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’ A series of fifteen 96 hour forecasts was made with a spectral ’
; 1
|

L.

\

in the planetary waves. The amplitudes and phases of the gecpotenbial errors

“ are studied as functions of zonal wavenumber, spherical harmonic coetficient,
‘time, pressure height, and latitude,

The geograph:.c amd sympt:.c character of the planetary wave errors /
is also su\died '

¢

- The major contributor to the short range (less than 48 hour) forecast

- er:rm:is:xdenti_fiedasanexternalmode meﬁrprovenentmtheforecastsof 4
' “ five cases, resulting from the removal of the external mode is shown. Lﬁﬂ

. *
The medium range farecast errar (96 hours) is intermal in character

and strongly resembles the errors studied in the vertical resolut.mn experiments
\ of Nakamurs (1976) and Desmarais (1977). | ‘

-

-
Based on the similarity of the errars, it is hypothesized that the -

major cause of planetary wave errars#s an inadeduate vertical structure of

-
. the waves.
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Une ‘série de quinze prévision.s a &chsance de 96 ht;ur&s a Et8 effectude
a 1'aide/d'un mod&le spectral de prévision ;mérique du temps & ézzuationé
générales afin d"éuﬁier les erreurs dans les ondes p]af?tai.res. les amplitides
et les phases des exrreurs du géopotentiel sont analys&es ‘emtant que fonctions
du ncmbre d’orde zomal, du coefficient d'ha.moniqt%e sph&rique, du temps, du
niveau de pression ainsi que de la latitude.

| ) /

Le caracti@re géographique et\synoptique des erreurs dans les ondes

- planStaires est &galement &tudis.

le pﬁjbipal facteur qui contr # 1'erreur de prévision & courte
&chéance (roins de 48 heures) est wn externe. L'amSlioration
relevée dans les prévisions de cing cas, enant de la suppression du mode
externe est demontrée. L'erreur dans la p¥r€vision 3 moyenne échéance (96 .
heures) est interne quant au caractlre et ' apparente fortement aux l—::rreurs L
Studifes dans les expériences sur la résolution verticale dé Nakamura (1976)

~

et Desmarais (1977).

Si on se base sur la resserblance des erreurs on peut déduire

hypothétiquement que la principale cause d'exreurs 'déns les ordes planét—aires

provient d'une structure imparfaite des ondes.dans la verticale. /
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CHAPTER 1
INTRODUCTION
| i h

1.1 The Observed Structure of the large Scale Waves
The examinmation of*mid-troposPheric analyses of geopotential heigh‘t,

time—averaged over one month periods, shows “the existence of quasrstata.oxﬁry
waves of large horizontal scale. A study by Eliasen (1958) gave a harmonic  _
amlysis of average monthly 500 mb and 1000 nb charts as well as a daily
harmonic amalysis of a farty day series of data. Figure (1.1) gives 3t:he

daily positions of a ridge for wavenumbers ‘one to fyw dunng the period
October 21, 1950, to November 30, 1950,

It can be seen that, in general, the large scale waves consist.of
Q
d relatively large stationary camponent and smaller transient caomponents.
Studies by Charney and Eliassen (1943) and Smagorinsky (1953) indicate that ”

_ the gtationary part of the large scale waves*is due to forcing by the earth's

topography and lani-sea temperature contrasts. Table (1.1) from Eliasen (1958)
gives the amplitides and phases (positions of a ridge) of the gtatidnary
camponents of wavemumbers one to three cbtained fram the average monthly
amlyses of Jarmuary and July at 1000 mb and 500 mb.

A\l

Eliasen's stidy also showed that waverumbers one to four were
quasi-stationary, that wavemmbers greater tha\n or equal’ to six showed a
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30°N

70° N

TABRLE (1.1) Banmcamly

500 mb

Wave— 1000 mb
rambexr Amp. Phase A.np. Phase’
1 59 -68 16 351
2 10 145 16 110
3- 28 83 17 102
1 84 -34 39 46
2 34 42 48 89 .
3 64 98 2 108
{
7 84 6 76 66
2 79 43 83 1
3 80 106 .33 2
¥ 62 40 71 114
2 - 100 33 64 79
3 63 108 43 12
1 50 84 87 163
2 98 21 19 71
3 40 108 18 3

meters and phases are

in g

Jean charts. Amplitudes are in gegpotential
longitude. From Eliasen (1958).

July
500 mb 1000 mb
Ap. ‘Phase  Amp. Phase

41 -48 79 ~-104
16 175 53 165
4 17 21 77
38 -28 66 -98
12 77 48 179
12 79 22 83
32 22 38" -89
43 13 32’ 14
.22 11 12 93
35 73 17 =101
42 58 19 30
S 24 114 6 104
39 116 - 3 -86
40 40 12 23
- 14 101 2 110

7
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general eastward motion and that wavenumber five, while generally transient,
; \

showed a preference for certain positions of its ridges.
*

Subsequent studies of the properties of the large scale waves have-
concentrated on the transient ccnpone.nts In a study of January 1957
500 mb data, Eliasen and Machenhauer (1965) observed that the transient
. ccmp'onents of the large scale waves propagated westward with periods as short
as a few days, Deland and Johnson (1968) showed that westward moving transient
- components of the large scale waves were present trlz'oﬁg}but the year. These
authors also examined the vertical structure of the winter transient camponents
and cbserved a general increase in amplitide with height and a weak westward
tilt of the phases with height. ‘

The rate of errar growth in the various horizontal scales has been
.mvestlgated by predictability experiments. These éxper::iments usually consist
of perfaming a forecast with a model ard comparing these results to those \
obtained when the foregast is repeated with slightly dj_fferent~init:ial
corditions. .he differing initial conditions represent an errar and the
subsequent difference between the two farecasts represents the exrror
resnlting from the incorrectly specified initial conditions. The time taken .
for t{;}s error to reach sone predetermined level, which can be campared for .
the various scales of motion, is a measure of predictability. Lorenz (196?) ’
using a simple one-level model of incempressible unbounded £low, and
Smagarinsky (1969), using a camplex nine level hemispheric general
circulation model, showed that the largest scale waves have the highest
predictability and that the rate of errar growth increases with decreasing
scale of motion. This result, together with the quasi-stationary character
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of the large scale waves, suggests that forecasts of these scales of motion

should meet with considerable success. Curiously, such is not the case.

o

1.2 The large Scale Waves and Numerical Models

Almost from the beginning of numerical weather pre:iiction, the
large scale waves have been a problem for atmospheric models. As soon as
hemispheric farecasts with simple one-level barotropic models began, it was 1
cbserved (WOlff (1958)) that.the large scale waves retrogressed (oved
westward) with approximately the Rossby-Hawwitz (Reurwitz (1940)) phase .
speed. Since this rapid retrogression was in violation of dbserved
atmospheric behaviar, it was controlled by holding the large scale waves |
stationary during a farecast ar by us:Lng the "long-wave stabilization" term

derived by Cressman (1958).

The systematic errar in large scale wave forecasts with a one-level )
hemispheric barotropic model with topography was determined by Martin (1958).
His results showed that a strong geographical bias existed, causing the 500 mb

geopotential heights to be farecast too high off the east coast of Asia amd
too low in the mid-Atlantic. Fourier analysis showed that the model's

systematic errars were caused by incarrect forecasts of wavenumbers one to .

~four,

-

{
Investigations of large scale wave forecast errars in more advanced

numerical weather prediction models were slow to appear in the literature.
Most ver:i;.ication of such models is performed synoptically ar by camputing
skill scores arrootmeansqua:&eermrsarﬂusuallymatterpt is made to
assign fmecaét ez:rc;: to the various harizontal scales. The quality of
farecasts made with advanced models was steadily improving and visual
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inspection of forecast weather maps showed that the major qﬁasi—stationazy
> .

trough and ridge patterns were generally correctly forecast in position.

These facts could lead one to believe that significant large scale wave

' errors no longer existed in advanced numerical weather prediction models.

’

i

However, it soon became apparent that the prdblem of large scale
wave errars still existed and studies were undertaken in an attempt to fin¥
their causes. - Miyakoda et al. (1971) observed that the waves in the
westerlies were farecast with insufficient amplitudes and that cut-off lows
were seldmm produced. In this paper, the authars studied the effects of
harizontal resclution gn jfore/casts of the large scale waves. Their results
showed that these waves were/mt satisfactarily forecast; and, while increased
horizontal resclution mprroved farecasts of the order of ten days, it did not
improve 36 to 48 hour farecasts of large scale waves.

Further evidence of large scale wave errors came fram Leith (1974) ) ,

In a series of 36 hour farecasts at 500 mb with a spectral one-level barotropic
B

model, the errar was camputed as a function of wavemumber. These experiments

showed that the smallest error was present at wavenurber six and that the error

increased in the shorter and longer waves.

1.3 The Scope of the Present Study

1 meaimofthisthesisistoﬂwatigatefurecasten;prsinthe
planetary waves armd isana:terzsiontoabaroclinicmdeloflei&'s
barotrepic study. The collective temm planetary waves w:j.l henceforth refer
to zoml wvavenumbers one to five since these waves possess both a q(uasi-
statiomary mature and a large horizontal scale; and, the collective term

R
! ‘

~
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’ long ‘;:aves will refer to wavenumbers one to eight. Chapter' 2 will describe
. the acpe::j:nental prodedurg and the errars will be documented in Chapter 3.
cf'xapter 4 will give the geographical and synoptic character of the pl:anetary’
wave errors. ‘The detailed nature of these errars will be presented in Chapter 5

along with a hypothesis of their cause and /suggestions of methods of their
. ' eliminmation.




DESCRTPTION OF THE MODEL AND -THE EXPERIMENTS
l b

2.1 Intxroduction ' ‘

For investigation of farecast errors in temms of wavenumber, it is
very comreniqnt\ to employ a spectral model, An advanced global baroclinic
primitive equation spectral model developed at the Division de Recherche en
Prévision Numérique of the Aﬁmspheric Envirorment Sexvice was made available

¢
to the author. !

2.2 The !ﬁﬂ ;

The model used far thJ.s study was that}of Daley et al. (1976) with
minar modifications. The model uses sigma (") co-ordinates (Phillips (1957))
ard has fivé levels equally spaced in @ . ‘.'Ihe model's horizontal spectral
representa,ti.or; possesses a rhamboidal truncation (Ellsaesser (1966)) and
finite-differencing is used in the vertical,

The governing equations are

| v

= — V (Q+f)V kVK(P\'\'Vc\-l-cr"a F)s a

o)lo) a)lo)
+lo «Io

(Q“'&)V -V (RTVq ol oy "F\ _
V(E500, 3




¥ rfﬂﬁw y

® -%I= V- VT+TD ¢ \6“"“( Bc)_,‘H” a3
) i = |

—D"V’Vq, - 2.4

where ° j’ = dn:idli.s parameter, ‘

Q a vertical camponent of varticity,

v = hatizontal wind vector,

D= horizontal divergence,

T - tarperature.

qQ = rab.lral logaritim of the sutface pressure,

T
§ * static stabirity (U'Cp %— -
O" = vertlcal veloclty in s:.gma co-omﬁ,mates,

< (o-1)(D+V-Vq) + D +V Uy
'_&;_ gecpotential height,
. Fa harizontal friction farce per unit mass,
H, = diabatic heating,
/ ~Rngasconstantfcrdryair,
. Cp = specific heat for dry air at constant pressure,

4

O (0w,

-t




i J

/ 10

- ’ "
‘ “ ® ‘%’N’@

()= ) (e A7

Global and hemispheric forecasts can be made with the model. When
the model is used hemispherically, the following quantities, D , 8 , T ,
q.,arﬁthezoralcmponentofthewiniarerequiredtobesymnetricabout |
the equatar; and, the quantities () and the meridiomal camponent of the wind ’

: "1

are anti-symmetric about the equatar in order to be consistent with the

governing equations (2.1) to (2.5).

The semi~implicit method of Robert et al. (1972), which is
incarporated in the model, allows relatively long tunestepstobeusgd yie)
control numerical J.nstabihty introduced by the dJ.ssipat.we terms in the.
boundary' layer ’parameterizati.on a weak time filter (Robert (1966)) is needed:

The version of the model used does not incarparate radiation ar -
moisture calculations but does include the effects of topography, ‘heating
from warm oceans, subface friction, and dry convective adjustment.

The data input to the model is the tenperature, gecpotential, and
streamfunction field defined on a 2805 point polar. stereographic grid with a
grid spacing of 381 km at 60° N on seven standard pressure levels 1000 mb,
850 mb, 700 mb, 500 mb, 300 mb, 200 mb, and 100 mb. The streamfunctions were
obtained from ﬂlegeopohentlalsbysolutimofﬂlehalameeqmntim

V[E+ 4ol V{5 vywe], s
/

MQ:?%A
A
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where 5 = Coriolis parameter, ‘ 'i‘;q
\P - streamfunction,
§ = geopotential. e

LAY

. R \
There ‘are a nunber of transformations of ﬂmédat?requiredbefo:ce

it is in a fom suitable for integration, First\they are bi-ctbically
interpolated on each of the seven pressure levels fram the polar st&reégra?hic
grid to a transfam grid Prszag (1970)) which consists of equally spaced
longitudes and ajwmost equally spaced Gaussian I;tinﬂes. This procedure
requires extrapolation S&ﬁl of 15° N to the equator. The symretrlc fields
have the average around the latltude circle at 15° N exte:ﬂed to the equator
ard the departure from this average at a given longitude decays linearily to
zero.at the equator. For the anti.sy#metric fields, both the 15° N zoml
average and the' departure decay linea:[rily to zero at the equator Secord,
the data are vertically interpolated,. using th? surface topography, fram the
transform grids on the pressure surfaces to the transfom grids on the sigma
sm'faces and finally, they are spectrally ana.lyzed fcr use by the model.
After a farecast has been campleted, a reverse pmcedtme y:.elds the farecast
spectral coefficients on the seven constant pressure surfaces.

The spectral representation in themdel :.qin terms of spherlcal
harmonics of the form

’ ™ ™ . ) E ~
Y“ = P“ (M¢)g¢mk , o Y

M @
where Y“: spherical harmenic,
Is
P - associatel Legenire funcfion of the irst kind,
|
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A given field’x is represented by a truncated series consisting of a linear

$
A

™ =

Nn-t™ = meridionml wavenunber.
v

latitude,
longitude,
zonal wavemmber,

canbination of spherical harmonics

Y (@)

where

In this study, a given spherical hammonic coefficient'X(mp), of the variable
Y, will be referred to as the coefficient (m, n) of thé field’x.s

R = rhomboidal resolution,

Imle®

vae=-R nulm)

z Wi Yo (4,0

Xl spherical bammonic coefficient.

'I‘he spherical harmonic coefficients of the symnetrlc fields ( D

@T q ardﬂxezomlcarponentofthewuﬂ)WJ.llbenon-ze:monlny

(m—n) is even and the coefficients of the anti-symmetric ( Q and the

-

me:ndloral carponent of the wind) fJ.elds will be non-zero only if (n-m) is odd.

2.3 The Experiments

the model described above. -
a 40 minute time step. 'The output consisted of the spherical ham\om.c
coefficients of the gecpotential at intervals of 12 hours for each of the

T

k

A series of fifteen 96 hour ham.sphenc forecasts was made usmg N

A

!

®

The model was used with a 20 wave rsolut:.on ard

v
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seven pressure surfacé. Of the fifteen caseé‘, Six were summer, i.e. between
the vernal ard autumnal equinaxes, and the remaining half year contained nihe
winter cases. The dates were ché:se.n ranc}gnly with the restriction that each
month must contain at least one case. Table (2.1) gives the initial times of

”

each of the fifteen cases.

CASE INITIAL TIME
I .
: 1 Dec. 31, 1974 " 00 GMT i
2 Jan. 16,97 00 Gur | .
3 gan. 21,1978 12 e
4 " Peb. 11, 1975 . 00 QuT
5 ar. 1, i’975=? .00 GuT |
6 oo, 19, 1974 2@T
7 Nov. 21, 1574 Lar |, | ‘
: Dec. 13, 1974 00 Qur
s Mar. 14, 1975 00 G
10 Mpr. 7, 1974 12 T ‘\
1 .. Mg, 25, 19M 12 QIr |
. o Cquwnd 11, 19 .. o0 Q.
13 vy 15, 194  Lam
- aay & 1% . Lam R
15 ' Sep. 1,.19% | * . o0 qer | )

/ | » | \
TELE (2.1) Theinitial time of each of the fifteen cases.
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The amly;sa used to verify each twelve hour.period of the
forecasts were available only as grid point valués on the 2805 point polar
stereographic grid: To cbtain the required verifying spherical harmonic
coefficients of the geopotentials, the nnael was J.mt:LaJized using the
verifying amalyses, a farecast of zero time length was made,land. the
coefficients of the gecpotentials were produwced for the seven pressure levels,
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CHAPTER 3

-/ . -~

THE SPECTRAL DISTRIBUTION OF THE LONG WAVE FRRORS

/

3.1 Introduction

~ ‘-~ Ir this chapter, detailed statistics of the errars produced by Hhe
éxper:‘;ments of the p&‘evious chapter will be presented. The spec&al errors

in both the geopotential height and thickness (vertical]jy averaged temperature)
will be given as functions of time, ;ressmre helqht, ard latitude. In addition
to documenting thg errars in each zonal wavenumber, the erxycr stati;tjss for
the spherical harmonic coefficiehts will be given.

3.2 'n'leDefinit.{onoftheE::rcmsinthezOnalWav&s

A field obtained frum cbservation can be written as

g, 2 Eio(m.n\ Pt

+ Similarly, a farecast field }4 R can be written

K
medifferemebebveenﬂwsebmyiemstheforecastermrfie]ﬂ § ,

i.e. E E -i{:&

¢ S 2 2§ (tn,00) Pﬁt ZZQ(W\\ mx

*
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With the definition §e_(m.h\ = -§°(m.!\\ -—§ _‘(m.n) , the expression for the
error field becames u

I RDX S <m>Pe o)

¢

The contribution of a given zomal wave "m" to the error field is

Ee(wj\ = Eic(m\\ P:\&l 2__{ (-, “) -m.)‘

Using the relatlons

s @) P SN
;ﬁe(“mn“) h (_n"‘ §.e(mn“§ )
where i

e (mn) is the c’arplex conjugate of §e(m n) . Eg(m) can

be written in the farm \

$.(w) = AAM\ cos {m()\ Co(m\)}

\m\+Q

Adte - {(2%%& (mm nx}P

nz\m)

e

nalwml
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'mequant:LtyAe_(M\ will be referred to as the error or en'oramphmdeand
the quantity % (m) as the errar phase. The sum of the Ag(m\ $ for

the fifteen cases will be referred to as the total zonal wave errcr.

3.3 Results for the Zomal Waves

Figures (3.1) to (3.7) give the total zonal wave error of the height

|
field expressed in g meters (gpm) as a function of time far seven

s

pressure levels from 1000 \é;o 100 mb at 50° N. An examination of the figures
shows that the waves of smallegﬁxwavemmber have the largest total error at ‘

all pressure levels amd at all times. Turning our attention to the character

of the planetary wave errars, we can.see, apart fram the fact that théy increase

with height, that the errcrs possess very little vertical structure during

the first 36 hours. On the average, the errars grow in time but not in a uniform
“#
manner,

%
At 96 hours, the planetary wave errors possess a noticeable vertical

structire. In general, wavenumber one is most poarly forecast except at mid-

tropospheric levels where wavemmbers two and three are daminant. Also, very
mticaﬂem'&e%lmxcmvesisﬂxéamgmedlargemsinwa\zeﬁfm
five which /has only a weak vertical structure, \1

\

Up to this point, only the absolute errars have been presented.

Figure (3.8) gives the average error (total error divided by the number of
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Figures adjacent to each of the curves give forecast
length in hours. .




700mb
50°N
1100
1000
900
800
700
96
d T 600

17 | /N

| <0
R
3 ~ \\K s \ﬁ

5.
i

-

.

3 4 5 6 7 8

N

WAVENUMBER
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cases) normalized by the average amplitude of the 'zormal wave for 500 mb at

50 N for 12, 24, and' 36 hou:;s. The purpose of rmaliz‘ing is to ensure that
the errars are large not only in an absolute sense but also large in camparison
to the anplitude of the wave. This diagramwshows that in a “percentage error"
sense the very long waves are still forecast with large errors. For a 36

houwr farecast, there is a minimum at wavenumber four.

Figure (3.9) compares the model to persistence for a 36 hour forecast
at 500 mb at 40° N. fThese results, which may not be significant because of
the sample size, show that persistence is a better forecast than the model for
wavenumbers one and three and tilat the model's best perfammance, using

persistence as a standard, is at waverumber seven.

Fiqures (3.10) to (3.12) give the latitudinal variation of the total
error (absolute) far 500 mb. These diagrams show that, in general, there is
a slight decrease in the amplitudes of the errars moving from 40° N to 70° N
in the longest waves and a dramatic decrease in the errors in the shorter waves.
It is felt tt\mat the decrease in the shorter wave errars is due to the fact that

the data cannot resolve these shart wavelengths at high latitudes.

The positions of the 36 hour exror phases at 50‘° N, as a function
of height far wavemarbers one to five, are given in Figures (3.13) to (3.17).
From these, it is evident that the errar phases have a tendency to cluster in
lorgitule. Wavemmber one, for example, clusters at 25° W at 500 mb, Further
inspection reveals that the errar phases have their weakest dependence on height
near the clustering points. by

&

The latitudinal structure of -the error phases at 500 mb for 36 hours
is shown in Figures (3.18) to (3.22). It can be seen that the clustering
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O diminishes with increasing latitude, "This fact makes it difficult to

determine the latitudinal structure of the error phases; but, in lower

’ latitudes, it appears to have the weakest dependmce‘\‘on latitude at the
R K '
clustering points. - IR
! | The weak vertical structure of the errors of the gecpotential
height at 36 hours implies-that the planetary wave errors in the thickness -

pattern should be smaller. Figure (3.23) shows a comparison of the total
. 36 hour 1000 mb to 500 mb thickness en'oratSOQNand the 500 mb gecpotential
error at 50° N. It is noted that the wavemmber one errors are reduced by a
factor of two and that the geopotential errtr curve ard the thickness error
curve becane asymptotic at approximately wavenumber six., The thickness errar
¢ ‘

phases for the planetary waves, like those of the geopotentials, show a

clustering in longitude.

3.4 Definition of the Errars in the Spherical Harmonic Coefficients

The errar field can be expressed as (Equation (3.1))

‘ H EC"" z z§c(m,v\\ P:Q‘L"‘)‘.

The contribu{:ion of a coefficient ie(m,n\ to the error is

E(mm\ = Ee(m “\P QMM\ + Ee("“\ “‘P -Mn)s

It is necessary to use the bm of the positive and neqative order coefficients

incmdertoobtamareal (as q:posedtocmplex) conu-ibutiontotheeﬁm'
Fo]lcxv:.ngthedevelopnentofSectjm (3.2), the above equatimcanbewnttm g
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FIGURE (3.17)

Same as Figure (3.13) except far zonal wavenmumber 5.
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E ) = A:(M.n‘) ‘P‘:,JL‘OS %m()\;— %,_(m,}q)},

A;(m,n) = {Ré {?ic(ﬁ\.vb} + I\:\ {§g(m.n{‘3]%

elvn,n)
S(m “)I- fun | %i («w\\%

To remove the latitudinal dependence of the errar given in the figurés thatd

follow, the associated Legendre function has been factored fram the error
amplitude, In the results that follow, the errcr amplitude Ae(m,i\) has
been narmalized by the average magnitude of the spherical harmonic .

coefficient, i.e. the average of

RBECSIESS (il

P !

3.5  Exror Results far the Spherical Harmonic Coefficients
I i

Fiqures (3.24) to (3.31) give the namalized errors in the spherical
" harmonic coefficients of the 500 mb gecpotentials as a function of time ard
zonal yavenmmber: The errars in most of ;.he canponents onach zonal wave
grov at approximately the same rate. 'Jheorat?of growth is slowest in the
longer waves and most rapid in the shorter waves, The time taken for the
nommalized error to reach mo—thi:cds in wavenumber one is about 96 hours;
while in waqvemmber eight, 1t is about 42 hours. There are, however, several
OOEfflClentS whose rapid error growth does not confarm to the above pattern.

a
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These coefficients are (1,1), (2,2), (2,4), (3,3) and (4,4). It is reasomable
s to postulate that the above coefficients contribute significantly to ‘the large
|
errcrs in the planetary waves. It is interesting to note that these camponents
possess both low meridional waverumber and low zonal wavenurber, ' The character

F
of the errors in these coefficients will be discussed more fully in Chapter 5.

3.6 Sumary
Predictability experiments described in Section (1.1) suggest that

forecast errars should have the smallest rate of growth in the largest scales
of motion with an increasing rate of growth far decreasing scales. The-
height field farecast error in the present model has a minimum at appi:oxjmteiy
wavenumber four aind increases with higher and lower wavenumbers, - Although
these results are not expected from predictability considerations, they are -
very similar to those of Leith's one-level barotropic study which showed an

ervor minimm at wavenumber six. )

The model?’s 1000 mb to 500 mb thickness (vertically averaged .
temperature) errar dependence on wavenumber at 36 hours shows a monotonically
increasing error with increasing wavenumber. The large errors in the lowest
wavernumbers, which were present in the height field, do not ‘exist in the
.

thickness field. This result suggests that the 36 hour planetary wave errar

in the height field is barotropic in nature,

:

The errar phases at 36 hours have a tendency to "cluster™ in
longitude showing that a significant time-averaged errar exists.

When the zomal waves are decamposed ihto their camponent spherical
\ Q
harmonic coefficients, those coefficients possessing lowest meridional
wavenumbers have -the largest errar in the short time range.
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- FIGURE (3.25) Same as Figure (3.24) except for zomal
wavenumber two.
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. [ CHAPTER 4

THE GEOGRAPHIC AND SYNOPTIC CHARACTER

OF THE PLANETARY WAVE ERRORS \

4.1 Introduction

e

It was shown in the previous chapter that the planetary waves possess
a significant time-averaged or systematic errcr. In this chapter, the .
geographical bias of planetary wave farecasts will be shown. As well, the
synoptic appearance of the exrarstwill be presented. . 1

The improvement in planetary wave farecasts, resulting fraom the

removal of the barotropic component of the error by carrection of the \
4

model's surface pressure, will be shown.

4.2 Geographical Distribution of the Average Error )

“ The systematic nature of the p]anetaxy wave error pattern mph.&s
that a geog:raph:.cal bias qnsts in farecasts. To show this error, each of
the spherical hammonic coefficients of the error field was averaged over the
£ifteen cases and the\systemtic error £ield was then produced using

5 il +§ o

4

“Esvs B ’ §SYS (‘“ o) Yn ) »
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G , where .§5\¢5 a  systematic exrror field,

"m
Y « = spherical harmonic,
Eg\{g(.‘“.“\) = systematic error field coefficient,
and

\ .
- co \
B (nm) = N 2 %g(wym\ .
A3l

vhere }e‘(m.n\:m coefficient of the "i"th case,
P

N = number of cases (15).

s -
i AT B T T Ao e ST e T B
7

. Figures (4.1) to (4.3) give the 36 hour error field in the 1000 mb
geopoterztial height’ the 500 mb geopotential height, and the 1000 mb to 500 mb
thicknesses. 'Ihe;.se charts display the systematic errar § avs in the mid-
latitude belt frem 30° N to 75° N. At 1000 mb, the maximm errors occur in

the southern portion of the belt off the east coast of Asia and in the Atlantic

Ocean. In cont::'ast; the narthern partion of the map is relatively errar free
(in a systematic sense). The 1000 mb to 500 mb thickness pattern possesses
smaller error 'values, as expected fram the results of the previous cha;lter,
with the largest errars occurring in the north near Baffin Island. The 500 mb
‘ errar field, which is the sum of the previous two, shows that the errars are
\\ at a maximm aromd 40° Narﬂttatthep}aseofthemflemarerelauvely’
mdepen:lmt of latitude except in the mrth The nagm.tudes and p051txom of
the 500 mb systematic errors agree remarkably well with those found by Martin
(1958) in a one-level barotrcpic model. If the 500 mb systematic error field - §
is compared to a 500 mb mean Jamuary map, it can be seen that the gecpotential |
heights are systematically forecast low in mean x\:idges and high in mean troughs.

\
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4.3 Synoptic Depiction of the Individual Case Errars | /

To see how the individual case errors in the planetary waves are
manifested synoptically, the exrror field was campared to the verifying

analysis for each of the fifteen cases. In constructing the error field

RO —

and the carresponding verifying analysis, only the planetary waves were

used. The fields were produced using
ImieR o

3 - SE z?e(w\f:’q o

wmz-5 nziml

where * @ (mn) = spherical hamonic coefficients of error field ' . ;
or verifying analysis. \

#

s

When the error field was superimposed on the 36 hour verifying analysis at

500 mb, a typical result as given in Figure (4.4) was produced. Over the 3

chart as a whole, theirﬂividualen‘orsarelargerﬂuanthesystanaticmors b

a4

given in the previous section. In the southern partion of the chart,- the  «

error centres®lie on the trough and, ridge lines indicating that the positions

of the troughs and ridges are correct but the amplitudes are too smakl. In
.the narthern partions of the chart, both the positions and amplitudes of the
troughs and ridges are incorrect. —

|
4.4 The Surface Pressure Substitution Experiments

To control a suspected barotropic mode, it was decided to substitute
the observed planetary wave canponents of the surface pressuré field for those
camponents forecast' during the running of the model. The surface pressure
coefficients were substituted at every time step. Since the cbserved surface
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pressure was available at 12 hour intervals only, linear interpolation was

used to campute ‘the intermediate values. During the first 12 hour period of

a forecast, thé interpolated surface pressures were obtained from
/

N ™m o " b —_— NA{. 13 m —
q n o C\ n C\ n ’h )
Y ! v
where C\“‘ = surface pressure coefficient at the Nth time step,
g
q w ¥ Observed initial surface pressure cc;efficient,

n = the daserved surface pressure coefficient for
12 houts after the initial time,

At = time step in hours,
N = index of the time step.

A similar procedure was used for each of the succeeding 12 hour intervals.
Only the first five non-zero spherical harmonic coe/fficients of zonal waves
zero to flve were substituted. These 30 coefflclents represent less than cne

percent of the total prognostic coefficients in the model.

4,5 Results of the Pressure Substitution

The above experiment was perfcrmed on five cases, namely, cases |
1, 3, 4, 5, amd 11. 'The total absolute errcr far 36 hour farecasts of 500 mb
geopot‘ential and the 1000 mb ﬂto 500 mb thickness was cbtained and compared to
farecasts where no pressure substitution was made. The results far the 500 mb
geopotential at 40° N versus wavermmber are given in Figt/n:e (4.5). With the
exception of wavenumber four, all waves in the range;of wavenurbers one to
five have been substantially improved., In the range of wavenumbers from six

to eight '(where no substitution was made), a slight, though not convincing,

,jmp;ovenent resulted. The results far the thickness are given in Figure (4.6)
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which shows little difference between the altered and unalterea forecasts.

The verifying analysis, the control (umaltered) farecast, ard the
altered forecast at' 500 mb far each case were campared. In general, three
inp‘.govanents were noticeab{ . First, the amplitudes of troughs and ridges

were increased but were still :'f.nsufficie.nt. Second, the position and depth
of cold lows was improved ard third, the occlusion process was improved
although the centres of occluding cyclones were still too warm. Figures
(4.7) to (4.10) give the maps far case 5 together with the initial 500 mb
ane;lysis. -
(384

4.6 Sumary / o

- Fram the results of this chapter, it can be seen that the planetary
wave exrrcrs for a short range farecast are syéteratic. The systematic errar
pattern, r&sulfing fram the present model, is very similar to.that cbtained
fran a simple one-level barotropic model. '

-

At mid~tropospheric levels, the effect of planetary wave error on
u .
syncptic charts is to give insufficient amplitudes to troughs and ridges. In
addition, the pressure substitution alcper:iments have shown that the planetary

wave error has a marked barotropic character. 1

- ,
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pressure substitution forecasts.

-

ot RN o v e = SIEDROT S




75 — > <
) 70\\ 48?’ // / ( /{j AN
‘6'55\\ \\f‘ﬁsi]{lo \ / 557 / e [
oL L ALV T
= 5,5 \\\ '/ N 5|..Q,} ‘ / 516
2 Ll NN VAT L
= A DN
NIRVENNYZasTA\N/aN)
o \M AT NN AN
NSV ZENVASYaNY
3002640 60 80 100 120 140 160 180 160 140 120 100 80 60 40 20
_ EAST LONGITUDE WEST

FIGURE (4.7) The initjal 500 mb analysis for Case 5.

PO S EEEELE LSRR S e

- P h



N N
O o

9))
(S]]

&DE
[0}
@)

LAT
4
Qo

-
(8}

.35

30

"0 20 40 60 80 100 120 140 160 180 160 140 120 100 80 60 40
- LONGITUDE

FIGURE (4.8) The 36 hour 500 mb verifying amalysis far Case

/
7

/

a ___/'ﬂ
é
|

2w

l

{

/"/w

e

8
]
7

- D
O

\
W\

/
/

{ /
N
\

Vai'94
/
%

//

WEST

|
/ I .
\ N ’ ' {
N\Q\\: \
» | |
= (

/U




LATITUDE

mbchartg:(:a

70— \/ E
65— \,\ ‘ //\ .
60K \\ / \ |
RIANEZZNNN pu
// \\\/ f% _ \l | f////-\

oY ‘\‘/// \\ / a \5% / \\\ J/ /
35l A\ T~ \\/ //\\ /\\\4;\ L
30 / _4

O 20 40 60 80 100 20 140 I60 (80 160 140 120 IOO 80 60

sz 49 ST s e sorcne -QNSITYDE WEST .- -




Bl i’
SR .5 ey . B i L L ksl sl
o ey - . " 5
p

~

75< ' T :
70 \\ \fl/ //‘ ( V N\ .
; 65—N\— V4 d ﬂ | \ L /?
60 \ - /

/

\ || \ |_ : \\ 5;|~ j/
ia/A\\/ |

'LATITUDE

NANDSAN Zani :\\ I N\
as \/'//~ \\:\/, /\ A U/ /\ N
g TN AT\ JANZ/AN

°

0 20 30 60 80 100 I20 140 160 180 160 140 120 10080 60 40 20 O

wun
b

y | EAST - * - LONGITUDE WEST
- " \FIGURE (4.10) The 36 hour farecast 500 mb chart for Case 5 with surface pressure substitution.

o
x




PRESTN  RBEIKT St Lt

[
0"

X

%

-4

3

o

g;

1,

E v
£

b3

v
I

part, it gives rise to a circle displaced fram the arigin. In this case, the

+
i o £ ot DUPNPNPUINERP P &_ e et Mot =i w e b e Ve wm een m g e e —— .

»

55

CHAPTER 5

A DETAILED EXAMINATION OF THE PLANETARY WAVE ERRORS

’/
AN . “
5.1 Introduction TN
In this chapter, the planetary Ave farecast errar will be closely
examined. A very corvenient method of suﬁy:.ng the pu:cpert::.es of waves is
by the use of a so~called “harmonic dial®™. Following the spirit of Sectmn
(3.4), the sum of a given spherical harmonic coefficient and its car:reeporﬂmg

negative arder can be written in the farm

A k) cos dmlA=S()} . . X
Far the purpose of plott:.n& a harmonic dial, AQY is the radiussdd N\CO(Q
fh
is the angle in a polar co-ardinate. system. 4
The line on which the polar angle equals zero represents the
Greerwich Meridian anmd tl';e polar, angle increases to the east. If a given

'vave consists only of a stationary cmponento that is, if the amplitude and

phase are J.ndependent of tune, the wave w111 be represented as a single point
on the harmonic dial. Amvethatlscatpletely transimtmméurewa.th
constant amplitude and moving eastward at constant speedyould be represented
as a circl%~~‘§rhose radius is equal to the wave amplitude and centered at the
arigin. If a wave consists of a cambination of 'a transient and statiopary
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co-ardinates of the centxre of the c:chle represent the stationary camponents

. of the wave and tﬁe radius of the c:.’rcle glves the amplitude of the trans:.ent
part. The time taken for the transient part of the waye to camplete one ‘
revolution of the circle is its period and clockwise motion is westward

propagation and anti-clockwise motion is eastward propagation. Figure (5.1) /
A
displays this graphically (assuming "m" equals one). If a wave consists of

mre than one transient part, very cawplex patterns, difficult to interpret

can result. Figure (5.2) shows a schematic harmonic dial of three transient

g

N o iR R

waves with periods in a ratio of 1:~2:8 and amplitudes in a ratio of 1:2:5

P e

respectively.

‘ ' 90°
" | STATIONARY COMPONENT |
, AMPLITUDE Ag = I35 ‘

PHASE 85 = 345° 215 W

TRANSIENT COMPONENT .
AMPLITUDE Ay=100 - t=3At
PERIOD = 8 At

a (-]

180

ARBITRARY SCALE
0 50 100 150 | /

L . 270"

FIGURE 45.1) A simpld schematic hazmonic dial. R
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FIGURE (5.2) A complex schematic harmonic dial of three transient gaves
with periods in a ratio of 1:~2:8 and amplitudes in a ratio of 1:2:
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1
5.2 'Exrors in the Spherical Harmonic Coefficients of Low Meridiomal Wavenumber

Fram the results of Section\ (3.5), it was noted that the coefficients
(1,1, (2,2), (2,4), (3,3), and (4,4) of the geopotentials were not forecast
yin a satisfactory manner. Hamonic dials of t‘he forecast spherical harmonic
coefficients were plotted amd it was noticed that the lgraphs of a given
coefficient changed little from case to case. Figures (5.3) to (5.7) give
the typical results far each of the above coefficients. The oonespording'
ohservations are included on :che farecast harmonic dials. The dbservations

showed little change fram the initial position unlike the farecast which . .

-
P

showed a large dq;airturre from the initial position.

It can be seen that the forecastwaws consist of a stationax( y
camponent and a westwaxrd moving transient component with a period of a few
days. ':h? approximate period of tﬁ‘me transient part of each wave cbtained by

visual inspection is given in Table (5.1).

L}

: Heigt Field Coefficient  * Period in Days :
RT | s
2,2) ' 33
r(2,4) -
EE ‘ 4
| (4,4) 4

TAELE (5.1) Approximate periods of the transient ccmponerits of the spherical
hammonic coefficients of the 500 mb height field forecast with large exror.

l
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FIGURE (5.3) Hawmonic dial of a

typical farecast of spherical harmonic
coefficient (1,1) of the 500 mb height field together with the verifying

observations., Fiqures adjacent to the dots and crosses are the time in

hours from the initial time.
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FIGURE (5.4) Same as Fiqure (5.3) except far coefficient (2,2).
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FIGRE (5.6) Same as Figure (5.3) except far coefficient (3,3).
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FIGURE (5.7) Same as Figure (5.3) except for coefficient (4,4).
\ ! | I
S It is evident especially fram "the harmonic dial of coefficient (1,1)

that other transient cowponents exist but are difficult to resolve due to the
coarse sampling interval used (12 hours). If the dials are plotted wilth a
time interval of 80 minutes, the existence of higher frequency camponents
becames evident. Fiqure (5.8) is a high resolution plot cf| Figure (5.3).
High resolution dials for the other coefficients also show the existence of
higher frequency oamponents. A hamonic analysis vas performed on the time
series of the coefficients (1,1) and (2,2) with the results given in

~ | i
() Table (5.2). , o ® | ;
=
3

‘i
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FIGURE (5.8) High time resolution harmonic dial of Figure (5.3). Small dots
are placed at intervals of 80 mimutes. Figqures adjacent to the large dots
give the time in hours fram the initial time,
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. N
/ Wave |
Height Field ,
Coefficient ' Period Propagation
1 *
1,1) 5 days west
33 hours " east
133 hours west
\ 4
(2,2 ; 3% days west
17 hours east .
| ,
f . 11 hours . \ weft

e

TABLE (5.2) The pericds and directions of Mgatmn of the forecast
transient camponents of spherical hammonic coefficients (1,1) and ,(2 2)
of the 500 mb he:Lght field.

Figure (5.9) gives the latitudinal structure of the three transient
camponents of wavenumber one., The five day wave qf v;a\;enmrbEr one has been
observed in the real atmosphere by Madden and Julian (1972). The observed
magnitude of the wave, however, is typically an crder of magnitiie less than
that farecast by the model,

Following the development ¢ section (3.4), the structure of a

transient camponent of a given zonal wave "m" can be written as
m+R

. ?{
A= 2 zA(m n] P. cos(m)\ Fu-wt),
nsm
where Am = amplitude of the transient camponent of waverumber “m",
A(m,n)- amplitude of the transient camponent in sphex:icalg
harmmonic coefficient (m,n), /

Tt

m -
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o
% n = position of a ridge of the transient camponent at t= 0,

Ty
(_! W = frequency of the transient, component.

!

EFach of the non-zero spherical hammonic coefficients of wavenumber one was

]
harmonically analysed to determine the amplitudes ard initial phases of the

5 day, 33 hour, and the 13} hour waves in order to determine their latittxlinal

structure. Significant anplltuiw of each of the waves occurred onl{ in
coefficients (l 1) amd (1,3); and, in addition, the phases of the wa&es were

woy
the same in both coefflclents. Since the phases n were uﬁeperﬂent of .

, the above beccmes

m"" cos (m)\ %- LD’(.)&EA(M!\)P

~ Hence, the latittﬂiml structure, A(‘b) , of each of the three wave;e can be

wiitten as

Ad) =AW P+ A(3) P,

The vertical structure of the forecast § day, 33 hour, and 133 waves
was determined and it showed that the phase wag independent of height and that

‘the arplitudes increased with height. Figure (5.10) gives the amplitude
' dependence on height of the 5 day wave. The other two waves are not included |

because they have a weak vertical amplitide structure,

€
o

. ‘ Holton (1975) states that waves ¢an be divided into two hroad classész
- extermal and internal. External waves vepmsélinswhichare;hdepéfﬁent
; . of height. For such waves, the energy density decays exponentially away from
N “ the levels of forcing. Internal waves have phase lines that tilt with height.
Q This vertical tilt implies that such modes are able to transfer energy and

\
momentum vertically.

v
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FIGURE (5.9) The latitudinal structure of the threé external modes of
zgvemmberonefurCaseBatSOOmb meabscjssaislabelledmdegrea
: htitxﬁe

The deperdence of theaverageanplit\ﬂelofth&eextemalmdesm
. 2 .

wavenumber can be infexred fxom Figure (4.5), If it {s assuned that the external
“l

w

modes are campletely yemoved by the surface pressxn'e\substiwtion, then the
error rediction will be a measure of the average amplitudes of the external

[
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In their paper, Madden and Julian also :.state: that the horizontal
structure of the 5 day wave is described by Laplace's Tidal Equations.

&

-

5.3 laplace's ‘Tidal Pouations

- Iaplace{"s Tidal Equations describe the free motion of a ‘thin layer
‘of fluid of height H on the surface of a gravitating sphere which rotates with
W

constant anglar velocity { & . The tidal equaucaxs are

3 LY A, .
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where U = zomal camponent of the £luid motion, \

L
s

’ AY w= meridional cawponent of the fluid motion, "
t = time ’ !

v,
N

[
4
v
4
g
H

B oo

B = ciatitide, N
N = pertirbation amplitude of fluid height, v\
)\ = Jongitude,

Ty §

(‘j = acceleration due to gravity.
f ~-n
Taylar (1936) showed that the above equations apply also to the free motions
of a more ggperal system in wh:ich the fluid is both stratified and compressible.

In this case, a vertical structure \equation defines an equi\}alent depth H

© unme D seum s R

which then allows equations {5-1) to (5-3) to be used.

If periocdic solutions nal to e,xp a.(s)\ ct)} are

desired, th‘én the system of equations (5~} to (5-3) can be written as

2 LN = eh, (54}
‘vhere the linear cperatcr L i |

o Ayl 0- e)}
o \-"o\s\me['ae{ -wee(sm T
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- O = frequency,
' o

e

Longuet-ngg:mS (1968) determined solutions of (5-4) over a wide range of the

pa:améter € . Far pos:.ta.ve equivalent depths there are three c,lasseﬁ of
s solutions - two gravity modes, one propagatl.ng eastward and the other
A , propagatiry westward, and a Rossby mode propagating westward. The latitudinal
structure of these eigenfurctions, which are termed Hough functions, shows

s
-
’

™ that the energy terds to be concentrated in the equatoria.l regions.

v
~

f For negative eqmva.lent depths, wh.xch Longuet-Higgins shcws are
fm;ced mods, Ehere exist only bm classes of solutions: One mode is eastward

propqgatmg and the other is westward propagatmg. In these cases, the axer.gy‘ o
is concen&aitgﬁ in thé'poJ?&r regions. \ ’ - .
- ey L °

¢ Flgures tS"If) ard (5,12) give the eigenfrequengies of ‘the three
lowest arder symetrlc free modes of the tidal’ equations far zonal wavenumbers
\ ' one and three, " ’

"o
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FIGURE (5.11) Eigenfrequencies of the three lowest arder symmetric free modes of Laplace's '
Tidal Equations for wavenumber one. The order of the modes
Fram Longuet-Higgins (1968).
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wndee M = equivalent depth,
| K = ratio of the specific heats for air,
R = gas constant for dry air, .
‘ To = temperature,
q ' = acceleration due to gravity.

Far a temperature of 300 K, the equivalent depth is 10.5 }qnl/v;l:iqh
gives an equivalent depth parameter of 0.34. If Figure (5.11) 1§ entered

with this value, a period of five days is cbtained for fbe'/l';au—gh mode S=1,
n=2, 'Jlus mode is the lowest arder symuetric Rc;s/sb{:rode. . ™

Y

‘ T L
The latitudinal structure of the above Hough function'correspording

to an equivalent depth of 10.5 km is similar to the observed structure of the

farecast 5 day wave (cf. Figure (5.9)).
i _ )
The perior/i/of the eastward propagating gravity wave, obtained fram

e

Figure (5.11) with an equivalent depth of 10.5 km, is approxinately 32 hours
and the perlod cbtained far the westward trapelling gravity wave is about 14

: lese mades agrees with the forecast
latitudinal structure given in Figure (S.QTL‘.

_hows. The latitudinal structure of both
. e same equivalent depth
is used to determine: the periods of the mo/c/l&s far zonal wavenumbers two to
four, periods very close to those given in Tables (5.1) and (5.2) result.

Because of the above, it is concludedh that the major contributor
-"%o the planetary wave error in the shart range period (0 to 48 hours) consists'
of spurious externalmodes - onehogsbymvearﬂ two gravity waves with an

LY

equivalent depth of approximately 10 km. =~
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g -~ 5.5 The Nature of the Medium Range Farecast Errar

(: ' In Section (3.3), it was observed that the character of errors at R
; 96 hours was considerably different from that cbserved at 36 hours. The

Y,

i

planetary wave error, resulting from the external modes, reaches a maximm

g

in the 36 to 48 howr period and then begins to decrease. Hence, another class

’ of exrrors is responsible for the contirued errar growth after this period.

The latitudinal structure of the total exrror (defined in Section

(3.2)) was examined far the set of 96 hour farecasts of zomal waivenmba: one
at 1000 mb. The results are given in Figure (5.13) together with conparative
results for 36 hours. The 36 hour exrar curve strongly resembles the
la{titadirxal structure of the exte.rnal modes, showing the dominance of this
em:x;: At 96 hours, the error structure is campletely changed. The error
f . J.samam.munat 70 N and the total ea:c:rat 40° N has decreased in the perigd
f from 36 to 96 hours Figure (5.14) glves the latitudipal dependence of the

96 hour 1000 mb height field exrror phases far zonal wavemmber one. At 70° N,

where the total exrar is largest, there are two distinct clustering points.
In more southerly Jlatitudes, where the total error is smaller, the clustering
is less pronounced. Ei;‘th the exception of two cases, there is a marked
) eastward or wesuv'azd ilt w1th increasing latitude in tk(xe errar phases, There
does not appear to be any seasonal preference for a westward or eastward tilt

-

of the phases.

4

Figure (5.15) shows the vertical structure of the 36 hour and the
96 hour total error far zonal wavemmber one at 70° N. mgsjm carve , -
shows an ‘exxrcr minimun at 500 mb. Above this level, the errars increase

rapidly with height, reaching a maximum at 100 mb. Figure (5.16) gives the

4
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vertical structure of t_he_e cc:regpqrxiing exrror phases. Even at 96 houfs, the

phaées cluster at all levels, showing that the errors are very systematic,
The typical wavenumber one error wave slopes westward’ with height to 300 mb
and above this level slopes eastward with height.

] 1 , ] 1 ] {
) 70 - . T ’ - |
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. : /
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W 60
=
= ) .
- ,
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-
50 - b
I000 mb J
WAVENUMBER | ‘
\ 40F : - |
,_/\, 1 | 1 1 1
- 180 300 450 600 750
| TOTAL 'ERROR (gpm) -
| FIGURE (5.13) Latitudinal structure of the 36 hour and 96 hour total
exrrcr for wavenurber one at 1000 mb. |
S | | Similar results ex:.st chm/' the remaining planetary ::avas. There is

a trend foar the latitudinal errcr maximum to move southward with increasing

i
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FIGURE (5.14) The latitudinal structure of the 96 hour error phases for wavenumber one at
X000 . mb. ' Figures above or below the profiles.are the case numbers.
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wavenumber, reaching 50 N for wavenunber five. The exrar maximum in the

-

G - vertical, found at 100 mb in zonal wavenurber one, decreases in height with
increasing wavenurber and a similar trend exists far the vertical error
minimum. The lhavenmnbe:r five profile has its maximum at 300 mb and its

minimum at 850 mb. The systematic nmature of the errar pattern becames less

pronounced with J.ncreasmg wavenumber,

I - L A TR S N e~
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5.6 Behavior of the Farecast Stationary and Transient Components of the
Planetary Waves .
When examining the Agpectral coefficients by means of hammonic dials, '

it was noticed that the farecast stationary camponents were considerably

different fram the cbserved stationary carpo‘nents.q To investigate thl? effect
-+ more closely, a 240 howr forecast of case 3 vas ;rade. The phases ard
amplitudes of the stationary cawonents cbtained subjectively, fram the
harmonic dials were campared to the observed stationary camponents. Figure ‘ |
(5.17) shajs the results of the cawparison for the coefficient (2,4) of the
height field. Fram the diagram, it is evident that the phases of the farecast

and cbserved stationary carponents do not’ differ greatly fram each other.
The forecast amplitudes, however, are only about o 1f the observed values.

The incorrect farecast stationary camponents will cause observations
¢ _ to be incarrectly partitioned between stationary and transient parts. As a
result, the model is able to generate an unmmaturally large transient camponent.

)

The behavior of the farecast transient camponent of coefficient (1,1)

1 . N
~ of the 500 mb height field over a period of ten days is given in Figure (5.18).
Fram this, it can be seen that the amplitude csf the transient camponent 3

4 o
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decreases with time. This damping is larger thah that which is caused by the

model's time filter which can account for only a two percent decrease in

amplitude in ten days.
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FIGURE '(5.18), The behavior of the farecast transient component of spherical
harmonic coefficient (1,1) of the 500 mb height field for Case 3.
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5.7 Vertical Resolution and the Planetary Waves

A recent paper by Nakamura (1976) showed the effects of vertical
resolutlon ard the upper bourdary on the stationary components orE the planetary
waves, using a model which utilized the quasi-geostrophic mid-latitude (3 —plane
approximation and employed a dissipative layer near the upper boundary at 90
km, In the modei, a long wave is farced by a given configuration of vertical |
veloc:.ty at the lower bourdary. ’Ihe vertical structure of the resultmg wave
wasexammed us;mg 356 equally spaced vertical levels frcmllunto% km.

This high resolution salution was used as a control solution. Nakaxm’s

.

—
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o C
. - experiments consisted of determining the steady state farced 'wave structures, Co
Ci " with various nurbers and positions of the verzical levels ard comparing the
: , wave structure from the lower resolution models to that of the control solution.
Figure (5.19) shows the control solutio'n ard a three levél solution for a wave
- | of 20,000 km length and 7,000 kn width, using the mean winter zonal wmdand : 2

N

1 temperature profiles. In general, the phases of the low resolution are fairly

well reproduced by the low resolution model while the amplitudes are poar.
’I‘he results for summer and spring and far varlous widths and lengths of the

RN forced wave show that a low vertical resolution m:adel cannot adequately

oy

reproduce the stationary camponents of the atmosphere (contxol solution). A
similar 1nvestlgat10n by Kirkwood (1976) showed the profound effect of the

stratosphere wind structm:e on the stata.onaxy canponents of the- planet'ary ]
waves. 1In one experiment, w1th an eleven level low resolutioh midel to '
simulate the-structure of planetary waves with a mean summer wind profile, the -
uppermost camputational level was located at 17 km, just below the region of

easterly winds, which prevent the propagation of troposphericwlanetary waves

into thesupper atmosphete (Charney and brazin (1961)). The planetary waves
were poerly nedelled. - However, when thé wind profile was modified so that the
uppermost level of the low resolution model was in the easteriy winds, the .

waves were.correctly.reproduced.

o

To de;Lsmj,\ﬁe the effect of incorrectly modelled planetary wave "o
!
. stationary components on the error growth in atmospheric models one can

/

I simply use the high resolution contzol 'solution as input data to a low

- - 1

resolut:.on model. 7S:ane the low resolut:.on model's statlonaxy camponents are \

not the same as the high r&solutlon model's stationary components, the low’

i

o
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resolution el will produce spurious transient cc‘}tponents which will cause

an evolutiorr fram the initial state. The d_tgference between the initial state

and the low resdlution model's state at any given‘time is the error r&sultmg

\

]

from erroneocus s t:.onazy_catponents. o

> O . z - ? .
E 100 At
4 300 ar
= 08) 500 4 L
w 700 4t
& 900 : .
-180 . 180 O 50 100 3
| PHASE AMPLITUDE(m) ’
. FIGURE (5.19) High resolution structure (solid iines) of a forced planetary

wave carpared to the low resolution struc
wa (1976).

Results of such expm:ments were als presented in Nakamuxa (1976)
(5 20) sbows Na}@xm.rra'

>

and in mch more detail by Desmarais (1977) « Fil

- results far the control solution qf Flgure (5.19) a hed to the three 1evel

[] 1 ")\t N
It can be seen that, as the model evolves frcm the :uu.tz.al state to

\model.
a-state gJ.ven by the low resolution, model’ stat:Lonar.y cét(nponents, a damped
\ external Rossby wave is produced wu‘.h a perlod of about flve\days. His results .

- wa ? that thls mode beccmw less .mpattant with time.
| . 3

K besmrais’ results for the 96 hour errirein’ wavenunber cne

in Figure (5.21). - n
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for a six level low resolution model. It can be seen that the error structure

is strikingly similar to that given in Figures (5.15) ard (5.16).

! - O =7 -
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PHASE CHANGE. AMPLITUDE (m)

FIGURE (5.20) Evolution of a low resolution model (dashed lines) supplied
with the steady state solution (solid lines) of the corresponding high vertical
resolution or control model. Fram Nakamura (1976).

5.8 Seasoral Variation of the Planetary Wave Errors
To determine if there is any seasomal dependence on the négnimde

of the exterral mdes, the 36 howr error in the spherical harmonic coefficients
(l,]\L, (2,2), and (3,3) of the 500 mb height field were plotted against the
time  of year. The results appear <in Fiqure (5.22). In coefficient (1,1),
f:he:r:e is a marked bi-modal dis:tribution with maxim in Felruary and August

ard minima in May and October. This hi-modal distribution is also present in
coefficient (2,2) and less convincingly in coefficient (3,3). It must be
remembered, as stated in Section (5.2), that the amplitudes of the external
modes decrease with increasing wavemmber; and, as a result, the extemaf
modes contribute less to the errars in coefficient (3,3) than in (1,1).

’
k)
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A possible explamation of the sedsonal deperdence of the external

mode amplitudes is based on the model's pressure tendency lequation )

r-g-%‘-:—D—v'Vq., | (a.4)
[ 4o
°

The mean zonal wind regime of the stratosphere is strongly dependent on the
seasons as shown in f‘ignte (5.23) which-gives the mean summer and winter
profiles. In the model, the wind is decreased #rom the uppermost canputational
level to zero at O =Q which w.L'Ll result in a relatively small valve c;f V .
Far the summer ard winter profiles, it can be seen that large contributions

to are present above the camputational levels of the model. This will

. cause an errar in the term . Vg which will affect the surface pressure

farecasts. Only in the spring and autumn, when relatively weak winds are
present in the stratosphere, will ‘the model's values of -V- agree closely
with the correct values of V Hence, an external wave with a bi-modal

distribution will result.

The exrror pattern for 96 hours shows no seasonal deperdence. Since
the model does not employ a radiative boundary comdition ar a “sponge layer”,
spurious reflections fram the upper bourdary, which affect the model’s

stationary camponents, are possible at any time of the year

I
\

5.9 Conclusions
The mst serlous errar in the present model is in the forecasts

of £ the stationary cawponents of the planetary waves. Vertical resolutlon
studies showed the marked effect of vertical resolution on the staticnary
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t , -~
camponents of the planetary waves. The exrror pattern produced by a simple
-model, operating with incarrect stationary cawponents resulting fram insufficient
vertical resolution, is almost identical to the errar pattern produced by ‘the
spectral model used in this study. Hence, it is postulated that lack of vertical
resolution and the upper boundary condition are responsible for large forecast
errars in the planetary waves. This implies that the problem of planetary

wave forecasts could be remedied by increasing the number of vertical levels

in the mEJdel.
90
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;?IGURE (5.23) Mean sumer ard winter wind profiles with height. Heights
are given in km.
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Nekamura states that a resolution of one to two kilameters is
_required in the troposphere ard *two to three kilameters in the sératosphere

If this requiremént is to be met, 40 to 50 vertical levels tigether with
initial ddata are negded. :

w
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. CHAPTER 6

: ’ SUMMARY AND CONCLUSIONS

y .

nj

%; )
*

: 6.1, Contributions to Knowledge /

¥

; c The ariginal wark, contained in this study, is first a full

N documentation of the planetary wave errors in an’/advanced numerical weather -
g prediction miel. Second is the identification Of extexrnal gravity and Rossby

. ‘modes as the major contributar to planetary wave exror in short range (0-48

hours) forecasts. Third is a discussion of medium range° farecast errar and
‘ i ,
the hypothesis that it is due to an inadeqé’ate vertical structure ard upper

bourdary condition.

6.2 Sumary of the Ermpr Character .

It has been shown in this study that the planetary waves possess
relatively large errors over the entire period of a 96 hour forecast. As

demonstrated in Chapter 3, the errors are indeperndent of the statistical
method used in their camputation, i.e. large errors exist in an absolute

sense, in a relative sense, ard in a comparison with persistence. Te . ., ' .

ft

spectral model, used in this investigation, perfarms best in the range of L
. . ' wavenumbers from four to seven with decreasing perfarmance at higher and o
* _lower wavenmbers. : R
‘ ~  fThe character of the exrcr -changes with time, Infgfecésts':oﬁ

T R T T
S g e e R
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shart range, the error in the height field is dcrunated&li(:y three external
ol modes (two gravity waves ard one Rossby wave) which havela systematic
nature. The error is monotonically increasing with.height amd has its 3% .

largest contribution in the tropics and mid-latitudes. This errar also

T wn s a me  .

has a marked seasonal dependence with maxima ih the sumer ard winter and

7

minima in the spring and fall, N
‘ V

v I ] . !
For medium range farecasts (96 hours), the plane?:ary wave error in

?
i
3
4
v

the height field is intermal in character. Even at this time length, the
errars are noticeably systematic, The vertical structure of the errar field,
which is dependent on wavenumber, has a minimum at 700 to 500 mb and a maximum
at 300 to 100 ib. The vertical structure of the phases shows that error field

slopes westward with height below 300 mb and eastward with height abové 300
mb. The meridional error distribution has a maximum amplitude in #he polar

Q ¢ .
regions with a weak northeast to southwest tilt of the phases. i

e &

!
The most sgrious shart-caning of the model is the poor' farecasts of

the stationary nents of the planetary waves., Generally, the phase
L.
structure of the wave is reasonably simulated but large errors in the amplitude

o

_ structure are present. Studies by Nakamura (1976) and Kirkwood (1976) have
shown that vertical resolution and structure have a profound effect on a

" model's ability.to reproduce a planetary wave's stationary camponents.

3

. The errar growth pré:duced, when atmospheric cbservations (having
‘the currec):t stationary c&tponmts) are used as data by a low resolution model

" having incarrect sfh}'imary camponents, .can be studiéd using a simple model
Dinﬁxemme;ofmk&mamowmisasoutmmmmpters., The great
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lsimilarity between the error growth obtained by D\esmarais, using a simple *
model, and that cbtained by the. authar, using a complex modé.l, suggests that
the planétary wave exrors in the Spectral Model are caused by inadequate

vertical rao]iution ard structure. '

6.3 Suggestions far Further Wark ] ,

%‘5 ’ The above hypothesis should be tested by incarparating a realistic
3 stratosphere and mesosphere into numerical weather prediction models and by
usir;g a radiative upper bourdary -condition or dissipative layer to control
spurious reflections fram the upper bourdary.

. The need o improve the vertical structure of models raises the
question of stratospheric data. At the present time, such data are
’r‘elatively scarce and are. not available for! several hours after a given
cbservation' time, As a result, studies need to be undertaken to determine \
how muc; stratosplieric data are necessary. Far example, are cbservations é

day or.two old ‘{oxr’ even climatology) sufficient? Will persistence in upper

stz‘a‘ﬁosplfé'ré and mesosphere greatly reduce the planetary wave errar in the
’ t

troposphere or must the high levels of the model be predicted?

The model's error statistics as a function of\mvenmlber should be
extended to include all waves resclved by them,ieluéing‘amchmgersamle.

El

/
'mebehav:n.crcf t.hemde.l’s statictm:y cmponentsshwldbesmdmd
mordertodetmni.neﬁleclﬁnatolo:gyofﬂlemdel \ |

\

a
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