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ABSTRACT

Error.chgrts for the numerical barotroplc forecasts prepared at thé
Joipt Nuﬁericgl Weaiper Prediction Unit ainée October, 1957 have revealed
rétrogressivé.patterns of very long wave-length. These errors are shown
t0 be due to changes in the large scale components predicted by the numer-
ical model. These components are actually quasi-stationary'in the atmos-
phere..-Fbrecagts prepared with an.approximation to these components held-
ﬁnghanged show significantly increased accuracy. Finally, some of the |
difficultieé'in develobing a mofé acéeptable phyaical approach to this .

pfoblem aré outlined.

Any opinions expreéeed by the author is his own and do not necessarily
reflect the views of the Navy Department.



1. INTRODUCTION

Beginning in October, 1957 500 millibar barotropic forecasts
at the Joint Numerical Weather Prediction Unit were prepared on a-
hemispheric basis with boundaries in the tropics. The smaller area
of previous forecasts had boundaries in heteorologically acti#e.
locations, and it was widely anticipated that this expansion would
be accompanied by & large reduction in gross error. Inétead, the
new'errof patterns were of very.long wave-length and showed west-
ward motion during the forecast.

Figure (1) is a 48-hour error chart in which the type éf
erroxr treated here is prominent. Thé ecale of the pattern is much
greater.than that of the corresponding uU8-hour obse:ved height
éhanges. ‘The largest scale error is positive over ﬁhe Central
Pacific Ocean and negative over the Eastern Atlantic and Western
. Burope. The persistence in location of these errors from day to
day has béen 80 high that the.variations in shape and intensiﬁy
due’ to other causes is notflarge enough to cause a reversal of
sign in these areas. That is; while the magaitude of the error
over the Pacific varies it always has a positive sign in the
48 hour forecasts. Similarly the sign of the error on the west
coast of quthern Europe has always been negative.

Some other persistent errors of smaller acale and slightly
less persistence should also be noted in fig. (1). These patterns
are continental in scale and have positive centers off the East
Coasts of North America and Asia and negative centers inland from

the West Coast of North Americe and Europe.
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.These observations led to the hypothesis that the erroré were
due to improper trestment in the prediction model of waves of very
long weve length and low wave number. To tesat this-hypotheais a
numerical meﬁhoé for camputing the large scale cowponent was devised
and @épplied to many 500 millibar 1ﬁi£1al charts and forecasts from
the Winter of 1957-58. This peper will give evidence in support of
the following observations and conclusions derived from this investi-
gation: | |

a. There is & large amount of energy present in low wave
numbers in the atmosphere and these waves'aré quasi-stationary.

b. In current numerical models these ultra-long waves are

moved weastward at fery great speceds and altered in shape and

intensity.
¢. Numerical forecests made with these components held
stationery are consistently superior to those prepared

without this modification,

2. Method of Computation
The sinusotdal form has been frequently assumed for atmospheric
wave disturbances and the Fourier representation was chosen in this

investigation for ease in machine computation. The form used was

n =+«
p(r) =A_+ 3 _ cosn L +B_ sinn A
o n=1 AN n
where § = height of 500 mb surface
= Longitude in radions
n = wave number '
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Computations of An and Bn‘were made for wave numbers one through
five for each initial chaxrt and 48 hour forecast for January and
February, 1958. Due to an insufficient mumber of grid points, the
computations for weve numbers higher thanlone were terminated at‘

Latitude 70 degrees North,

3. Description of Wave One in the Atmosphere

0f the components computed, wave number one had the greatest
intensity. For these sixty winter days there were two pairs of
ceﬁters_on each initial chart of wave number one. Since the Fourier
computation enforces symmetry in each pair, it is sufficient to
describe the negative center—the positive center completing‘the
ﬁair being the mirror image of the negative one.

Tﬁe lower latitude centers were fixed in phase with the nega-
tive center over the Western Pacific Ocean. These centers varied
in intensity from 300 to 850 ft. |

There was another pair of centers in higher latitudes., These
centers were almosf randomly distributed in phase, They varied in
intensity fram 150 to 1000 ft. Figure (2) shows wave one for 002
6 Jan. 1958. This was the weakest wave number one pattern observed

in the two month period.

L. Dpistortion of Wave Number One in the Numerical

Forecasts

The basic equation of the forecast model requires the indivi-
dual conservation of vorticity. From this same consideration Rossby

(1) derived his famous equation governing the motion of long waves
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on & zonal current., The phase-speed is given by the relation:

where U is the mean zonal wind, B is the variation of the Corioliq
parameter with latitude and L is the wave length.

From this formule it is found that the meximum value of U ob-
perved in the atmosphere will give eastward displgcemént only for
wave number five and higher. Therefore in this numerical model
'wave numbers one through four will be moved rapidly wéstward. In
his computation of "influence functions" this effect was dismissed
by Charney (2) with the statement "These (very long waves) are
agsoclated with-little of the total energy". |

Figure (3) shows the initial and 48 hour forecast position of
the Southern negative center of wave number one for January 1958,
The initial positions are all clustered in the Western Pacific,
{11lustrating the almost stationary nature of these waves. The
forecast centers have been moved southward slightly and westward
at high speed. Table I summarizes the treatment of both centers
in the 48 hour forecasts.

Table I - Wave One Average Values

Southern Centers

Jan., Feb,
DOO DL D00 DUS
LAT. L8 35 bh 30
LONG. 168E OL4E 172w 69E
INTENSITY 570 ft 280 ft 460 ft 2ho £t

Northern Centers
LAT. 73 T3 68 69
INTENSITY{ 480 ft 620 ft LLO £t 600 ft
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Returniﬁg to 6 January data, fig (4) and fig (5) show the
retrogfession of Qave number one at 24 hour; and MS hours in the
forecast from this initial data. This January 6 initial chért,isu
the weakest wave mumber one from the 60 day investigation, This
false retrogression is easily, seen to be a major contributor to

the 48 hour error, owing to the almost exact reversal of phase.

5. Wave Numbers 2, 3, 4, and 5
Bristor (3) has recently develoﬁed a conveniént form of machine
coﬁputation of Rinetic energy. This analysis was made for the
individual wave components for the January and February months. A

summary of the distribution of energy among wave numbers is shown

ih Table II.

Teble IT Average Kinetic Fnergy (units proportional to knotsa)

Total Perturbation Wvl| wv2| wv3 | wvk| wvg wvé

‘KR : : +up

Jen 426 | 53| wm | so| 3 157
Feb 486 66 [To) 45 60 30 245

Tablé IT shows a surprising amount of energy rather uniformly
distributed in these low wave numbers. The famillar l§ng wvaves (wave
number cireca 5) have less important intensity.

The barotropic model occasionally held one or two of these waves
stationary but spurious retrogression was the normal behavior. The
slower westward motion in the forecast was somewhat balanced by the
shorter wave-length sb‘that reversal of phase was aéain vossible in.

these wave numbers. Thompson (4) has shown that particular forms of
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zonal wind profiles are capable of holding waves of these lengths
étationary.
Fig (6) is the enalysis of Wave Number Two for 6 Jemuary initial
data and fig (7) is Wave Three from the same day. This wave number
two 1s somewhet more intense then average while the wave number three

is about average intensity.

6. Comperative Verification Data

In order to correct the operational forecasts for these effects
wave numbers one, two, and three were computed and added to form an
approximate stationaxry component . This correction was applied to a
series of forecasts and was incorporated in the oPerational computations
on 10 April 1958. 1In order to avoid excessive stabllization of the flow
pattern at the high latitudes, the stabilization of wave numbers 1, 2, and
% wes terminated at latitudes 75° N, 65° N, and 55° N respectively.

A series of forecasts were corrected for waves one two and three,
Table IIT lists the RMS eérors in feet for these corrected forecasts
along with the original error and the error of persistence.* Petterssen
(5) has recently suggested the comparison of RMSE's of forecast and

persistence as a valid scheme of verification.

* Essentially similar results were obtained by L. Carstensen who obtalned
the stationary component by repeated smoothing and subtracted a tendency

computed from this component at each time step In the forecast.
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Table III Root Mean Square Errors in Feet

Day Persistence Operational | WVl Wwl, 2, & 3
Jan 8 | | 525 ~ hob 278 230
Jan 10 30l 517 251 201
Jen12 | 296 11 293 229
Jen 1L 309 | bk 296 | 2%
Jan 16 352 "7 319 217
~Feb 8 272 2339 262 181
Feb 12 310 32 | 3% 217
Feb 16 303 - w9 | %20 207
Average 311 - 40 295 219

The mechanics of correcting the forecast consists of operating'
on the stream functlon periodically during the forecast with the
following identity.

=Y +8 -8
v v y

corrected Y 00

where is corrected stream

corrected
Wy is forecast stream at time y
SOO is initially computed stationary components

Sy is stationary component at time y

Figure (8) shows the same type of comparison for a forecast made
from 127 31 March 1958. These curves show positive skill for the

corrected forecast out to T2 hours compared with persistence.



8-

T. TImprovement in the Empiricai Procedure

Fig (9) shows the error pattern for the same forecsst as figure
(1) after correction for the.stationaxy component as defined in para
6. In addition to the marked reduction in error the scale of the
error pattern is much more acceptabie.

Although these results may appear'impressive, furthér improvement
is expected from & different method of defining the stationary compon-
ent. The Symmetry of the fourler coﬁputation must introduce local
errors even while effecting an over-all improvement. The discontinuity
at 70°_Lat may produce gradient errors in high iatitudes. Since the
removal of the errors arising from spurious retrogression of the ultra-
long waves, certain systemetic errors of treatment of the.zonal profile
have become relatively more prominent. Improvements in the definition
of the stationary component should be accompanied by saﬁe method of

removing systematic profile errors.

_8. TImprovement in the Physical Model

The empiricsl corrections now employed should obviously be replaced
by terms in the equations which describe the mechanism by which energy
is transferred to and from these waves and the fields which hold_them
stationary in the atmosphere.

Figure (10) is the %ong wave component plus the zonally-averaged
flow for 6 Jan 1958, Both this quasi-stationary component and the
error locations suégest thaﬁ_the physical mechanism by which the large
scale quasi-gtationary components are mainteined must in some way

reflect differences in the surface characteristics of land and sea.
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A test for eny formulation of the physicel mechanism is a
numericél prediction model which will produce forecasts sdperior to

those obtained by the present method.
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List of Illustrations with Legends

48 hour error in feet. JNWPU operational forecast from

002 16 Jan 1958

(2)

(3)
(%)
(5)
(6)
(7
(8)

(9)

(10)

Southern negative center, initial and 48 hour forecast
positions identified by day for January 1958.

Wave number one in feet. Initial data 00Z & Jan 1958.
Wave nunmber one in feet. 24 hour forecasf from 00Z 6 Jan
1958. |

Wave number one in feet. 48 hour forecast from 00Z 6 Jan.
1958.

Wave number two in feet. Initial data 002 6 Jan 1958.
Wave number threé in feet. Initial data 00Z 6 Jan 1958.
Error curves for forecasts from 127 31 March 1958,

48 hour error in feet. Operational JNWPU forecast corrected
for waves number 1,2, and 3. from 00Z 16 Jan 1958.

Zonallj averaged:heights plug waves number 1,2, and 3 from

00z 6 Jan 1958.

100052



—~— ’

N A AN
£ 8Gé! ‘NVF 91 Z00
T 'Xd 1VNOILVYH3dO dMNP
77y 71334 NI HOHNI MHSb




/T~ f

HR. FORECAST
JAN. 1958

~ 7

GATIVE CENTER

EG
48

S FOR
e

"~ SOUTHERN N
INITIAL AND
POSITION

AN

N™



' 8G6I'NVr9 200
000 ‘BWO0S
ANO 3AVA




P
»
-
.
» e )
g
& 4
.
[ s
»
. .
. - ‘ an -
N -l 2 ]
.D. \\
Bkt g
—l . 4
N , v R
"
) 5
<,
§
7 -
¢
¥
o
Sz
r
- b
e ¢
: o
- p
a -\«
. . o
.
] «
O0H 22 i
s
. -
L3 . \ :
- ! .
x g y
- L Y
.
\r
.DA
/_. ) | .
/ \ +
N B ’
.
\\ -
\/ & + .
. .
»
"
. -
i

/\ Seéi NV 9 mom.,/
88 v2Q BWOOS

#¥




/N /L S~ F AN

gG6l Nvr Z00
8vrQ 'dWN 00S
3INO 3JAYM

,/,

. UJXV./\ \ ¥ \T‘ Cig
A AT SN _
4y hf




o
, wmm_ VP9 200
JPvM 00Q "8W 00S

03._. m><>>

: = Y
e s \ ST QOL A

5
-
|




N B A AN
/7 8G6l 'Nvr9 Z00

S0 000 daiNo0s
.NMIIP.. AATM

N

=~ Vet




SHNOH NI 3INWIL
2L 09  8b - T- I 2

JON3LSISY3Id *
AM °
TVYNOILVY3dOo *

8661 HOYVW I Z21 WOY4

00
00l

osl|

002

1334

3SWY
0S2

00¢

(0] +1

1Sv03404



N ~ BN
- 8G6l NVPr 91 Z00

£g'21 AM
o HO4 Q31934Y¥0D X4
4 L334 NI Joyyd3 ,_.me¢.

-




AN/ N~ ./9/
8G6I ‘NVr 9 ZO00
00ad 'gN00s

\\\ RS \ b
Xt

Vs 2

L

2l

|

NSSEc




