorticity was replaced by anticyclonic vorticity, The 24-hour

vorticity change and the 24-hour 500-mb height change (hereafter called

vorticity change and height change, respectively) also show a good agree~

ment with the hypothesis. The comparison was made between the prediction

map in Fig, 2 and the verification aap in Fig. 4 on January 4. Point bv
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point, errors in ub (Fig. €) were found for 42 grid points. These

naps will be called orror maps .

In order to obtain some quantitative results for whet was

established qualitatively, three methods were tested for the sane

situation and also were applied to other situations with larger

statistical errors. These methods are as follows:

Method A, . The analysis of the January 4th situation promised

good prediction when adding the vorticity values, multiplied by some

coefficient, to the pressure prediction map. Rough estimation made by

comparing the error map with the verification Bap suggested the use

of the coefiicient of magnitude .5 which, established theoretically,

must have the negative sign, This method is called A » Where sube-

seript o should distinguish thie method obtained by observed values

from the game method where the vorticity wili be predicted. The resulis

for selected dates are shown in Table 2, The errors in the first columns

are defined as the sums of the absolute values of the errors for cach

point, The numbers in the second part of each column are the reduction

of error in this test. They are expregged by the formula

Ke _ / — Slel
&gt; lel.

¢
{13Y

where oo | elq is the statistical error and where Z le] is tho

error of the particular method used and will have the subscript socording

to the method.
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Table 2, Errors in prediction by the statistical (8), vorticity

(A), change of vorticity (8) y and change of 500-mb heights ©)
nethods a, is the correlation coefficient between vorticity
change and height changes at 42 points.

lhe results for method A in Table 2 are pretty discouraging

Bince they show that only the first situation examined gives better results

and accurate corrections. Considering the results for January (Table 6,

Appendix I), it is seen that this ie at the same time the only case in

the whole month in which method A gives a smaller error than method  ;]

The average reduction of error due to the statistical method is =-.39
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Some investigations show that a few of the predictions failed

only in the intensity of the pressure centers, but the prediction of

pressure patterns was correct. Rough tests were made to find out if

luprovement could be obtained by adding the vorticity either to the

centers only, or to both the center and surrounding points, The re-

sults indicated that such an improvement could be possible, but that

the coefficient would have to be changed for each situation and should

be found empirically, (For example, for January 15, 21, 22 and 27,

the coefficients ,5, .92, ,7 and 4,respectively give the best results

for the correction of the pressure centers.) However, intuitively,

only 8 slight improvement could be obtained ir this way. One should

especially keep in mind that the above experinent was made by observed

data and also that the predicted vorticity would contain sane prediction

BIOTA.

Mothod B . In seeking some other method which would have

brought forth better results than the vorticity field, an attempt was

made to use the vorticity change instead of tho vorticity itself. Tho

Zd=hour vorticity change was used at the same 42 points and was multiplied

by the coefficient .2 which was found again empirically. These results

are shown in the third row of Table 2. Except for one case, results were

better than those obtained by the A method, In comparison to the

statistical method there was only a slight improvement. However, the

resulis obtained for the whole month (Table 6, Appendix I) don't show

any improvement over the statistical method and are even slightly
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poorer (~.08). The test was again made by using a different coefficient,

but the results were poor and did not promise much improvement,

Method C . As a further step, the comparison was made between

height change and vorticity change; according to equation (15), the

Laplacian of the height change could be approximated by the height change

at the central point, If this hypothesis is correct the correlation

between the height change and the vorticity change might give high

negative values, In case of positive results the entire procedure

sould be simplified, since the vorticity would be eliminated and then

only heights would be needed,

The results that were found when the height change vas multiplied

by the coefficient .1 are shown in Table 2. Except for two cases, the

results were better than those obtained by statistics; and some impro-

vement is also indicated in the average. The largest difference between

the S method and the &lt;, nethod was found on February 1; this contri-

butes considerably to the average.

Correlations between change of height end change of vorticity

gre shown in the last row of Table 2, Comparing them with the results

in B_ and Cc methods, it can be seen that the correlation coefficient

is pot the most suitable quantity for our purpose. However, it does

show a picture of connection between the two values in consideration.

But, upon applying it to the third quantity as in our case, it cannot

give a desirable answer; since it is not possible to see which of the
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two compared values is larger in separate cases. In Table 6, it 1s

seen that the results for the whole month indicate a slight improve-

ment by using method c over method §, Here the reduction of

error was .03.

A reduction of the error .02 is found for all of the 56 maps,

However 23 of these maps give better results in method &lt; than in

the statistical method, whereas the other 23 maps do not show any

ismprovenent.

DR, Synopticel Statistical Approach to Prediction

The results obtained in previous sections were based on observed

vorticities and heights, Now the question is how we can predict the

values of vorticity and height which are used in methods A ,

and C

B
PN

In order to find these predicted values, &amp; more or less synop-

tical approach was used, However, an attempt was made to symplify

the synoptical procedure as much as possible in order that it might be

used for rtrti *ical purposes later on.

Method A and B . The subscript p indicates that methods
Sos AEA YS

A and B will be used with the predicted values of vorticity. As

sentioned under 2 in section II, in using the barotropic model, it was

sgsumed that the absolute vorticity field was constant. That means

that the present vorticity can be advected in some sort of ‘steering flow
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sor which in this case the 500-mb contour field was chosen. Even

though a very rough approximation was made, the 500-mb flow was

taken to be constant for each 24-hour time interval.

For this experiment 18 points were chosen (see Fig. 22 in

Appendix I1) at which the trajectories were found. The sssunaption

wes made that the trajectories and the streamlines coincide, as

explained in section II, 4, The new vorticity values were then

considered as the predicted vorticities for the next day at these

game points, Obviously, the error could be considerably larger if

the upper level pattern varied rapidly. The predicted values of

vorticity were multiplied by the same e~~*{icient -0.5, as in A
-

and added to the statistical results in 8 .

For method B, , corresponding to method B the changes of

vorticity were taken as differences between predicted values on one

day and observed values on the previous day. These differences were

multiplied by the factor =0,2. The methods A, and B, were applied

to the same situation as those in Table 2 and are shown in Table 3,

More the statistical values are the same as in Table 2, only they are

:aken over 18 points as in methods A and 3 . Upon comparing the

corresponding errors in Tables 2 and 3, it is seen that on the average,

they turn out to be almost the seme. However, in comparing the situation

day by day, it was noticed that the predictions by both A, and 3,

for February 1 and February 2 gave better results than A and
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Date Jan, 4 Jan, = Jan. 10 Jan. 12 Jan. 20 Feb. 3 Fab, % Average
ERR.

Tiel| RE | zie RE

A £6 44

A
0 | 82 Loz82-.56

a | 80 07 jes 5

Zlel RE,
G5

73 |-.06

77 |-.11

ziel Rg.| ziel| RE | zie RE.
od

a

Sieli RE | sel KE
na

i

Vid 44 da 130C 75

BY = ,71 37.23 ye £19 126 1.03 £1 he, 086

75 | .0081 lw. 17 47 |. 02 | 76 19) 110|.08

Table 3. The error of prediction of the suriace

pressure field by statisticel (8), vorticity (A)
and change of vorticity (B) methods for 18 points.

In seeking the causes of this fact, unfortunately there are so many

possibili+ies for errors that it would be hard to say which error is

ling here. Some of the possibilities of errors are: the finite

difference approximation procedure for evaluating the vorticity velues,

the insufficiency of the barotropic model, the 300-mb flow not being

stationary and the errors not being obtained from the same number oi

pointes, so that the region of the ler mat error in the first case could

he avoided in the second.

It is shown (Table 6) that over the whole month of January that

only in 4 cases the A method was better than the 8 method, and that

an average reduction of error due to statistics was -.25 . In the B,

method 13 of the 31 cases had better results in the B method than in

the statistical method, Here the reduction of error was -.05
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Method Cs . In formula (15), as was said previously, it is

assumed that the Laplacian of the change of height could be approx-

imated by the change of height at the central point multiplied by one

factor and vice-versa. On this assumption method Cc was made,

In order to find the numerical value for the prediction by method C
Pp

3

we will make use of the following approximation,

Loo gq 24. r 1(H, 7) {20

%where J5 is the local sur{sce pressure change, a and b are

constants and the other symbols have the same meaning as those in

equation (12). That means that the surface pressure prediction could

be obtained by determining the Jacobian of height and vorticity at

the 500-mb level. This experiment was used to predict the surface

oressure for Feb, 2, and the results will be described in the next

section.

c. The Period from January 31 ~ February 2

As can be seen in previous sections, the largest error was

found on February 1 and February 2, Now it will be discussed here

in more detail, Figures 7 and 8 show the sea-level and the 500-nb

level maps, respectively, which are both analysed in tens of feet.

A weak sea-level trough between two high centers extends in the

SW-NE direction from 105° - 85°%w., With a gradusl slope, in the same



direction as the sea-level trough, extends the upper level trough,

The cyclonic and the anticyclonic vorticity (Fig. 4) agree with

the upper level and also with the sea-level pattern. On the surface

daily weather naps, the front is seen with a temperature zontrast of

bout 15°F and is situated in the weak trough (shown with the full

line in Fig. 7) from 30°N and 95°¥ to 43°N and 75%. The temperature

contrast in the upper level trough was about 20°r. The rough synoptic

estimation of prediction was as soliows: both the sea-level and the

upper level patterns indicate that the temperature contrast should be

stronger because of the advection of warm air in advance of the iront

and cold air in the rear of the front. In addition to this, the wesk

cyclone with the center at 25°N and 105% will move north westward in

the strong upper level stirean while the anticyclone at 50°N and 120°

will move southeastward and be accompanied by the cold gdvection.

Then one could expect the pressure rige in the middle of the map,

Figure 10 shows the sea-level situation of February 1, It is

seen nircady that the qualitative estimation made sbove was correct

and that the synoptic situation developed as was expected. Figures 11,

12, 13, 14 and 15 show the 24-hour pressure change, the two-nap prediction

by the statistical nethod, the error map by the two-map prediction,

+he change of the §00-mb heights and the change of the 500-mb vorticity

field, respectively. From the error map it is seen that the statistical

nethod gives too high values of pressure at the upper part of the map

and too low values at the lower part of the map, From meps 11, 14 and 15,
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ii is obvious why the results of methods B_ and ¢ in Table 2 were

so poor. The height fall and the cyclonic vorticity pattern differed

{rom the low pressure pattern at sea-level by one westward slope and

gave at some points the wrong (opposite) corrections to the statistical

method { double fall or rise ). Better resulis were obtained by using

the trajectory method as described on page 235.

While seeking a method which will give quantitative results

for what was described above when considering the cyclogenesis quelita-

tively, it was supposed that the method should contain the information

~f temperature either oa gea or on upper level maps. Synoptic experience

suggested the use of the thickness map analysis, Figure 16 shows the

500/1000 thicknoss on January 31, 15302, Hach number is a difference

hetween a8 1000-mb and &amp; 500-mb height value. The 1000-mb heights were

obtained irom the pressure values p's by using the formula,

H, = 25 (4. ~ 1000) {1

where H's wore the 1G00~mb heights in feet, It was decided to use

a method similar to the previous trajectory method, the difference

boing that the thickness vorticity isopleths would be advected aa

2 whole instead of point-by~point. The thickness vorticities were

sbtoined in the same way as the 500-mb vorticities, Further, the question

wes what to use os a steering flow, i.e, how to determine the thickness

salocity field. The ides was to obtain a snooth prediction field of
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thickness contours as one approximation by using the statistically

nredicted surface itwo~map prediction on February 1 (Fig. 12).

Although this iwvo-map prediction was poor for the suriace

pressure prediction, it was hoped that it would suffice for this

thickness prediction. In order to do this, first the two~map

prediction for February 1 and the sea-level pressure map for

January 31 were expressed as 1000=-nb heights (formula 21). Then

the predicted 24~hour height change was obtained by taking the

difference oi these two maps. Finally this predicted map of

1000-mb height change was added to the thickness map Zor January 31.

The whole procedure was done graphically, and the values of the

42 points were read off. The predicted thickness field was then

used a8 a steering flow for the last 12 hours. The following

assumptions were made: the wind field is constant for the first 12

hours and is given by the thermal wind at the beginning of the time

interval. Then, the velocity changes instantaneously and for the

remaining 12 hours is given by the thermal wind &amp;t the end of

the time interval. The predicted thickness map and the vorticities

are shown in Fig. 17. The vorticity values were read off from the

graphically obtained field at the 18 points (see Fig. 22). Again

the vorticities were multiplied by the coefficient -.5, and were added

to the statistical two-map prediction. The sun of the absolute values

of error is ziven in Table 4 and is compared with the statistical values

in
robles © and 3. Results of method Df. are given in the third



column of Table 4, i.e. the predicted values of the vorticities

for one day were subtracted irom the values for the previous day

in order to obtain 2 24~hour change of vorticity. The result is

8lightly poorer, but a coefficient of ,3 (column 4) instead of .2

indicates the best resuir obtained by this prediction.

 yr

4

Ag,
coafTt. =58

3%

Ag.
roel, =.8

2Y

By,
cofi. =.3

awNy
wr

Table 4. Errors by the thickness nethod

Figures 18, 12, sui 20 show a two-map prediction error nap

by the statistical method and the 24-hour height changes, respectively,

on February 2. As was mentioned esrlier the test was made to predict

the surface pressure by method &lt;, «. 30 points from 30° - 50°N to

70° = 125% were chosen (see Fig. 22). For the boundary conditions,

vorticities at 17 additional points had to be evaluated. This required

36 additional values of height data. The coefficient b in equation (20)

was evaluated empirically as the mean ratio between obtained Jacobians

and surface pressure changes. For the above situation, this coefficient

turned out to be ~0.08. As in previous methods, the Jacobian &amp;t each

point was multiplied by this coefficient and added to the two-man
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prediction, The results were unsatisfactory. 2-/€] was 227, whereas

the statistical error for the same number of points was 1354. The Ja-

conlans were plotted in Fig. 21
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IV. CONCLUSIONS AND SUGGESTIONS FOR THE FUTURE WORK

As was mentioned earlier, the purpose of this work was to

investigate the possibility of combining the surface pressures dats

with the upper level heights sand vorticities in order to gain

better results for the surface pressure prediction than those obiained

vy purely statistical methods, using surface data alone,

A test was nade to determine whether ithe vorticity data at

the 500-mb level or the 300-mb heights could improve the surface

pressure prediction formula, The resulis are given in Table 5 in

Appendix I. They show:

i. In methods A and A , vorticity values combined

vith the statistical method show poorer results than statistics

nione.

2. The changes of vorticity in methods B, end B show

somewhat better rosults, but the methods still prove poorer than

the statistical method alone.

3. Better results than the statistical method alone might

be expected by coipbining the 500=-mb height changes and the statistics

fe thod C3

The correlations between change of height and change of vorti-

city suggest the possibility of replacing the vorticity values by

upper level heights (Table SY.
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As far as prediction is concerned two methods for obtaining

the height change are suggested:

1. Apply the same prediction formulae (4) and (5) for 500~-mb

level data. Ve noticed that when Sellers applied the EOF's on the

vorticity data, he also mentioned in his conclusions that the use of

the height as expressed by the empirical functions could be 8 better

predictor of height than the vorticity as a predictor of the heights.

2 Use the formulas (13) for obtaining the height change instead

of the surface pressure change as in formula (20). Determine the

coefficient ¢ for the whole month, but for each latitude separately.

ft is suggested that one apply the formula (15) for a 12-hour interval

and then use this prediction as a steering flow for ihe next 12-hour

interval in order {0 obtain the 24-hour prediction.

The investigation of the situation of February 1 ureests

these additional experiments:

i Make correlations between ithe prediction error and sither

the sea-level or sone upper level temperature field.

F Apply the Formulas (20) to the 300/1000-mb thickness charts

ingtead of to the 500-mb charts.

Fins. _7, experiments could be made by using the sea-level

portici- -21¢ togethor with the divergence field, dJCertainly, this

woul. make the entire procedure much more complicated, since the di-

vergence must be evaluated from the observed winds at siation networks.
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APPENDIX 1

Table5S. ‘The errors in the statistical methods and the Co method.

DATE

 "=Jan. &amp;

Jan. 4

Jan. 5

jan. 6

Jan. 7

Jan. 8

Jan. 9

Jan.10

Jan.1l1

jan.12

Jan.13

Jan.14

Jan.15

Jan .l6

jan.17

Jan.18

Jan.l1l9

GMT E. LW Ein Eom RE, RE, RE,
ON) 4595 2844 5267 3108 a7 .29
1230 3296 1645 1381 560  .50 .58  .83
0080 1871 3020 1421 2114 ~-.65 .22 _.15
1280 1011 2396 1046 964 -1.16-.04 .13
0030 709 2089 734 570 -1.96-.04 .19
1280 923 2673 1180 1211 -1.90-.28 -.0l
0080 2307 2852 1516 765 -.24 .34  .67
1280 3401 1930 1535 565  .43 .55  .88
D030 3285 1448 667 296 .56 .80  .91
1280 3034 1469 736 691  .52 .76 .77
0030 2453 2622 1010 1028 -.17 .59  .52
1230 3383 4516 1044 683 -.33 ,58 .°0
0030 3144 3984 761 834 -.26 .76 .89
1230 3297 3483 501 701 .06 .85 .79
0030 2180 1512 590 437 .30 .73  .80
1230 1823 1636 1095 947  .10 .40  .48
0030 1657 1248 768 504 .25 .54 .70
1230 2612 2241 883 601  .14 .66 .77
0030 2219 1743 747 669  .22 .67 .70
1280 1092 1915 1156 898 -.75 -.06  .18
0030 1174 1848 1001 686 -.57 .15 42
1230 1621 1470 684 580  .09 .58  .€t
0030 2221 1717 692 808  .24 .69 M4
1230 2453 2109 432 482  .14 .82 .80
0030 3149 4333 1217 1200 -.38 .61  .62
1230 6517 6725 2863 1946 -.03 .56 .70
0080 9083 6211 3503 2541  .23 .51  .69
1230 8552 5324 1525 660 .35 .82 .°2 134 -.38
D030 7962 4147 1378 1049 48 .83 7
1230 10252 S494 12991 3132 .66 .73 .6) 274 -.09
0080 7775 1513 488 224  .81 .94 .97
1280 S090 2170 462 360 .57 .91 .93 104 .12
0030 3173 2541 369 393  .20 .88  .88
1280 2266 2253 358 488 2.01 .84 .79 107 .18

r
3

177 .18

157 .09

116 .22

138 .25

118 -.35

123 -.20

157 -.03

121 .10

137 .02

136 .19

111.05

198 .30
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APPENDIX I (2)

DATE GMT  E_ E
T™

Jan.20 OW iio 3138
1230 2177 4905
0030 3394 3891
1230 4356 6008
0030 3476 5887
1230 2794 6623
0030 2228 6168
1230 2189 3470
D030 1856 1720
1230 1798 3140
0030 1843 3199
1230 2261 1122
0030 2280 771
1230 2336 1143
0030 3452 2010
1230 3811 29826
0030 4913 1376
1230 5794 2403
0030 6917 2118
1230 6554 1076
0030 5502 893
1230 5922 597
0030 5908 1342
1230 5374 1444
0030 3231 3110
1230 3348 5428
0030 3733 2232
1230 5156 2073
0030 4017 5714
1230 3119 3201
0030 1033 3438
1230 1021 4164
0036 1009 1625
1230 1457 1557
D030 2343 1890
1230 3161 3710

Jan .25

Jan.26

Jan.27

Jan.28

Jan.29

Jan .30

Jan.31

Feb.1

Feb.2

Feb.8

Feb.4

Febh.&amp;

Feb.6

E
1m

E
2m RE RE 1m RE om

1221 900 -1.27 .12
2383 1352 -1.25 09  .38
1968 961 -.14 .42 .72
1968 1644 -.38 .55 62
928 867 -.70 .73 .75
667 442 -1.37 .76  .84
479 339 -1.76 .78  .8%

1114 1091 -.59 .49  .50
1500 1584 .08 .20 .15
042 715 -.74 48 .&amp;0
239 421 -.74 .87 .77
697 649 .50 .70 .71
870 581  .66 .62 .77
998 492  .51 .57 7

2188 960  .42 .36  .28
1487 685  .39 .61  .82
1133 1005 .72 .77 79
1445 1611 .58 .75 .72
993 868  .69 .86  ..7
555 454  .83 .91  ©3
53 736  .84 .91  .87
466 815  .90 .92  .84
881 1067  .77 .85  .82
725 617  .73 .86  .88

1424 1318 06 .56  .59
3536 2258 -1.52 06  .32
1322 2478  .40 .65 4
1260 2150 .60 .76 50
2300 3368 -.42 .48 16
1416 1825 -.03 .54 ‘1
1712 1185  .67 .83  .12
1882 1109 -3.08 84 09
876 289 -.61 .18 .71
B76 365 -.07 .40  .61
847 5357  .20 .64 .76
908 788  -.17 .71  .76

S

181 .22

163 -.21

92 -.02

155 .19

iil .18

133 .07

112 -.27

138 —-.22

193 .12

115 .16

125 .02

130 .06

261 .13

246 .09

238 .08

167 .13

116 .03

144 04

R’
"A



- AT

APPENDIX 1 (3)

iL

hae

DATE GMT E, E, Ein Eon RE, RE, RE, Ss
911.60 .61

1361 816 -1.533 .59
1453 1258 -1.12 .63
1741 1451 -,28 .4§
1715 16 -.39 .28
1216 895 -.59 .57
810 807 -.35 .75

1477 968  .17 .66
975 B47 -.08 .64
677 699 -1.57 .58
621 306 -1.19 .51
765 796  .53 .48

1095 897 06 ,57
1755 1218 -.03 .55
2046 1227 -.23 .60
1321 35  .37 .78
1489 1046 .69 .73
1516 1218 .65 .71
913 R68  .67 .76
803 718  .18 .70
269 231 03 .#1
751 589 32 .5%
381 560 .54 51
605 331  .57 .€3
487 268  .39 .73
00 393  .13 .67
337 809 -.70 .57

451 620 -2.00 .13
1073 739 -.84 .60
1549 1337 -.41 .03
1328 907  .09 .49
770 555  .14 .73

1280 1217 .45 5%
862 917  .38 .68

1468 1780 -.31 80 |

1608 93¢ -,11 .24 85
1979 1397 44 .16  .40
1742 947 41 .21  .87

Rec,
Yeb..© GIS 2519 45%7

1280 3049 7754
0630 8922 8311
1230 3137 4082
0030 2233 3098
1230 2779 4419

Feb.10 0030 8248 4393
1230 4300 3578

Feb.l1 0030 2715 2944
1230 1634 4200

Feb.12 0030 1269 2787
1230 1467 2245

Feb.13 0030 2572 2432
1230 3954 4083

Feb.14 0030 5106 6279
1230 6015 3779

Feb.15 0080 5396 1719
1230 5199 1807

Feb.16 0030 3811 2573
1230 262% 2172

Feb.17 0030 1537 1495
1230 1601 108%

Feb.18 0030 1900 371
1230 1625 700

Feb.19 0300 1803 1101
1230 1207 1046
0030 786 1340
1230 387 1178
0030 666 1229
1230 1599 2271
0030 2579 2345
1280 2842 2450
0030 3069 1691
1230 2647 1651
0030 2112 2783
1230 2116 2355
0030 2349 1312

12302185 1298

139 .14

169 -.06

152 .16

158 .22

138 -.07

128 ~.06

180 .08

92 -.34

182 .02

181 -.03

122 -.14

90 .07

102 -.01

125 -.22

163 .28

131 .06

162 .15

Feb.21

Feb.22

Feb.28

Fab.24

Feb.25%
143 ~ 53

168 .24
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GMT 2, Ee am Zp Be Rk, RE, 3S
Feb.26 0030 2426 1647 1075 317  .82 .56  .07

1230 2423 2225 1159 842 08 .52  .65
0080 2900 1411 859 647 .51 .70. .78
1230 2614 1504 422 497  .43 .84 .80
D300 3103 1523 706 571.51 .77 .82
1230 2572 2979 1940 1859

DATE
REg&lt;c,

142 .01

Ave—age: 3138 2783 1165 945 -.87 .54 61 146 .02

 BR Ee 12 .63 .70
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Table 6. Someofthe absolute values of errors by thedifferent methods.

DATE S Ao By Co

119 204 161 144

Jan. 4 177 1551 145 145

Jan. 5 157 233 179 141

jan. 6 116 142 134 90

jan. 7 138 147 125 108

Jan. 8 115 213 151 185

Jan. 9 123 167 132 148

Jan.10 157 159 165 161

Jan.11 121 202 132 109

Jan.12 137 180 115 134

Jan.13 136 176 136 110
Jan.14 111 190 112 105

Jan.15 198 236 178 139

Jan.16 134 175 184 185

Jan.17 274 302 298 299

Jan.18 104 149 121 91

Jan.19 107 174 104 88

Jan.20 181 198 173 142

21st 163 214 167 197

Jan.22 92 163 115 94

Jan.23 185 166 163 126

Jan.24 111 140 107 91

Jan.25 133 206 143 124

A, £34

37 82 72

86 82 80
44 82 66

37 66 35
70 74 67

46 73 S58

67 86 59

69 73 77

31 53 47
52 89 61

58 77 52

30 45 25
83 72 74

56 66 58

83 91 110
36 41 30

45 20 46
48 37 47

53 65 48

37 30 39
70 82 65

40 SO 44
(9 83 69
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APPENDIX 1, Table6(2)

“ilaAy BE
S——

= &gt; A, Ry C.

jan.26 112 240 149 142

jan.27 138 209 152 168

jan.28 193 281 205 170

jan.29 113 208 116 97

jan.30 125 240 144 127

jan.81 180 200 155 122

Feb.1 261 315 278 295%

Feb.2 246 363 247 223

Aversge: 148 205 157 144

RE: ug «06 .03

he.

58 89

65 84 66
74 80 72

42 80 63
37 67 41

66 80 61
94 76 76

130 126 1)

134 74 62

-, 258 «.08
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Figures

On surface maps the pressure values over 1000 mb
the thousand digit is omitted
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APPENDIX 11 ~- Grid Points by Different Methods

125 120 115 110 105 100 95 90 85 80 75 70 °w

55%N

20

15

10

25

0

3

ry

pry

pi

wy

T

—.

4

30

ns Ia]

Fig, 22.

"

fa)

ww

0D be 9

84 pressure points (statistical method)

42 vorticity and height points (A, B, C methods)

18 points for trajectory method

135 130 125 120 115 110 108 100 95 90 85 80 75 70 65 60 °w

60°N

55

38

45

10)

BE a

‘3

b

oa 1

5d

4

&gt; J

20

25

a0 4

Fig. 23. © 30 points used in "Jacobian method’

47 vorticity points

bio 36 additional values of height data




