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ABSTRACT

In this study a linear two-level baroclinic nddel is
formulated in which the zonal steady-state current is
perturbed by surfacé friction and surface sensible heat
exchange.v The perturbation quantities are assumed to be
either independent of latitude or varying sinusoidally with
latitude. 3

Investigation of the panase velocity response of the
model indicates that sensible heat exchange Aecreases the
amount of instability of short and iniermediate waves, but
increases the longwave instability. The combined influence
og fgiction and diabatic heating is to create unstable’ long
waves which trave: n~astwards at reduced speeds and which may
be stgtiondry or retrogzessive in nature depending on the
speed of the mean 'zonal current. |

Phase and amplitude characteristics of the ;xisting
perturbation waves suggest that the thermal wave necessarily
lagé the geopotential vave during amplification while the
static Stabili;f wave prefers a lead position. In addition,
maximum downward vertical velocity and maximum surface
sensible heat transfer to the atmosphere occur betwveen the
ridge and downstream trough position.

It haé been suggested that blocking ridges may be a
form of {onguave baroclinic iIistability and that sensible
heatvtraﬁéfgr'plays an important role in their formation.

Conparison'of'nule;ical predictions of unstable longwave



amplificaticn with observed gorth Pacific blocking spéce and
'gine scales indicates that without the presencefof sensible
heating in the model the development of blocking waveforms
is not feasible. With sensible heat exchange stationary
unstable waveforms are obtained which have growth times and
vavelengths that are similar to observed North Pacific”

blocks.

o
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CHAPTER 1
o \ :
. INTRPDUCTION

1.1 Theorjes on Bloéging-Ridge Formation

Blbckinq-tidge activity is oné of the‘most visible
forms of longwave growth in the atmosphere and has long heen
_recoggf ed as being a major influgnce on regional climate.
Shch e;during ridge formations, which are found to be more
frequent and pronounced during the winter, can displace
passing synoptic disturbances considerable distances to the
nbrth or south of normal storm tracks. This then invariably
ieads to“anomalies in such parameters as surface temperature
and precipitation when compared to the non-blocking regime.
klthough the climatic{éffects and behavior of blocking
ridgés have been well documented, the dynamic causes
surroﬁnding their initial formation and developmeﬁ£ are
still- not fully ﬁnderstood.

In antgérly cénsiderétion of blockiij phenomena, Yeh
(1949) suggested that the transfer of energy by dispersive
uéves in the atmosphereinight explain the occurrenée of
sustained ridging. These waves are created by a process o?
rapid adjustment betieen the pressuré and velocity fields
and energy propagation occurs at a group velocity which can

 be very differeé; from the speed of the prevailing westerly



current. By examining the Eharacteristics of a solii.iry
vave withiﬂ an incompressible uniform atmosphere, it was
shown that cnce.a pressure rise or fall was created near the
§ole i@ would remain theré Qithout being diséersed. At
latitudes other than the pole the solitary pressure wave was
found to gegtbgresé while slowly spreading out and
dispersing, a characteristic often exhibited by atmospheric
blocks. From these results it was concliied fﬁﬁt\ﬁlocking
activity was likely a high-latitude feature of atmosphefic
flow which Bas greater intensity, a longer lifetime and
moves with slower velocities as‘latitﬁde increases.
Although this concht can describe a few of the.
prominent properties of the blocking process it represénts
~others inaccurately.~ For inétdhce it overpredicts poth the
extent of the motion and the rate of dispersion of blocking
ridges at lower and middle latitudes. Pigure 1;1
illqstfates the behavior of a solitary dispersive wave at
40N and 70N. The curve reﬁre§entin% the theoretical result;
for 40N shows that after a relatifely brief period of 32
hours the wave amplitude has dropped to 1/3 of its initial ,
value and has moved upstream more than 6000 km. At 70N
after two days the same solitary wave had retrogressed at an
average speed of 880 km/day and its amplitudé had diminished
by.approximately 1/6 of its original value. The
characteristics of the wave at 40N are .not representative of

actual Blocking behavior, while the wave speed and

dispersion rate at 70N are more indicative of the last



Fig. 1.1. Dispersion of an initial solitary wave. The dashed

curve is the initial waveform at timé t = 0; curve (i) is the wave
profile at latitude LON after approximately 32 hours and curve (ff)
}s the wave profile as seen at 7JON after approximately 2 days. The
abscissa is in units bf_%ZOO km, while the ordinate is in arbitrary
non-dimensional units of amplitude. The rate of dispersion of the
wave amplitude at both latitudes increased significantly as time
progressed. The speed of the retrogression at 70N remafned.constant,
however, accelerated'retrogression was observed at 4ON as time went

on. Curves are taken from Yeh (1949).



stages 6f blocking when thevridge is deteriorating; In
‘general the theory does not describe satisfactorily the
development or persistence aspects of the phenom?non nor
does it expiain vhy atmospheric blocks tend to show a
loggitudinal and seasonal preference in their formation.

"~ Other investigators such as Berggren, Bolin and Rossby
(1949) have hypothesized that blocking in the form of a
va;e—like perturbation corld be analogous to that of a
hydraulicGjump in open channel flow. Continuing this
approaqp, Rex (1950a) employed a hydraulic analogue model as
_devised by Rossby (1950) and'a momentum transfer arqument to

arrive at a critical velocity given by

at |
, - /5’5 (1.1.1)

where j is the linear Beta-plane approximation to the north-
south variation in the Coriolis parameter f

(i.e. fly)=£f,¢+5y), and a is the half-width of the currént
flov. FShenever the actual zonal current speed exceeds u

tvo permissible modes of flow exist with one being at a
higher energy le§el and velocity than the other; a necessary
condition for aL APalogy to a hydraulic jump. From (1.1.1)
it is e?identvthat decreasing the strean width and
increasing its flow speed meant lowering the critical
thrésho}d of\the flow such that an external impulse to the’ 
stream might causehthe Jjump to a higher energy state.

. Therefore 5 region aloft with a narrow strong jet and

anomalously low thickness values (shallow streaam depth)



would lend itself more easily to the formation of a blocking
ridge. The propagation of the atmospheric *'jump' once it

has formed was determined to be

.C'A/‘n(nu.) : _ ' (1.1.2)

where N=u/u is the critical‘veloeitj ratio, u is the
immediate upstreém current velocity, and-n=qi/; is the
'expansion ratio of thelupstrean and downstream current half-
widths as indicated in Figure 1. 2. .

After applyihg the theory to a number of test cases,
Rex (fQSOa) doncluded that no major contradictions were
apparent and that‘the goncept gave credible results in
predicting when blocking might occur. Hoveier, one arguqenf
~made against -the hydraulic jhnp theory is that it lacks a
feasible energy source requ;red to excite and then maintain
the developed wave sta£e associated with occurrences of'
blocking in the atmosphere. There is‘aiso‘some question as
to how‘applicable-the idea of a finite current width is to
the real atmosphere. In narrow 'vell-defined' stream widths
vhen the term a is small, S}lculations of u are apt to‘bé~
unrealistically small and the resulting inordinately large
values of N and n do not lead to the correct interprétation
of blocking behayior. In situations when the flow.
poundaries are not so well-defined there is often séme
arbitrariness in the selection of the half-width andx 

therefore some uncertainty about the value of the

predictions.
N
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Fig. 1.2. The simple two-dimensional steady current envisioned in
the hydraulic jump:analogue model used by Rex (1950a). Zonal current
speed u is assumed con;tant over the'cross-section A, as fs u, over
cross-section B. The ”jumb” can occur according to the theory if

N = u/uc > 1, where the critical velocity is defined as u_ = éaa/B.
CurrentAfj;Q is assumed to vanish (U =0) in the environment

surrounding the channel.

Iﬁ an investigati~n of the zonal index cycle, Namias
(1950) alluded to the possiblity that blocking action was a
manifestation of barocliniqﬁinstébility in the atmosphere.
Latér, after studying the interactions of an ocean-
atmosphere envifoﬁment, Namias (1959) proposed that the
thermal energy anomalies contained in the ubper oceaﬁ,igy

provide the necessary energy source for occurrences of mid-

£

. ocean Elocking. Other studies on sea-atmosphere heat



transfers, however, have indicated that ﬁluctuations in the
ocean's surface temperature do not normal}y play an active
role'in governing thermal energf exchangeé\on a time scale
such as is associated with the development\of tlocking
ridges (Kraus and Morrison, 1966; Clark,1969x. It vould seenm
that sensible heat transfer inﬁrespouse to SMrface air
temperatuie {{uctuations could form a more viable energy
source having a suitable time scale of several days to
.-

several weeks. - - | .

~_Theoretical results which have been interpreted as
supporting the baroclinic instabilitynconcept of blocking- f
ridge formation cane from work done by Haltiner (1967) .
Using a linearized two-level baroclinicﬂmodel he has.
.indicated that Hlth the input of sen51ble heating from the
surface a region of possible statlonary or retrograde
unstable wave growth is c¢reated for longer wavelengths in
the range of 7000-9000 km. The instability of long wavesvin
general was’found to increase gradually as the amount of
sensible heating was increased vhile vaves on a near-
synoptic scale became slightly more stable. These results
were obtained for representative 50 kilopascal level winter
Yalues at mid-latitudes. o

| Encouraged by this theoretical evidence, White and
Clark (1975) examined monthly mean atmospheric data taken
over the North Pacific covering a period of i950*1970.

AL
1Y

Their Study fodnd that blocking action was most often
. |

observed over the North Pacific ocean at a longitude of 160W
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to 170% with a dominant space scale of 6000 to 7000 ka. In
additioq they were to discover that the distribution of
anomalous surfaée sensible heat flux was.strod@ly correlated
with the anomalous 70 kPa heights associated vith the
development of blocking ridges. Below normal;heating values
were found to occur under the position of the ridging and
‘above normal sensible heat exchange was associated with the -
adjacent trough regions on either side of the block. It was
the conclusion of these investigators that sen51ble heat
exchange between the ocean and the atmosphere was likely °
very inportanf in the formatign of blocking Ffdges and that

the application of baroclinic instability theory to this

type of phenomenon seemed plausible.

1.2 Two-level Baroclinic Yodels

Many of the baroclinic models which have been utilized
in numerical prediction are 6f a simple tio-level de51gn.
The procedure usually consists of applylng a vort1c1ty
equation at tvo isobaric 1evels in the modelled atmosphere,
(e.g. 25 kPa and 75 kPa) and a thernodynamlc equation at an
interne@1ate level, (50 kPa).‘ The sum and the difference of
the vo:ticity‘eéuetions over the upper and lowver information
1evelsJconstitute'averaged and thermal eqhations,
respec¥ively; The system of eguations is then closed by an
equation‘of.state. Analyszs of the dynanlcs of the model is

possible by employing perturbation wave solutions with which

the equations are reduced to that of the linear type and a



frequency equation is’'obtained.

Barly studies using this approach assumed that the
motions in the atmosphere were both adiabatic and
fiictionless. Using a quasi-geostfophic linearized two-

" level model, Holopainen (1961) was able to incorporate the
effects of surface friction into his perturbation equations.
For adiabatic frictionless flow, using representative
atmospheric values, it had been established that the
perturbation field contained a unstable component over a
small range of relatively short wavelengths. The effect of
Tintroducing.sdrface friction was to broaden this range
slightly while reducing'ihe component amplitude of the
previously-existing unsiable uayeleagths. Haltiner and
Calverly (1965) using a similar formulation investigated the
influence of surface-based friction on the interactions
betveen the averaged wave and tae thé:pal wave, Their study
gavé evideace that the phase characteristics of the two
uaves uerernarkedly affected by friction. Results showed
that decreases in the iimiting phase difference wvere
predicted.uhen the value of the surface drag coefficient was
increased.

Applying a different formulation of the hydrodynamic
equations, Lorenz (1960) designed a twvo-level noa—
geoétrophic nodel uhich/allouéd for full variability in the
Coriolis parameter and ;he static stability. Gates (1961)
has investigated the ljnearized form of tﬁis model under

conditions of frictionless adiabatic flow. His results
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suggesteé that the uhstable perturbation component was
significantly larger using a variable static stability than
for cases in the usual‘quasi—geostrophiglformulation uhed
this stébility\parametér Qas held constant. The
perturbation eqﬁations as derived in this study formed the
basis for'tre previouslyomentioned investigation into
senéible heat influences on baroclinic instability by
Haltiner (19&7).

The dynamics of baroclinic waves have not been
investigated by analytical methods alome. Kikuchi
(1969,1971) used spherical harmonics for the time
integration of the vorticity and thernodynanicvequations in
a quasi-geostrophic two-level lOdEl.. These numerical
~investigations uererained directly at reproducing the
occurrence of blocking action and at gaining a better
understanding cf the effects of diabatic héaring and
'lountain_ranges on'the behavior of such longvave growth.
Included in the diabatic heating were the release of latent

*

heat and radiational\f}ux divergence as well as sensible

\
N\

heat exchaﬁge. Numerical computations showed that quasi-
stationary longwave dmpli-'cation similar to blocking
processes occurred in the model whether orogréphy was
included or not, The main effect of the inclusion of )
_»lohntains in the model was to lengthen sliéhtly the duration

of the computed ridging and to create preferred 1ongitudin;i

regions where blocking occurred more frequently.



1.3 Intentions of This Study

In this study a twd;level baroclinic model which
incorpbrates a variable stafic stability will be developed.
Teras which will déscribe the input of surface sensible
heating as well as lateral and ;ertiéal turbulent heat flux
in the atmosphere are included. The effects of introducihg
surface friction at the lower boundary of the atmosphere and
those friction terms arisingffr;n turbulent diffusion by
small eddies within the curfent flow will also be examined.

The governing equations vill.be linearized 5y |
neglecting squares and products of'the perturbation
variables., Thg dynamic features of the lineaf model will
then be analfzed. The emphasis of this analySis will be 6n
.the stability of the baroclinic waves in fesponse to varying
values of sensible heating, frictionm and other variables -as\
vell as the interactibns between perturbation iaves.

0f particular interest, in viév of the findings of
White and Clark (1975), will be the behavior of the so-
called long vavelengths in the possibiljty of explaining
‘sone'aspects of blocki;g—ridge development. It cannot‘be
éipected, hovever, that any perturbatibn method will be able
to portray accurately all of the characteristics of the
longwave amplification we observe in the reai atmosphere
such as those found in the blocking prqéess. One feature
that may be difficult to)explain by perturbation anaiysis is

the persistence of blocks. After having gone thfough.a

period of unstable growth, the ridge can be seen to remain

11



in a non-amplifying developed state for an extended length
of time, implying that scme fora of stable lodé is
accquired.‘ It seems likely that this is beyond the
prediction capability of a linearized model and, therefére,
vhat will be of prile concern in this sfudy is'the period of
time when instability is realized and Qave amaplitude

increases to ‘a developed state.

12
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CHAPTER 2

) DEVELOPMENT OF THE MODEL

4

2.1 Copsjistency in Epergy and Vorticity

In designing a simple baroclini; model some manner of
modification is required to reducefﬁfe system oj
hydrodynamié eQuations to a less conél;cateq‘fo m. In or&ér
to yield what would still be considered comgatible resuits
it is desirable that the reduced gélatioqs are consistent
vith'any conservation principles expréssed by the exact
equations.‘ The governing'equation§ vhich describe
atmospheric motions exhibit several such principles
regarding the producti?n of relative vorticity and enerqgy on
a global basis, They are:

(a) the mean generation of relative vorticity
over a global pressure surface is zero;

(b) tottal energy under reversible adiabatic
processes is conserved; and : \

(c) the sum of the kinetic energy and the /
available potential energy is conserved. |

‘One method of simplifying a given equation is to
co-paré the magnitudes of.the various terms within it and
then neglect those wvhich are‘of smaller order. The arders
of magnitude oé individual terms are based on tﬁle and space

' /
scale considerations of the phenomenon to which the equation

13



is being applied. This apéroach is therefore called scglé
‘analysis and wvas introduced by Charney (1948) . Application
of the scale analysis technique while checking to maintain
the integral vorticity and enerqgy invarianﬁs allows the
governing equations to be reduced in a consistent manner.

A reduction in the complexity of the eqhations can also /
be made by using some fo;m of general approximation
pertaining to.the atmospher;g velocity field. The type of
approximation used in many models is the quasi-geostrophic
assumption in which the horizontal veloc1ty field and
vertical component of relative vort1c1ty are evaluated by
the non- dlvergent geostrophlc vind. Charney (1947) has
shown that assuaming ;he horizontal veiocity to be
~geostrophic has the effect of filtering out high-speed
inertia-gravitational waves which occur in the equétions of'
motion and thereby a significant simphification is achievéd.
The conventional qua51-geostroph1c two-level barbcl}nic
model (Charnmey and Phillips, 1953, however, has inherent
energetic inconsistencies which result in prediction errors.
Por example, there is a tendency_for the model to over-
Predict the amount of kipetic energy in the atnosphere.

Such inconsistencies and their effecf on the model's
performance are discussed by Gates (1961).

A simplified cot of dynanic equatlons which possesses
certain consistent integral propertles vith respect to
energy and vorticity has been forlulated by Lorenz (1960).

Por a filtering approxlnat on the quasi-geostrophic




. ’ }
assumption was replaced by a relation known as the balance

1

equation. This approximation, is derived from the following

form of the divergenée equation

V?‘ fff(kx )V{ 2,]-(6“, (2.1. 1)

where is the geopotential, V is Epe horizontal wind for

Q

which u is the west-east x-component and v the south—nbrth
y-c’omponent,ﬁ:Ai a/91{ + ,j\a/by,f=VX\7 is the; vertical
component of relative vorticity, i; 3‘and % are the unit
?ectors and J répresents a Jacobian in the normal
Q§fferential form. If a stream function y/and a velocity

potential ):are defined such that
-9
V- VY*%&\ (2.7.2)
[ - .
Vi - WX ' 12.1.3)

-» n
MXV}D o (2.1.3)

-l -
in.which Vy and Vx are the rotational and divergent portions

of the”horizontal wind, then (2J1.1) takes the form

A Pul
vy 7Y () 25 5

Thus. the balance equation as given by by (2.1.5) impliés

(2.1.5)

that a continual equiLibriun exists between the rotational
portion of the wind and the geopotential field.

The prognostic eguatio;s used with (2.1.5) were the
adiabatic thermodynamic equation and the"vorticity equation

neglectiné friction.. The former can be/expressed as

15
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F= %t V V9+a) (2.1.6)
‘ v

- where®=dp,dt represents vertical velocity, t is time and &

the potential temperature. Potential temperature at a given

pressure p (kPa) and temperature T (°C) 1is given by the

relation
X
100
. é?= 7;_> 77' (2.1.7)

in wﬁichj:=R/cP is a dimensionless ratio of the specific gas
constant of dry air R and the spec1flc heat capac1ty of air

at constant pressure C?

The version of the vofticity equation which was used

can be uritten as

afﬂ/ V(fﬂ[)fw)— +(f+l[)f7 +h Vo x ?‘/;1/ O (2.1.8)

By applying (2.1.2)=-(2.1.4) relatlve’vortlcity cah be

related to the stream function by

S - \—7’)(\7'_V~X\7¥,’Vz}ﬁ (2. 1. 9)

In addition if d represents horizontal divergence -V"-?. then

§- 7 \Z - sz B (2.1.10)

Therefore, under hydrostatic conditions defined by (
p = JO | (2.1.11)

where\P is density, the cont1nu1ty equation can be vritten

1n the following form

P

16



dw 2 dw .
§+ 3/, = VX ’LT/’—'O (2.1.12)

Employing (2.1.2)-¢(2.1.4), (2.1.9) and (2.1.12) the

prognostic equations (2.1.6) and (2.1.8) can be writteﬁ}as

—%%fj()fé’)+ W/@ l?%)*_%o (&)9> 0 (2e1.13)

VY T(FTVA ) DX be) ki v
+(V*)”+f)5+ VQ.V% =0 (2.\“1.14)

Thfough a3 systematic analysis of tge integral
constraints, Lorenz (1960) has shown that together (2.1.5)
and (2.1;14) have invariant energy and vorticity relations
similar to the exact divergence and vorticity equatioms.
Thus; with the adéition of (2.1.13), they form anv

energetically-consistent system of equations.

This system of equations can be reduced further if the

phenomenon to which the motions are h2ing applied is of a

synoptic or larger scale. After (2.1:14) is subjected to

such a scale analysis (cf Haltiner,1971) and smaller terms
. .

are omitted, a second‘approximation which maintains the

integral vorticity comstraint is

%t VZV,L]()&) Vz}éffr)f ﬁ%ﬁf‘][‘%ﬁ' =0 (2.1.15)

An equation originating from (2.1.5) which, when used with

(2.1.15), satisfies the energy constraints is

V’éﬁ_ﬁlf. ﬁ]k_fv”]ho (2.1.16)

17



Equation (2.1.16) is sometimes called the 'linear! balance
equatioﬁ. The set of equations (2.1.13), (2.1.15) and
(2.1.16) will form the basis for the model equations to be
used in the present investigation. | |

It should be pointed out that for'(b) and (c) to be
true when hydrostatic conditions are éssumed, tHe kinetic
energy contained in the vertical component of ‘the motion
cannot be included in the overall total kinetic energy.
Hovéver, it can be said that the amount neglected §s an
insigniﬁicant fraction of the total energy involvea in

synbptic and larger scale systems and, therefore, the

omission is normally of small consequence.

.2.2 gengible Heating and Static Stability
In order to incorporate sensible heat exchange in the

.modelling the first Law of thermodynamics will be used in

the fornm

a

dhb iy
9,77;— = H ' (2.2.1)

vhere H is the rate at which external heat is added per unit
mass (i.e. H=dH/dt). By applying (2.1.7) the Pirst Law
states that the total rate of change of potential

-
temperature is

46 [P \FH |
ZE— = 1—;5) _C-f— (2. 2.2)

This is simply the diabatic Zcrm of (2.1.13).



The rate and direction of sensible heatrflou across éhe
‘{nteréace of any two adjacent eﬁvironments is largely
dictated by the local difference in the respective
temperatures on either side. In the atmospheric: situation,
where the air is in mction over a comparativelf fixed
underlying. surface, the spee? and turbulent state of the
overriding air flow are also of primary import in
determining a heat exchange rate, An estim;te of thé

turbulent exchange of sensible heat at the earth's surface

can be made using

He- CV (T - T 12:2.3)
where T is the surface air temperature, T the underlying
ground or sea tempetature and Vs the surface wind speed. |
The terd C is determined from atmospheric parameters (such
as the surface drag coefficient) gnd is constant for a given
value of V;. Equation (2.2.3) is discussed in detail by
Budyko (1956) and generally has been applied to calculations
of turbulent heat transfers over water surfaces rather than
over the continents, Haltiner (1967) has used this form of
surface heat input in his model. As a furiher
approxiiationy howevér, Baltiner (1967) assumed that the
heating-wvas distributéd through the atmosphere according to

a jertical profile of
L) - P " ‘ . ‘ ) .
H(/o)= H/ﬁ') (2.2.4)

for which é(p)lrepresents the rate of sepnsible heating

19



20

\\

occurring at pressure P, pg 1is surfaée bpressure and r is a
constant taken to equal 2 for his investigation.

In the present study no assumptions will be mdade as to
a predetermined vertical distribution for semnsible heating.
Rathéf, con51derat10ns of the turbulent nature of the
atnosphere Hlll be used to provide a mechanism for
vertically transporting heat. The process of heat transport

by turbulent eddies in the air is known as thermal turbulent

‘diffusion. If H; denotes the sensible heating rate at soume

J
level j in the modelled atmosphere then it can be separated

intc two parts

H'.»-'; = /e r 5

\./VJ J J ’ . ‘ (2. 2. s,
vhere R and S are the vertical and horizontal turbulent
thermal diffusion terams, respectively.'

The vertical diffusion of sensible heat will be defined

by
R W “ -
Y j)/o - (2.2.6)
in which g is the gravitational acceleration. Here hJ

represents the vertical heat flux given by "

b L) e

where K, is the vertical kingmatic eddy diffusivity
coefficient and [1(9C/kPa) acts as a measure of the
countergradient. The concept of an atmospheric

countergradient flux is used to explain observations of the
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occurrence of some upward heat flux even under slightly

stable conditions.' The lateral diffusion term is to be’
s Nve
§J'<Cp/</” VZ* Cf’/(/"' loo {2.2.8)

determined by

where K, is the horizontal kinematic eddy diffusivity

-

coefficientr

To establish a twéllevel mddel which contain§'a~self-
determining variable static stability the thermodynamic and
vorticity equations are to be applied at the same
in{orﬁatidn'levels, as opposed to the normal situation when
the therﬁodynamic gquétion is used at oné level only.v
Figure 2.1 shows the vertical structure of a tvo-level model
vhere the isobaric surfaces 1, 2 and 3 represent the pfimary
information levels. Therefore, with the thefmodynamic
\gguation employed at levels 1 and 3, a ne;sure of the
variable static stability at level 2 can be obtained by>a

vertical finite-difference representation of 3572p in the’

form

(.35@)2 8-6 , 49
2N (729

From (2.2\7) it is clé;r fhat the transport of sensible
heat in the verfical is a direct function of stability.
Increased atmospheric instabiiigy (3Q/Bp>f) implies greater
upvard heat flow while cornditions of strong stagility
(39/3p<F) wili creaté dounuéfd heat flux. In the ordinary

;quasi-geostrophic two-level model with the static stability
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Fig. 2.1. Vertical structure of the Lorenz (1960) two-level model
’ @ : ,

of the atmosphere showing the isobaric information levels. A

measure of the atmospheric static stability is given by

(6 -6)/(p -p).
3 1 3 1

constant.it is not ﬁossible to include the effect of a
variable rate of vertical heat transport. As a result
diabatic heating in suéh models is normally input at level 2
{Pigure 2.1) as a'mean rate for the entire column of air
exténding from the surface to the top of the atmoséhere.

Since the whole atmosbhere is essentially treated as one

~layer for heat input purposes the vertical diffusion teras

can be ignoréd. Haltiner's (1967) vertical profile as given
by (2.2.4) also precludes the need for’vertical_diffusion

terms, élthough'the profile is very dependent on the choice
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of a value for the constant r which has no physical

interpretation.

2.3 Prictional Terms

In Chapter 1 reference was made to two studies which
reported investigations of the dynamic resﬁonse changes
created by inserting frict}on into a quasi4geostrophic twvo-
level model. However, as used by Holopainemn (1961), and
Haltiner and Cal?erly {1965), the nodel embodieg onlyl
surface-based frictional effects. —In—the current
investigation those frictional effects created by small-
scale turbulent eddies in the atmospheric flow well removed
"from the earth's surface 'will also be considered.

The governing vorticitj equation for the present model
vill be of a form similar to (2.1.14) except that a non-gero
term vill be inserted to account for frictional influences.
since it appears by way of the vorticity equation this
frictional term will be treated as a ra-e of vorticity
change causéd_by eddy momentumvdiffusionn " If the term %/
represents the effect of friction in the model at an
isobaric level j then, as with the approach employed for the

sensible heating, it can be spparated into tvo parts
1 .

6 = A{/ f'M/ | | (2.3.1)

in which N and M are the turbulent diffusion terms
representing the vertical and horizontal frictionmal effects;

respectively.

4
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By analogy witw the thermal diffusion term R, the
frictional effect due to vertical momentum diffusion vill be

given by

o dE
| /\J/sz/D

(2.3.2)

vhere z; represents the curl of the frictional stress acting

on a horizontal surface and is defined as

. ’ =
- MNARE

2
b Vapk (35) < AKE 7Y s
z o‘¢>
J S (Vi AP J |
for which K, is the vertical kinematic coefficient of eddy
viscosity. Similarly, following closely the form given for

the beating term S, the horizontal momentum diffusion ternm

will be written as _
OGP P (Y) e

in which K, is the horizontal kinematic coefficient. of eddy

viscosity.

2.4 The Model Equations

Following the verticgi structure as given in Figure 2.1.
the surface pressure value at the bottom of the cﬁrrent
model is taken to be 100 kPa. The upperaost ievel is then
given a pressure 6f 20 kPa as a representative value of the
top of the tropbsbhere. A cdmnbn alternative is td let the
upper level of the model correspond to the top of the entire

atmosphere (p=0). However, for this study it will be

assumed that the tropopause acts as a 1lid ¢~ the



v

tropospheric motions. The remaining information levels in
the nodei are drranged such that gach is separated by a 20
xPa layer. Thus levels 1, 2 and 3 correspond to the 40, 60
and 80 kPa pressure surfaces, respectively.

The governing eéuations as applied at the differeﬁt

levels in ne modelled troposphere are

v o) (Fe e
2 J00). 919G 1 (5)- (]2 e

, %23 ) ](KVLL”#)* ﬁ% 6’7[-7[ 99_;,‘) . 6 (2. 4.3)

vhere j=1 or 3. Equation (2.1.15) has been differentiated
with respect tb pressure and applied at level 2 to form
(2.4.1). The diabatic thermodfuamic equationhand vorticity
equation (friction included) as employed at leyelé 1 and 3
;re given by (2.4.2) and (2.4.3). The compatible form of
the continuity equation remains as (2.1.12) with {(2.1.11) an
inherent assumption. |

The equation of state for an ideal gas will also be

" used in the form
ID’f’QT ' (2. 4.4)

and (2.1.7) is understood to be an additional equafion of

state applicable to the model.

The purpose of differentiating the linear balance
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equation with respect to pressure is to derive'a formulation
vhich does ndt contain geopotential as a variable in the
model. Replacement of 3¢73p using (2.1.1%) and the.
subsequent use of. (2.4.4) and (2.1.7) allows (2.4.1) to be

revrittén~as

£V (GR) ) s

The term VUﬂQp represents the change of the rotatlonal
component of the ulnd with changing pressure and can be
thought of as a form of vertical shear. Therefore (2.4.5)

is a form of thermal wind re. tion for the pid-ttop05phere.



CHAPTER 3

NUMEBRICAL PROCEDURE

3.1 Boupdary Conditjons and Coefficjent Values

If the earth's surféce.is assumed horizontal and the
lowvest level of the model remains fixed on the ground the
proper lower bbundarfxgonditions are z=0 and g=dz/dt=0,
vhere z is height. Howéyer; for convenience. the conditions

at the bottom cf the present model will be taken to be
w =0 and~p=pf=100 kPa ) ?(3.1,1)

These conditions state that the pressure at the bottom of
the mode! _e.-ins fixed, but they do not iamply a constant
height fic '~ because z is not necessarily constant af the
lover boundary. As will be discussed in detail later in
this chapter, level 4 of the modellis not always found at
the sea surface. However, the variation of sea-level

_ Pressure from 100 kPa w@ll be a pérturbation guantity.‘
Therefore, the lower bdundary!§f the model will be treated
as if it r::ained'uitbin a surface-based layer where the
eddy sttesé term and the vérticai heat flux are constant,
Bo orographic variations are included in the louef'boundary
conditions,

At the top of the model the condition that the
I /
' 27



tropopause acts as a 1id on ‘tropospheric motions gives
w =0 at p=p =20 kPa ‘ (3.1.2)

To prevent the diffusion of heat and momentum across the
tropopause the upper boundary conditions will also

necessarily include
h=0 and z =0 at p=20 kpa (3.1.3)

By adopting these boundary conditions it is‘possible to
expand the friction and heating terms more explicitly. The
expressiontfor the vertical diffusion of sensible heat
(2.1.6) is evaluated‘at level 1 using vertical finite-

differencing)to give .
A""‘z. A
/Ql = —j AT = j'—" : (3.1.4)
P dp

vhere p represents a 40 kPa interval and h, is the vertical
heat flux at p=0 which by (3.1.3) is zero. Using (2.2.7) to

replace h, (3.1.4) beconmes

12 K, (8- |
855§ (5 1) Talogr) o

The coefficient k,=p292K,/Ap2 has been introduced into
-~ (3.1.5) for sihplification. The same procedure can be

applied at level 3 so that

hu-bh
4p

(3.1.6)

AT

wvhere the term h, is to ke replaced as was done in (3.1.5).

At the lower boundary of the model a constant surface heat

[l
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flux layer has been assumed. Surface heat flux will now be

defined to be _
//5':4 Jogc}o/?— 7;)1{ (3.1.7)

for which C, is the surface drag coefficient. To convert

(3.1.7) to a heatiﬁg rate p?r unit mass in a form similar to
1 .

that of (2.2.3) a constant C is introduced, where

ﬁV”%C;
c. %

The resulting‘éxéression for R; is, therefore
/€= ',éc/, (@—@-Aff)f C%(?Z) (3.1.9)

The entire approach as outlined above can be applied in

(3.1.8)

a similar vay to the vertical momentur diffusion terms. At
level Jressicn for the friction term in the vertical

using (2.. . and (2.3.3) is
-z, _ ) p? |
M?j 7{;‘ = é- V(%-%) (3.1.10)

where the coefficient szPZgZKN/ApZ is analogous to k,. At

- the (c.ar boundarygﬁﬁe constant stress term is defined to be

‘4PA; 2 ' . ‘
‘Z = bﬁ P7 }% (3.1.11)
~ ‘

for which k3 is a constant. The term N; is found to be

/V- j 3'2/'7—‘74‘ - éVY%‘%) ~//:57L3€ | (3.1.1;2;

3

o« e

It novw remains to assign numerical valués to the

coefficients kh’ k, and ks. For the purpose of estimating:
y N

A
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these values it will be convenient to assume K, =K, and
therefore k, =k, . In unstable cases there is some basis for
the argument that the magnitude of K, is greater than K,
(}umlef-and Panofsky,1964; Businger,1973). However, ovér a
large range of stability conditions K, and K, have been
foﬁnd to be of similar magnitude. As well, the value chosen
for K, (K,) in this study will be indicative of near-neutral
stability .conditions rather than of the unstable regime.
Using Qé/apﬁfjand values suggested by Deardorff (1967) K, is
taken'as being 6X101 m2/s. A represenfative'éo kPa~uin£er
temperature value at mid-latitudes would be between -18°C
and -25°C based on mean January témperature data
(Gates,1975{. Applying (2.1.7) to determine density,
possible values or k; and k; are then o.9x1d;° to 1.1X10—s
s~1, Estimates 0. | as used in other two-level nodels
range from 0.5X10—¢ s—1 (Charney, 1959; Kikuchi,1969) to 10-6
é‘l (Egger,1976) . For this inves igafion.k£=kﬁ=10’6 s—1 is
used in all numeriéal computations.'

The most commonly used value for the coefficient k, is
4X10-¢ s—1 as employed by Phillips (1956) and Charney
(1959) . Dercre and Wiin-xielson (1971) have experimented
with a surface ﬁriction coefficient’uhich was altered
betwveen 4X10—¢ and 6X10—-¢ s—1, The effect of incréasinj the
surface friction coefficieﬁt on the behdvior of their quasi-
geostrophic steady-state model was relatively small. These
investigatqrs also studied the effect of having ome constant

surface friction COefficient over the land and a smaller
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constant value over the cceans. The consequence on the
nodel predictions was oniy of serious impo: hen the ratio
of the two coefficients had reached a value of 6 or more..
At a ratio of 2 little differencé was observed over assuming
one uniform friction coefficient. The earth's surface will
~be considered to be uniform for the-purposes of this study
and the imposed_surfacé fricticn coefficient will be taken
to be 4X10-¢ s—1 in mést calculations.
Other coeffiéients‘to be assignéd numerical values are
K, and K,. Once more, for simplificatidn, if is pr%supposeé
that K,=K,. In assuming Fickianldiffusion‘for the
dispersion of clouds and inert tracers in the 1ouer
\atmosphere; the obsérvational evidence as snagested by Hage
.1964) and Bauer (1974) would indicate tha. .ne order of
ragnitude of the horizont;l diffusivity coefficient is 10S-
106 m2/s for large-scale diffusion processes (i.e. those
vith a travel time of more than few days and an eddy épace
scale of‘greater than feu hundred meters). Alithough the
data refér to the horizontal dispersion of mass and may not
be totally indicative of linear momentum or heat dispersion,
'they‘db _-ovide a useful quantitative estimate of the order
of nagnitudé\uhich should be’looked at. Phillips_(1956) has
employed a value of K,=10% m2/s in his modelling as does.
Kikuchi (1969). The value fixed for K, and K, in this study
is also 10S m2/s. ‘ '
surface sensible heating, as was indicated earlier, is

dependent on the product of the'conétant C and the mean



surface wind speed V.. In order to assign a numerical value
to C it is Qirst necessary to make an estimate of, the
surface drag coefficient C,. Cressman (1960) has devised a
general scheme for calculating surface drag coefficicnts.
The coefficients are evaluated using two components, the
first being a dimensionleés constant of 1.296X10-3 for all
surfaces and the éecond is an additive quantity which is a
function of the terrain roughness. Over water surfaces the
total drag coefficient is resolved to be <1,3X10-3 while
over land su;faces the variation in C, values is 1.3X10-3, to
8.0X10—3, with the larger end of this scale reflecging very
mountainous terrain. If it is assumed that Cp=1.3X10-3 for
a surface wind_oflvs=10 m/s (i.e. measured at anemometer
height) theﬂ a nﬁmerical estiméte of C as-calcqlated fronm
{3.1.8) would be 8X10-3 to 9X10—3 J/(kg m °C). The product
CV, then compé;es favourably vith the value of 10-2 J/(kg.%
°C) used by Haltiner (1967) to represent the sanme quantiti.
" As a matter of procedure the rate of sensible heat input
vill be varied when analyzing the model's dynamic stability
characﬁeristics. The hegfing rates used will remain within

a range of 0 to 2X10-2 J/¢(kg s °C).

3.2 Perturbation Equations

A useful technidue for representing conditions in the
nid;troposphere is to creaﬁe nev variables which describe
tﬁe vertical mean and differential quantities across levels

1 and 3 of the model. Por example, if b is any scalar

.

G
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quantity then the averaged or mean value of b for the layer
between the two levels is given by (b +b;)/2. Similarly the
differential value would be>(bl—b3)/2(‘ If this method is

applied to (2.4.2) and (2.4.3) the equations take the

folldﬁing forms

) PP BT
5 ,J/},écr)f]&, ).V [79 (Z)XHL ()" %# (3-2.2)
| .
L g vvef) Th ) & B

e db 7HE ) TH %) i 55 o

Equations (3.2.1) and (3.

now represent the ave;aged
thermodynamic and vortjcity equations, respectively,-while
(3.2.2) and (3.2.4) are\their difference counterparts. The
variables as t'hey now cccur arey=(’y; +y3)/2, h;(}né-yj/)/z,' "
f=(6+6) /2, cf=( §-8)s2 and Y =( X~ L) /2. Vertical finite-
differencing has been used for those terms involving (Q/Bp)
and it has been assumed that at any given time 0 is
representative of the static stability over the entire
troposphere- (@:9];1 +0). v

’ With the approximation.;hat E%=(‘Q+f%)/£.(2.4.5) as

applied at level 2 beconmes

R%ZJ V? ) ﬁ/fﬁq)’O | (3.2.5)
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wvhile the continuity equation for the model using the upper

and lowver boundary conditions on &, can be expressed as

f[ %%)_(g_;%” Z\(«/B;;‘: _V’L% B | (3.2.6)

In order to analyze the dynamics of this system a
-}perturbation approach is used to linearize thevequations.
The perturbation method assumes that atmospheric motion
consists of small fluctuations superimposed on a basic or
steady~state flow. The fundamental premises are (Haltinmer

and Martin, 1957):

(a) the steady-state motion satisfies the
governing equations;

(b) the overall motion (steady-state plus
perturbation) also satisfies the equations;

and
(c) ~squares (or higher orders) and products of
perturbation variables appearing in the

equations may be neglected in comparision with
first crder terms.

For instance

\

| f}y ’V—+3ﬁ"’ | (3.2.7)

v -
vhere'y denotes the total value of the gﬁantity,’w is the
sfeady-state value and‘y/refers to the perturbation value.
The same representation can be applied to 7o 9, 6 and x.

‘ The steady-state flow as is sdggeSted by its name is
not a function of time. Purthgr; it will be assumed that

such flov is zonal and non-divergent in behavior. Thus,

both 7;and W are necessarily zero. The basic state terns—P,

<
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9, i and & are to be regarded as linear functions of Yy alone )
vhile the perturbations are to be treated as simple
functions of x, y and t. |

For sensible heat exchange the earth's surface is
regarded as aﬁ infinite heat source (or sihk) implying that
its temperature field remains constant and that T, tends to
adopt to Tj.: Therefore, under steady-state conditions the
surface air can be assumed to be in thermal equilibrium with
the underlying surface. As a result i;=?j and the heating

rate is dependent on surface air temperature fluctuations

CU(T-L)-4 (1) e

Variations in V, may be neglected since T; is'already a
perturbation quantity and so kf=c; .

If the potential temperature at the lower boundary of
the model is linearly extrapolated from the 60 kPa level as
6L25 then by assuming a sea-level pressure of 100 kPa
the atmosphere-éround temperature difference is T3=¢2;6L2r:
This assumption is not totally valid, however, and a
correction term is requifed to describe the possible

vari&iions in the sea-level pressure from 100 kPa.

An estimate of the pressufe deviations at z=0 can be
obtained by using the general form of (2.4.1) and
substituting for the geopotential iith95=gz. For a first.
approximation the term ‘;ff;@y/gp) is neglected and the

resaining partial derivatives_are replaced by finite
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numerical estimates giving
Iz fﬂ’
%p 3:\7 )

where Sz and éylrepresent changes in the height and

(3.2.9)

‘streamfunction values over some very small pressure interval

Sp. Perturbations in the lower boundary boundary stream
function values are given by’y y/27 Hence, assuming‘9y=3§
and using (3.2.10) the variation in the 100 kPa level height
is 5z=f(y-2{)/g. Moreover, from the hydrostatic assumption
(2.1;11), the change in pressure in going from 100 kPa to
sea-level pressure is 5p=iff(y12qﬂ. Figure 3.1 illustrates
a situation where V121>0 and the sea-level pressure is
greater than 100 kPa. |

From (2.1.7), (2.1.11) and (2.4.4) it is possible to

derive the following expression for the atmospheric lapse

T (26 2 L9 | \
02 ) (9/0 ;f)(léo? - Bj/ : (3.2.10)

in which B;=g/cp is the ny adiabatic lapsefrate. Replacing

rate

the partial derivative BT/Jz with its finite representation
§T/§z and using 99/3p=-2645p for the modelled stability

parameter gives ‘ ) .

sl e

o)

where §T is now the temperature decrease in going from z=0
to the height of the model's lover boundary $z. The total

variation in the surface temperature is



6 - o v - n LEVEL3

8 = 0§ - 20 = - 2
4 Y, v an LEVEL 4
§z = f-(w-Zn)> 0
g
SEA LEVEL

(22 0)

7///////////f7f//f
Fig. 3.1. Deviation of the sea-level pressure field from 100 kPa.
Sea-level pressure values are estimated using 100 - &p (kPa),
where 8p = - pgéz = - pf(y - 2n). The vertical cross-section

shown displays a situation where the 100 kPa level is found above

sea surface.

§7 /6’ Zo’) {7& Z’L)[ZJ 14:/ ;ODJ)] (3.2.12)

_ x ‘
To a very good approximation ((100-5@)/100):r1 and as a.
result may be dropped from (3.2.13). The total surface

heating rate then takes the perturbation form

ALk lto 2 2E)] e

In addition to having no surface heating under steady-

state conditions, it will also be presupposed that there is!
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no sensible heating from diffusion in the basic flow. This
has already been accdmplished—for the horizontal diffusion
tern by assumiﬁg that the sﬁeady~state qu&ntities are linear
on the y-axis and constaht along the x—axié. In the
vertical diffusion term it is achieved by setting the
countergradient Bé/bp equal to —ZEXAp in the model.

Vertical diffusion at level 1 as expressedlin (3.1.5) is

theﬂ .
“is
ﬂ* éc, [’Zd‘- A/p A/’]'— ’zéc}o—' (3.2.14)

A similar substitution can be made in (3.1.9). The value of
o used fot the modelled atmosphere is based on Januarj '
average temperature fields at 40 kPa and 80 kPa for the
Northern Hem;sphere (thes,(1975)). over the hemisphere
and, in particular, over.the North Pacifitc the mean value of
the static stability is approximately 22 to 23°C for the 40
kPa layer. This would give a count;;gradient aéﬁz of 4 to
5°c/kn. Typically, estimates of / in the atmosphere vary
from 0.65°C/km under clear skies tolroughly soc/km under
cloudy conditicns (Deardorff,1967). '

The 1ingarized versions of (3.2.1)-(3.2.5), after

substituting for w_  using (3.2.6), take the form

j)e AP DXL NZ
5 Dx:)] U axél; Ur?X*t)j)] ()x j)
) k; (%gf*%%g.> A A(T/ |

*.a%;, [20,1_9,"}_0 (yfz,l/)"(%' Zﬁ’;)] (3.2.15)
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(3.2.16)

(3.2.17)

(3.2.18)

(3.2.19)

vhere U:-By79y represents the mean zonal wind and ur=-)i/)y

- is the vertical wind shear of the basic state. The

coefficients a,

a, = (4/5)~%~(3/5) ~£=-0.233 and a =(4/5) -*/2=0.533.

3.3 gtability Analysis

In order to investigate the stability of those

(i=1,2,3) are; a1=(2/5)‘x*(G/S)fb=2.635,

perturbations in the baroclinic atmosphere depicted by the
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model, harmonic~wave soluticns of the following form are

assumed

/V/= /;;(j)cx/o j/m(x-'cf)“ ;L/' ;L(y)Cy? [’}’{(X‘C )]

g @(y)c,ﬁo i (c-o1) o &) "7"[""7 (%_ct)] o
x/;' i@jap[lin(x-céﬂ

vhereum=2W7Ly is t. wavenumnber and L, is the wavelength o
the x-axis, ¢ is the phase velocity of the wave,‘\/—iﬂ= -1, and
1P(Y) ’ ;\L (), é (Y). o (y) and X(y) are the wave amplitudes.
The latitudinal dependence ofithe pertu;bations enters
through the amplitudes which will be given a simple
meridional variation .
A A : A ' '
jwz;)* ?&aw(%y) | (3.3.2)

where n=2n7L:J

- the y-direction. Substitution of these solutions into

is the wavenumber and Ly is the wavelength in

. (3e2.16)=(3.2.20) leads to a set of homogeneous equations

which can be represented in matrix form as

(B](A]=0 ~ (3.3.3)
Here (A] is the amplitude matrix

)

TP Dy Q.
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and (B] is the coefficient matrix defined as

A N
(c-U) +b1 bz . 0 0 ; 0
b3 (c-U) +bs 0 0 bs
be b? ~(C-~U) ¢+bs be bio
b1t b;ZA‘ b13 -(c-U)+bl' b1s
0 ble b17 0 0
BN )
\
\
where
/ .
bl— ._,d; 1'." L—(dql’?*fﬂ') b{): U .f. ‘H_é ‘_33~é‘
m2ipd opm m(n‘rﬁ") r - 7 T om
= - - &_é’, R0= 5 2ian .7 (rn i
b2 (//r y b 34‘,4/?”, *+ -
. : P
3= - - ‘_é-l 11= L.(I;LL[C/' _3_‘_6
b ‘ Ur ‘ ,Zm b 1.‘3‘£ ‘ . jcftm
be= £, 4 ike2k) K (n%n?)  pran  ~EFU - i2akFG
e = m(my) TR gom
bs= 4 b13= [/ 5k,
ye; T "’R'?
y . . . :
be= —'gx, _‘i%é_/r_ L—%ﬁ‘ﬁg bte= —i(a‘fﬂ‘)'(,‘ff‘_!sft -3, Ky,
g™ m e ”m
b?= 2% (k) [l (204 FG bis= 5%y,
J R ge,m 3%, 7‘3'7(!‘_77)
be= (w2, J.)A/ : ‘ bre= _
{(mPen - LKL _
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b17= K-

5 R

In the coefficients G= (Y- aogaxgp) and 4= df/dy is the

lerldlonal derivative of the Coriolis parameter. Use has

“also been made of the follovlng relations

c);é ‘i‘&ﬂ/r .

dy ToatR | . (3.3.4)
o s&LU, o N

5} - (1-%) 3%R | L4 (3.3.5)

wvhich vere found by assuming a constant U, in the mid-
4

‘troposphere and then requiring the zonal flow to §atisfy
t3.2.20) .

A necessary and sufficient condition that (3.3.3) has a
non-trivial solution is that the determinant of [Bj be zero,
Expansion of the determinant and grouping of the eerms in
decreasing orders of (cQU) gives a cubic frequency equation
which can be solved for a variety of wagenumbets, surface
heating rates and steady-state‘guentities.

The pha;e velocities which are obtained in the
solutions to this cubic frequeﬂéy equatien are typically
complex values, c=ck+ic;, in wgich Cp repre;ents the real

portion and c_ the imaginary portion of the wave phase

velocity. A perturbation wave is, therefore, of the form

V- Ve epp i) esp (in c-5,2) 329

Such a wvaveform propagatesvin the vest-east direction at a

t
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speed ¢, with a time-dependent numerical amplification (or
damping) factor of exp(mc t). More specifically it is the
value of ¢, which determines the stability condition of the

wave. The stability classifications are given in Table 1.

Table 1. Stability conditions for the harmonic wave-
forms as a function of the imaginary portion of thg\phase

velocity.

STABILITY CLASSIFICATION

UNSTABLE: ¢ <0 , amplifying wave with time
NEUTRAL: ¢, =0 , waveform unchanging

STABLE : < >0 , damped wave with time

The rate of amplification of an unstable wave ‘s
dependent on the exponent mc.. A useful way of representing
this growth rate is by a quantity known as the e-folding

time (te)@yhich is defined by

1 L )
é = EI F #Q_ ¥ (30307)

|

- The value of t_ is the time required for an unstable wave to
increase in amplitudéxpy a factor of e=2.71828. The
implication” of a small e-folding time is that the wavefornm

is very unstable apd amplifying rapidly.

N

Y
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3.4 Wave Dynamics

When studying the phasé and amplitude characteristics

of the perturbations it is useful to express

the harmonic

solutions in a somewhat different form. Corresponding to

each value of the phase velocity Cy (k=1,2,3) as given by

the frequency equation, the system of equations represented

by (3.3.3) can be solved for values)of /K, 50, f% . @ and ?a

~

if initial conditions for each perturbation wave are

specified. The procedufe is.then to write the general

perturbation waveforms as sums of components ’

’y,‘ 2 72 cw(ry)cx/a/m(x—c(zf)

It is convenient to substitute for the

from (3.3.3) using

The reduced system of equations in terms of

e i O
&

o “ 7, 477
' /X/ = Zé:' /%* Qég - é’)él‘.

(3.4.1)

A
terms 7Lkand X;

(3.4.2)

(3 (3.4.3)
A A A

&, Qk and f§ is
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(DJ(E]=0 (3.4.4)
, ( h
where [E]= A « and (D)= dz df 0.
%
é ag d+, 43
[3
A d: a7, d:
& L J

The coefficients d] (3=1,2,...,8 k=1,2,3) are

W= (g-Uy). 4 a1

- | a2/ PTR ¢ L
2= 6= A
d,( Zb dk é b*

N )
as= *(%~C/)fé-~

The initial conditions specified at t=0 in the

solutions to (3.4.4) are of the type

Vo) = ¥ cox o) o)

9%'@) : 61, 605(7)650(/)?7 ‘_’1‘%) (3.4.5)

, 0"7£:0)= 6\; cas(,y)c,?(/}xxffa—)
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A ~ .
in which—z ’ é% and 0, are the initial amplitude values and

/ /
§ and €~ are the initial phase angles of 9 and ¢ with
, .
respect tosb. Por example, §9<O implies that the potential

temperature wave initially lags the stream function, whlle

§9>0 means that the potentlal temperature wave leads. If

5;=0 the two waves are initially in phase.

It follows from (3.4. 1) and (3.4.5) that

Ao

é b Qeple) (3-4-6)
|

J

25 T (i)

Furthermore, from (3.4.4) and & can be expressed in
A

terms of/g as

heg &1

3 . 3 " (3.4.7)
o 2.5V

Akea & P & k

" where rk=-dl /dZ and §‘=-d° /d° +d7 dl /(d° d2 ). Prom
(3 4, 6) and (3.4.7) the followlng general solutions forly’

andY} may be obtained

>
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Knowing the initialiamplitude and phase values, the
phase velocity c, and parameters such as U, f, U . 6 and

A

others it is possible to determine 7@ and then, in

~ Pl V) A

succession, -the values of zf,'g . él, q: and Qk with the
component amplitudes for the vertical velocity determined
from using the model's continuity equation and the velocity
potential values )ﬁ. It is also useful to derive wave
components representing surface sensible.heating wgk) from
the existing waveforms by employing (3.2.14).

Although each perturbatlon is written as a sum of three
components, a single wave representatlon can be made which
has its amplitude and puase angle as functions of time.

Fron (3;a.1)vand by uriting the phase velocities and

ampldtudes in their complex form the mean pertufbation

stream function may be expressed as

/y//-é (:R+b7j/r)ms(,,j)¢,$p[mc‘zlz+/m /x-ckszﬂ ‘ (3.4.9)

In complex polar coordinates this is equivalent to

ot o £ ifg-me “
V‘Zl’lﬁlws(,y)cm?‘c {Z‘ Ié).ctm (3.4.10)

A

in which T?I -('f 2+17U 2){/2 represents the modulus of the
complex vector ‘K’+1Y’ and q -arctan(7ﬂ jﬂ ) is the vector
angle fron t.e positive real axis. Comblnlng the modulus
and amplification factor into one term‘V} fi/exp(mckrt)
and defining qk =qk-mc t allows (3.4.10) to be revritten as

kR
a single vave solution of the type
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A . .
/ YA
4
v /;f cos(ng)e e (3.4.11)
where the amplitude V is

Pl o)

Y T3 K kst

y (3.4.12)
e Xx\2|r
BTy Y G )]
and the phase angle n}f, is determined fronm
/y = .?r‘c/an (gj )
(279" %)
Aot R (3.4.13)

In the same manner the remaining pertdrbation

,,/ /- / /
quantities 6) 0, w 4 and 7l may be described 1n a form

s:.lllar to that of (3.4.12) with their respective amplitudes

el A A A

6:,0‘ 4) /) ;Land phaseanglesé/z,o;,,w,éf ,7((.
Calcul%tlons were carried out to determine these values as
functions of time and for varying initial condltlons as vell

as for different basic flow properties.

r



CHAPTER 4

NUMERICAL RESULTS AND DISCUSSION

4.1 Preliminary Cogmen§§/

The present model, iike that of Haltiner {(1967)
incorporates a surface sensible heat flux but, unlike thé
latter, it also allows for the inclusion of surface friction
effects, heat and momentum diffusion terms and a simple
‘meridional variation in the perturbation field. The
numerical investigations of the dynamic éesponse
characteristics 6f the model for different-stateé of current
flow are discussed first. These flow regimes are
indentified iﬁ the following manner:

(i) Model 1., Adiabatic flow with no frictional
vorticity terms included.

(ii) Mcdel 2. Sensible heating (including the
redistribution of heat by thermal diffusivity)
with no fricticnal vorticity terns.

(iii) Model 3. Adiabatic flow with frictional
vorticity terms included.

(iv) Model 4. Sensible heating with frictional
vorticjty terms included.
Agapn initial simplification it is assumed in each of
the four 'models' that the perturbation field is not a
~ function of latitude. Laier, a latitudinal dependence is

incorporated in conjuﬁction with model 4 and the
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calculations are redone. This particuiar version of the
modelling is simply referred to as the 'full model!,

The latter part of this chapter focusses on the
behavior of the longest waves. Of specific interest are
_£hose features of long waves which can be applied to

i

blocking ridge development in the North Pacific.

4.2 Influence of Sensible Heating and Friction on Dymamic

Stabjility Response

In order to compare the various model runs the steady-
state atmospherlc quaggltles were held constant unless
otherwise noted with U,=10 m/s, f (45N)=1.0312X10~¢ -1
AL458) =1.61X10-11 m=ts~1 and 0"=129C. The phase velocity
.solutions of models 1 through 4 were then obtained from the
corresponding cubic frequency equation.‘ Since the frequency
equation is solved in terms of (c —U) it should be kept in
nlnd that the real porticn of any solution represents the
uphase velocity of the perturbation wave relative to the
§§éed'of the mean westerly uind;

Figures 4,1a and 4.1b‘shou both the imaginary and real
portions of the solutions (ck~U) as a.function of wavelength
L, for modeisv1 and 2, respectively. EFEach case exhibits a
neutral or near-neutral solution (c;~0) arbitrarily denoted
I1, a damped solution (qr<0)>designaféd curve I2 aqd an
unstable solution I3 (qI>QL. The corresponding real parts
to these curves are shown as R1; R2 and R3. |

Features- apparent in the adiabatic-frictionless
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‘ Tabi%&&. Real (R3) and imaginary (I3) portions of the phase
velocities over the unstablc waveband of Fig. 4.1a and the

corresponding e-folding times (te).

Wavelength (km) R3 (m/s) I3 (m/s) t, (days)
1000 -7.20 40.00
1500 -3.29 2.05 1.35
2000 -2.80 4.50 0.82
2500 | -2.73 5.99 0.77
3000 \ -3.00 6.95 0.80
3500 -3.49 7.53 0.86
4000 -4 04 7.82 0.94
4500 -4.93 7.86 1.06
5000 -5.83 7.66 1.20
5500 -6.86 7.16 1.42
6000 -7.99 6.27 1.76
6500 | -9.23 b7k 2.52
7000 : -11.01 0.00 . '

solutions 6f?Fig. a.ia are that the unstable and damped
wvaves propagated at the same speeds over the entire range of
- unstable wavelengths, Furthermore, these speeds wvere alwvays
slower than ;hatvof the mean westerly wind speed. The
neutral wave in turn alvays travelled faster than the zonal
vind speed as indicated by the R1 curve being positive at
all wvavelengths.

Introduction of sensible heating to the model as shown

in Fig. 4.1b has diminished the amplitude of the I3 curve at



Table 3. Real (R3) and imaginary (I3) portions of the phase

velocities over the unstable waveband of Fig. 4.1b and the

corresponding e-folding times (te)

Wavelength (km) R3 (m/s) I3 (m/s) | t, (days)
1000 ~7.t 0.06 30.70
1500 -4, 59 1.13 2.45
2000 - -3.07 2.8} ‘ 1.31
2500 -2.55 h.20 1.10
3000 -2.72 - 5.07 1.09
3500 " ~3.27 5.47 1.18
4000 © -4.09 5.50 1.34
4500 -5.18 5.22 1.59
5000 -6.61 L.67 1.97

- 5500 -8.47 3.93 2.58
6000 -10.82 3.17 3.49
6500 -13.57 2.54 4. 71
7000 -16.60 2.06 6.26

© 7500 -19.85 1.70 8.13
8000 -23.28 1.42 10.38
8500 -26.90 1.21 12.94
9000 -30.69 1.05 15.79

. 9500 o -34.66 0.91 19.23
10000 -38.82 0.81 22.74
10500 -43.15 0.72 26.86

11000 -47.68 0.64 31.66
11500 -52.39 0.58 ©36.52

12000 -57.30 0.53 , L.




lover and-intermediate vavelengths, buvt* at the same time has
extended the band of unstable wavelengtgk to beyond 10,000
km. Other changes from the values cf model 1 are that]the
I2 curve now shows much stronger damping at longer
vavelengths and the Ré and R3 curves no longer coincide over
any interval. The coefficient fo£ surface heating in this
case was chosen as k,=10-2 J/ (kg s ocC) and, unless othervisé
noted, this value was used in all calculations where heating
vas incorporated.y

Haltiner's (1967) findings using the same value of
surface heating and a vertical wind shear of 10 a/s over a
25 kPa layér show qﬁalitatively the same shape as theucurves
of Fig. 4.1b. Tables 2 and 3 give the values for the
unstable waveband at evefy 500 km for models 1 and 2 from
the presené study, while Haltiner's results are found in
Table 4. The latter two tables are quite comparable over
vavelengths from 3500 to 8000 km. Outside of this range the
present médel gave a slightly more'unstable Qave as
indicated by the c, values and the computed e-folding times.

The results of incorporating friction are presented in .

Fig. 4.2a. It is apparent that there are two regions at the
/ .

extremes of the unstable waveband where increased
instability occurred when compared with that of the

adiabatic-frictionless case. 'Thebanount of broadening of

'ﬁlat'longer wavelengths wvas very small, however,
ith Fig. 4.1b, It is also evident by
N & 7

£ Tables 2 and § that, except within these two
o , o

3 - 5
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Table 4. Real (R3) and imaginary (I3) portions of the phase
velocities over the unstable waveband of Haltiner (1967) for

sensible heating with no friction. (k, =1072 y/(kg s °0),

r=2, UT = 10 m/s and g = 15°C over a 25 kPa layer)
Wavelength (km) R3 (m/s) ‘13 (m/s) t, (days)
1000 ~ -8.39 0.00
1500 , -6.31 0.24 11.51
2000 -4 .45 2.06 . 1.79
L 2500 -4.03 3.49 ‘ 1.32
3000 -4.06 L. bk 1.24 -
¥ 3500 ©o=h by 5.03 1.28
4000 . -5.12 5.30 1.39
* 1500 -6.67 . 5.30 . 1.56
5000 -7.30 5.04 1.83
~ 5500 -8.85 4.55 2.28
6000 -~ -10.80 3.88 2.85
6500 -13.19 3.10 3.86
7000 .. -16.04 2.37 5. 44
7500 C -19.27 1.78 7.76
8000 -22.76 1.36 10.84
8500 -26.45 1.06 e 14.77
9000 -30.31 0.85 19.50
© 9500 -34.34 0.69 25.36
10000 -38.54 0.58 31.76
10500 -42.92 0.49 39.47
11000 -47.47 0.42 h8.24
11500 : -52.21 0.36 . 58. 84
12000 . -57.14 0

.31 : 71.31
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‘Trow regions, the amplitude of the I3 curve has everywhere .

been reduced.

Table 5. Real (R3) and imaginary (I3) portions of the phase
velocities over the unstable waveband of Fig. 4.2a and the

corresponding e-folding times (te).

Wavelength (km) R3 (m/s) - 13 (m/s) tev(Aays)
1000 " -1.60 | _8.23
1500 : -2.66. 1.45. 1.9
r 2000 B -2.82 3.68 1.00
| 2500 -3.03 ;5.1 ..0:90
. | g s X 7
3000 ~3.50 6.04 0.92§ + L
3500 =417 6.59 0.98 . ‘
4400 , -4.98 6.86 _1.07
7 hs00 592 6.88 1.21 !
5000 i -6.98 6.65 1.39
5500 , -8.18 6.15 1.65
l 6000  -9.54 5.29 2.09
6500 . -11.19 3.93 | 3.05
7000 O -13.66 191 6.75
7500 -17.55 0.28 49. 34

8000 -21.63 <0

The résponse curves of model ancontaiﬁiﬁé both semnsible
.heating and friction areAgfven in Fié. 4.2b. A longwave
' cutoff is now found near -8500° km, roughly 1500 km longer
than the cutoff shown for adlabatlc-frlctlonless conditions.
It is also significant that over the unstable vaveband the.

LoV
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R3 values of Fig. 4.25 implykmuch lower propagation rates
than found initially in Fig;ﬁa.1a. For instance, a mean
uind,of U=15 m/s would mean that every unstable wave in

: model 1 would propagate eastward as it amplified. Witu the

inclusion of both sensible heating and friction this value

Table 6. Real (R3) and imaginary (I3) portions of the phase .
velocities over the unstable wave band of Fig. 4.2b and the
corresponding e-folding times (te).

vl

Wavelength (km) R3 (m/s) I3 (m/s) ty (52;5)

1500 -3.11 . <o
2000 -2.81 1.70 2.17
2500 | -3.17 3.08 1.50
3000 -3.89 3.94 1.40
3500 B -4.89 §.31 1.50

H‘ 4000 ‘ -6.14 k.33 170

; 4500 ~7.71 4.06 " 2.04
5000 -9.63 3.56 2.59
5500 -11.92 2.93 3.46
6000 ~14.53 2.25 h.9
6500 4 -17.43 . 1.6 7.4k
7000 - -20.56 1.04 12.40 -
7500 | -23.91 © 0.54 25.59
8000 -27.45 0.10 147.37
8500 ) -31.19 <« -

for the mean wind

- of about 6000 knm

would result in a stationary unstable wave

{Table 6)- while at longer wavelengths

L

g a1,

<% Di‘;fﬁh;i&:}ﬁ



unstable wave growth could cccur as the wave retrogressed
westwards. The implications ef this will be investigated
further in the discussion on blocking ridge “ﬂvelOpment.‘
The rate of durface sensible heat exch. _< and the
degree ef surface friction have as yet been held constant.
Fic¢ ve 4.3 illustrates the change in the unstable curve for
el under various rates ofﬁsurface heating. The basic
flc- - -'ameters were unchanged frem the values used earlfer.
It is seen that increasing the sutface heat input resulted
in a further reduction of the curve amplitude at lower and
inte..tediate wavelenéths; Conversely the region‘at longer

wvavelengths exhibited increased instability. It is also

noticeable that the'region of enhanced instability between

—

successive increments in the value of kt was gradually

shifted to longer wavelengths, indicating that further

: | |
"increases in the heating rate would result in greater

instability at extremely long waves only.

Increasing the degree of surface friction through the
coeffieient k, in model 3 resulted in only marginal
increases in the amount of instability at the edges'ofkfhe
unstable waveband.- However, in changing k; from 4X10-¢ to.
10-S s—1 a fairly significant reduction in the amplifude of
@he I3 cufve did occur at interc=ci: e values othhe
waQelenéih:IAﬂge. |

A T C | KGN

P ! ,
) i $r
fvu . |

/
fsun 3 1_; gglon of the steady~state zlgw Pa;amete;s

)

The response values of the perturbation field are

i
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affected if certain properties of the steady-state flow
change. This is easily seen ii. che case of a change in the
Zzonal wind U.v Since U appear- as pectt of the real portion
of the trequency equation solution it does not influence the
stability of the waves. Its main iafluence is to define the
'absolute' speed of the waves on the x- axis and a change in
U results in a corresponding shift of these values. This is
important because the value assigned to U will 'play a major
'role in determiniag whether it is po;sible to haye\a
stationary wave within the unstabie band of wavelengths.

" The mean vertical wind shear Ur is a measure of the
baroc11n1c1ty -of the ba51c state and the numerical results
indicated that the greater the shear the greater the
possible instablity of the perturbations in the flow. The
solid curves of Fig. 4.4 represent the change in stability
experlenced in model 4 under the same conditions as employed
earlier except that U, was varied. With greater wind shear‘

- the instability of the I3 corve vas increased at all
Qﬂavelengtas. The effect on the real portion of the unstable

solution was to decrease the speed of the waves by a few
N\

meters per second. In general very little instébility was

observed in any of the model types at wavelengths greater
than 6000 km until the vind shear had exceeded 5-6 B/S. -
Thus,’ at low mid-tropospheric wind shear values the
possibility of long#ave-instability is small.

Figure 4. 4 also shows the effect on the I3 curve\of

changing the mean static St&bllltYa As the mean stablllty

R
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of the atmosphere was increased the‘instability»of the
perturbation field was reduced. This reduction is much more
significant at the lower end of the ;avelength ra;ge and
became marginal at larger L, values. The relative
propagation rate of shorter waves was also’'found to decrease
as E’Qas increased, but once again this effect diminished at
longer wavelengths to the point where the wave speeds were
virtually unchanged.

Althdugh the perturbations have been assumed to be
-1atitudinalﬁy independent, variations in latitude may still
influence the numerical results through the Coriolis
parameter and Etsvmeridional derivative/ﬁ. Therefore, the
values of these two quantities were varied sb as to
represent different latitudinal x-~axes. At lower latitudes,
as suggésted by a comparison of the unstable curves in
Fig. 4.5, the perturbation field was found to be |
considerably more stable andfthe range of unstable
wavelengths was reduced significantly. In addition,

Fig. 4.5 shows that as ;atitude decreased the perturbation
/uﬁves had a greater rate 6f retrogréssicn Qith respect to
the mean zonal current.

|
4.4 perturbation Field as a Function of Latitude

At this time the previous assumption that the
perturbation field is independent of latitude is relaxed and

the simple cosine variation of (3.3.2) is empioyed. Unlike

wavelengths on the x-axis which have been expressed in
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.30 4 I " A ;. 24
1 2 3 4 5 é 7 8 4 10

WAVELENGTH  (10° m)
Fig. 4.5.. Efféct of latitude variations on the stability and
pr.opagation rates of unstabl¢ waves. The stability curves cI3 and
relative wavespeed curves cR3 - U were comp.:;ted using‘ mode | J{ with
UT = 15 m/s. Latitude is distinguished by the bra;keted values
‘;assigned to each curve. In the calculations f(60N) = 1.263 x 1074

s™1, B(6ON) = 1.14 x 10711 "1 s 1, F(30N) = 7.292 x 105 s 1

and B(30N) = 1.98 x 10711 p71 71,
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distances of mete = Br kilométers a meridional wavelength
will be givén in terms of degrees of latitude. In all éases
the origin in the north-south direction will be taken as
45N. The interpretation of §y=i20° is that of a
perturbation travelling in ap east-west direction having its
maximum absolute amplitude at y(45N)=0 and an amplitdde
which approaches zero at latitudes 75N and 15N.

The computations were redone using the same numerical
values as utilized earlier for the steady-state quantities.
‘The full model was run for varying values of n=2v/§j.

Fiqure 4.6 shows the phase~velocity response curves L€, ~U)
at latitude 45N when Ey=90°. The general shapes oflghe ‘
curves were similar to those shown in Flgures 4.1 and 4.2,
A comparison of values in Tables 6 and’7 1nd1cates that
unstable long waves have greater rates of growth'and travel
at slover propagation rafés af{er the 90° latithdindl

dependence has been introduced into the modelling.

-

Pigure 4.7 illustrates the resulting unstable solution
for a range of Fy values betwvecrn 606 and oo(L)=aOimplies no
latitude dependence). "The changes that occurred in the c. g

o
valaes ﬂn response tb ﬁarying values of p] were similar and,
therefpre, not all of these curves are shown. .In going from
§y=°0to Ly=60° thé amplitude of the c,; curve showed a
iargihal decrease in amplitude up to a wavelength of L, ,=5000
kpm. At vavelengths L >5000 km instability increased and, as

a result, the unstable waveband was extended to include

longer wéves. The relative traveiling speeds of the

65
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WAVELENGTH (10° m)

Fig. 4.6. Phase velécity response for the full model incorporating

a 90° latitudinal dependence (L = 90°). Curves R_,R and R_ are
: y ) 1’2 3

. ) ,' _‘\;)
the real parts and 11,12 and 13 the corresponding imaginary parts ‘

to the frequency equation solutionS'(ck -U), k=1,2,3.

&}



Table 7. Real (R3) and imaginary (I3) portions of the phase
velocities over the unstable waveband of Fig. 4.6 and the

corresponding e-folding times (té).

wavelength (km) = R3 (m/s) 13 (m/s) t, (days)
1500 -4.34 <0
2000 -3.18 1.54 2.39
2500 -2.80 2.8l 1,62
3000 -3.03 - 3.68 1.50
3500 . -3.58 4.10 1.57
Looo - -4.31 4.20 1.75
4500 -5.17 4.08 2.03
5000 -6.14 3.8 2.42
5500 -7.22 3.43 2.95
6000 -8.39 2.99 3.70
5500 -9.64 2.54 b7
7000 -10.94 2.1 6.11
7500 a§§]2'25 .70 8.13
8000 ' -13.57 . 1.33 11.08
8500 -14.82 1.00 15.66
9000 ‘Plé.OS 0.69 24.03
10000 -17.24 0.41 L. 93
10500 -18.37 0.15 128.94

11000 -19.44 <0
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WAVELENGTH (108 m)-

Fig. 4.7. Effect of variations in Fhe meridional wavelength Ly on
the stability and propagation of unstable waves. Numerical results for
the‘étébility éurves c13 were cémputed using the fui'11 model and

Ly = 600, 909 and » as. indicated by the bracketed values afsigned to
each curve. For the relative wavespeed curves the scope of Ly values
was expanded to include Ly = 120° and 150°.  The curves for Ly = o

are interpreted as having no Iafitudinal depeﬁdence and are, there-

fore, analogous to curves of model 4.
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unstable waves were affected in a similar manner. Up to
values of L, =4000 km the propagation rates of the vaves were
almost unchanged. At values greater than 4000 kn reductions
in the magnitude of p] resulted in the waves experienc;ng
propagation rates‘which.more closely approached the‘spéed of
the steady-state current.

If y is taken to be non-2ero in the model then the
babsolute amplitude of the perturbation field is reduced.
This in itself has little bearing on the dynamic stability
of the flow if‘the ratio y/E]is leés than_1/u (i.e. ;51
y/Eff1/u then tan(ny)-ecc in the coefficiént bis), A value
of y#0, houever,-impiies higher or ;pwer latitudes and the
main changes in tﬁb relative phase velocity curves occur

because of changes in f and/5 as vas seen previously in

Pig. 4.

4.5 Appljitude and Phase Relationships

Phase velocitylsolutipns to the frequency equation
determine the stability features of the perturbation field.
Hovwever, stability curves do not show directly the
interactions of the three wave soluticns or the
relationships between the various perturbation quantitigs.

- The initial-valu? technique outlined in Chapter’3 Qill now
be used to extend the analysis to include such interactions
and interelafionships. The following parameters vere held
constant: ﬁ=20 m/s, U,.=10 m/s, py=90°, k¥=10-2 J/ (kg s °C),

0'=120¢, k =4X10-¢ s-1, K,=K, =105 n%/s a: ./ =k =10-¢ s=1

i
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vith f and 4 evaluated at a latitude of 45N. 1Imn addi}ion,
the initial amplitudes assigned to the streanm funetion,
‘potential temperature and static stability perturbation

A A

vaves were held constant at‘% =9,.806X10¢ mZ/s, @ =109°C ‘and
& =20c, 1In order to obtain estimates of the magnitude of
the stream function it is useful to assume from the linear
A

balan_c_}e equation that Gé‘t}{,/f‘/g wvhere the mean Coriolis
parameteriean be taken as being aéproximately 10—+ s—1.
Therefore, the averaged value'of the stream function can be
.thought of in terms of a geopotentlal height with an 1n1t1al'
amplltude of 100 m. In the future ¥’ will be expressed in
its geopotential 'eg01valent' in units of meters. |

Figures 4.8 and 4.9 show the characteristic curves for
a wavelength of 4000 km taken from model 4. The initial
phase angles ¢£, and £, 1n Fig. 4. 8 were both taken to be 90°
meaning that the potent1a1 temperature and stabllmty uaves
lagged behind the stream function. These angles wiie
changed to -90° in Pig. 4.9. The 4000 km anelength is
1nd1cat1ve of the mlddle range of the 1nstab111ty waveband
where growth rates are quite large.

The rate of amplification for the different
' perturbation quantities as displayeﬁ 5 Pig. 4.8a was'quite
rapid during a 72-hour perigia It ir- ~;se apparent that,
except for a time during the £ t 12 hours when the
‘anplitude of the static stability»briefly decreased, the
_amplifiqation rate of each perturbatiem increased in time.

Pigure 4.8b displays all phase angles in degrees. If a
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curve slopes towards lower (negative) phase angle values the
wave in question is progressing in an easterly/direction. A
slope to higher‘(positive) phase angles thus represents
retrogression westwards, All or_the perturbation waves
; depicted in this fiqure travelled'eastuards and the short
_interval when &'is damped istseen to correspond to a time

vhen the'staticnstabilitY“;ave advanced toward the streanm
function. : | | o

The growth curves for Fig. 4.9a are sllghtly changed

from those ct the previous case. Thewstream function was
damped 1n1t1ally for 24 hours vhile the potentlal ,~' v
temperature vave advanced to within a lag of appr011mately‘ |
, 1300 (Flg. 4, 9b), after which the stream fuction. began to
fampllfy. In addltlon, the former wave's eastward motlon was.

yreduced substantlally between 12 and 24 hours until the

potentlal temperature wave had moved 1nto this approprlate

lag position. ™ The potentral temperature wave can be g

interpreted as a 'thermal' wave since it unlquely determlnes A

the value of n, Hhich is representative of a geopotential

thlckness in the same manner that Vf is representatlve of

s

helght. Thus, the thermal wave necessarlly lags the A

L
geopotental height uave in order for ampllflcatlon“%f thel
helght field to occur. Static stablllty 1ncreas;d durlng
this 1n1t1al tlme perlod and then subsequently showed a
Short perlod of damplng. A large drop in the surface
heatlng amplltude wvas noticed durlng the flrst few hours as

this wave moved raplcly from a trailing position behind the

P
s,
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stream fuction wave into a phase Ieadi
Many runs were made uith“L 24000 kn for different

values of &, £ and with various model types. The
adiabatic- frlctlonless results of model 1 corresponding to
the two cases already discussed have qualitatively the same
growth and phase relations as when friction and sensible
heating are included. 1In general, however, model 1agave the

greatest amplification of the waves during the 72-hour

period.

Certain phase difference values showed cbaraeteristic
changes dependlng on whether heat 1ng or frlctlonal effects
-.were included in ‘the modellingﬁﬁ As an’ example,‘ln Fig. 4.8b

" the difference é%—“% at the end of 72 hours‘was 56°. 1Ip

model 2, using the sanme 1n1t1al condltlons, this phase é}_

U'

-difference was F3° while model 1 gave a final value of 73°,
Thus, friction and sensible heating had the effect of
‘allowing the thermal wave to approach a position somewhat
icloser behlnd the geopotential height wave during -

‘,aspl1f1catlcn. Other runs using- different initial phase

' 1

condltlons values also’ ‘supported these trends between the

9

varlous model types.
- More pr6hOunced'changes vere seen in the values of

-5 S

%'7ﬁ - In Fig. 4.8b the static stability. overtook the.

!
stream ﬁunctlon 1n 12 hours/after wh1ch it slowly moved to a-
q

,560 lead by t 72 h;.. Addlng a’ 90° latitudinal dependence in

the full model dlg,not alter thls .Value and dropplng ’

friction froc thﬁgnoig%llng resulted in only a 50 decrease~
i Vﬁ%&%k e

I'4
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_ , o
in the phase difference. Model 1, however, had a final

phase l&€ad value of 1149, a ratnef significant change which
can be attributed to the lack of sensible‘heating. Once‘~
more this trend was supported in other runs witn variogs?
‘initial conditions. ! " I
The surface heating and vertical velocity éerturbation
fields showed evidenge qf,havinngonsistent phase relations
with the stream func:-ion. Surface sensible heating was
found to lead the stream functlonkdunlng maximum growth of
the waves by a phase angle of 108-114°, This would put the
maximum heat input from the earth's‘eur? . to thev K
atmnosphere in a position upstrean :of the tgough position and
Tthe zone of:maximum cooling upstreanm 5§ the rldge during
‘ ampllflcatlon. ¢
‘In those instances‘wben fricﬁ%én was not inciuded in
the modelling €hé vertical velocity-wave-led the stream
function by approximately 102° indicating that maximum
downward veloc1t1es ;n the mld-troposphere oCCurred between .
the ridge and the downstream trough p051t10n.1 When frlctlon
was adde&”thls phase lead ‘was reduced by 4 or 5 degrees.

Figures 4.10 and 4. 11 show .the curves for. a wavelength

of L, =7000 ki, ' ‘Suchs ‘wavelength ig repfesentatlve of long A
vaves' where t e
~ i

ﬁ that of {ntek ediate” wavelengths near 4000 km. In both

’egree of 1nstab111ty is dec1dedly less than

' Y
cases shown the initial phase angles were 90°, Figure 4.10
.111ustrat%§ model 4 while Fig. 4.11 pertains to the full °.

9
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Several noteworthy differences are seen in these curves
u

when *hey are cempared uith the p&evious results for L =4000
km. As expected the perturbations now underwent a far

lesser rate of growth than seen previeusly and'rhey moved at
slewer speeds as depicted by the shallower slope to the

phase angle curves. As_ well, the rate of amplification of
the waves now. generally decreased with time and, in some
instances, as illustrared in Fig. 4.10b, the waves
experienced retrogressive tendencies,

The first perturbation quantity to sh;w a decrease in
amplitude in Fig. 4.10a was the potential temperature. This
occurred,'according'to rhe phase ,relations of Pdg. 4,10b,
when the petential temperature wave moved to within~20;25°

sy

of the stream function wave positidn. Then, as the

’

potential temperature proceeded to overtake the stream

function, the value of 7& also shoued a reduction 1n-_1‘f“;.

amplitude. This is consistent with the concept of the

thermal‘waue_overtaking the heighf wave and thereby

terminating amplification. Ibn the latter part of the 72- @-113'
. pal
‘ . . . , . ; ,\‘/ s < \
‘hour period tt> potential temperature wave continued : (\ N
ste&dily movine ayv from the streanm functjon which in turn ‘ Qh\

began to retrogress slowly.

Prev1ously the perturbatlon field vlth L,=7000 km was '3(

f :
observed to have greater lnstablllty and faster propagatlon -

rates once a meridional variation was inserted into the - «

¥ ¢

DI

vnodelling; These features Are now. refﬁected in Flgs. 4.11a

and 4 11b uhere by t*72 hours the perturbatlon quag§1t1es

s,

T ow

T . . ”



had all undergone greater amplification and had progressed
qurther east than in the preceding case.\ The increased.
.ampllflcatlon is the result of the fact that the potential
temperature never quite cvertook the streanm functlon wave
and malntalned a minimum lag of 220,

Changing the initial‘phase angles when L,=7000 kn
invoked much the same behavior in the phase angle and
amplitud;'curves as was observed with the shorter wavelength
of 4000 km. Greater amplificatiOn was found to occur when
&g was taken to be positive (lag) and £ negative (lead)@J
rather than reversing this arrangement. Of those numerical
computations performed where sensible heating was included,

' the longer 7000 knm uaves~shoved the greatest amplification
rates when €, was 180°. This arrangement 1mp11es that the
thermal wave is 1n1trally exactly out of phase with the

- stream function wave and thgs a warm trowugh- and cold ridge
structure 1sfn§esent5 ‘

In most cases'72 hours ¥as not enough i&me to establish
any Ebflnlte phase relatlonshlp between the static StJblllty
and stream function for the longer 7000 km wave. Durlng
tlmes of steady increases lnuK the vertlcal velocity wave
was found typlcally to pfﬁcede the stream function wave by
1259 to 155°. This lead was shortened to as little as 60°
~when the streanm fUDCthD experlenced weaker rates of growth

-\I

or underwent sllght damplng. It should also be noted that
I
the: magnltude ‘of the vertlcal veloc1ty field vas almost an

order of magnitude less than that found at the shorter
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‘wavelength L =4000 km. The surface heating wave tended to

remained downstream of the ridge position in the
calculations with a léading phase angle of 120° to 130° with
respect to the Stream function wave. |

At waveiengths lonéer than 7000 km the perturbatioq
field continued its trené to slower growth and greaterv
retrogressiﬁe motion. The 72-hour period of calculations
wvas insufficient to determine many consistent phase
relationships between the quantities although the behavior
of the waves is somewhat similar to the Lx=70é0 km results.

O !

4.6 B;ocking Ridge Development Over the North Pacific

Blocklng rldge act1v1ty, as 1nterpreted by Rex (1950a),
exhlblts several distingquishing characteristics in its mid-
tropospheric flow. These characteristics were defined as:

(1) a sharp transition from more or less zonal
vesterlies upstream to a meridional type of
flow downstream must occur with a block;

(ii) the basic westerly‘flow shculd have split
into two branch streams with each branch
transporting appreciable mass; and

'(iii) the two-jet fpattern must exist with an
extension of 459 of longitude or more
dowpstream from the split and must persist’ fox

a minimal ten days. i
! S

As an example of su%% rldglng occurrences a detailed casgg
study of an Atlanti¢ block was presented in the Rex (195
1nvest1gatlon. This particular ridging lasted for more than
20 days of which the first week could be @eséé&bed as belng

the growth time regulred to develop a recognlzable block

Ov"'
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from a baeir onal flow.
In subsequent investigations Rex (1950b,1951) found
that blocklng showed a seasonal and spatial preference for
its formatlon preferring the winter months over that_of the
summer and an egean envircnment over that of a continental
{location. He aiso determined that bLocking hormally
‘persisted for 2 to 3 weeks after its formation with very

A\

ttle overall motlon during ltS entire lifetinme.

/ Whereas Rex employed dally synoptic charts in hlS

P
studies, Whlte and Clark (1975) used monthly mean data to

1nvest1gate the occurrence of blocklng activity over the
North Pacific. This‘precluded\the authors' ability to

determine specific growth or duration times for blocking and

it could only be established that the blocking had occurred
1eng enough to.have affected the mean monthly pressurel
‘pattern in the mid4troposphere. In defining what Has
.considered as an oceanic block this study excluded all
rldging waves which- form%daand were centered over the
vestern part of North Asgﬁiea as being a form of amplified
mountain waves. | .‘ {

Some of White and Clark's’results have been mentiened
in Chapter 1. As shown in Fig. 4,12 the data revealed a
preference for vinter blocks which had a characteristic
wavelength of 6000 to 7000 km centered over a longitudinal
h p051t10n of 160W to 170W. The blocklng act1V1ty waéiglso

found rarely to exceed two months in 1ength at any given

~period of the Year and was ‘apatially correlated vith
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Flg 4 12 Seasonal and spatial varlablllty of North Pacific block|ng

ridges as given by White and Clark (1975) The hlstograms were based 1
’ |

on monthly mean data over a period from 1950 to 1970 The Seasons .

© were deFJned as being; winter (January- March), spring (April- -June) ,

) |
summer (July -September) and-autumn (October- December) .

A
"
¢

N ~
=

patternsrof ancmalous surface sen51ble heat flux (coollng
under the rldge p051t1cn). It wvas the authors? conclusion
thatuﬂaltlner's (1967) predictions of slow moving or
Stationary unstable longuwave grouth'explained some of these
‘Observations and, therefcre, supplied theoretical support
for their findings. However, upon closer look at the
argument presented there would seen to have been some
misinterpretation of Haltiner's results on their part.

7 o

During their dlscusslon Whlte and Clark presented Flg
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4.13 as Haltiner's unstatle phase velocity solutions for

- Cr
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WAVE LENGTH (103 km )

: CI, respectively. Values are based on Haltlner s (1

results. The mean:vertical wind shea: and mean zonal wind were

=10 m/s and U = 30 m/s in White and Clg'k's diécussion;

given as UT
however, Halfinef’s theory utilized ‘a mean zonal wind of only 20 m/s

in obtaining these curves.

U=30 m/s, Ur;10 m/s and conditions with sensible heat

transfer and vithout. 1In reality. these . curves are obt-i
for a mean zonal wind of. cnly 20 m/s. It is ‘also left '
interpretatlon in the White and Clark study that the real

portlon of the\phase veloc1ty (CR, of Figq. 4:13 applies tQ'

1)

both t he adlabatlc and ddabatic .Cases., This is misléading

~
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since the C, curve shown is valid only for the adiabatic
case. The dlabatlc version of this curve for U0=20 m/s glves
a stationary wave of approximately 7600 km vhlch is some 300-
to 400 km shorter than the 8000 km found for the adiabatic
curve. If U is taken to be 3¢ m/s as is ueed throughout the

thte and Clark discussion, the dlabatlc model as indicated
R
in Table 4 gives a stationary unstable vave of L =9000 ka.

ThlS vould then be vell beyond the 8000 km value shown in

The hehavior of Haltiner's auplified vawes hae been
likened to~that‘of.Rossby-typedwa?és. The:Rossby dispersion A
relation of; , ', | .~~b wa ' |

o 13 s . |
Zs _—,27r(ll)/ o (4.6.1)
might therefore be used to. predlct the wavelength,» S, of a
Stationary Rossby- type wave. Applylng (4.6, 1) Hlth U=30 a/s -
and/S(MSN)=1 61X10‘11 mTis—1 gives a predlcted LS value o;
8577 km. Iif U =20 m/s is substltuted into the relation hA

statlonary vavelength dlmlnlshes to 7003 km., - Neither of ;
= / . .

:theie values agrees ulth a value of 7600 km clained by/ihite f o
and Clark u51ng (4. 6 1) and U=30 m/s. The apparent /C“;W &,i«ﬁ
‘confu51on surroundlng Whlte and Clark's arguuent makes it o
Anecessary to recon51der the: theoretlcal predlctlons and ;
their appllcablllty to the characterlstlcs of North Pac1f1c - ‘},

L=

blocklng deve'pment.

%&‘ In order to. obtaln values for. the _mean vlnter Zonal

vind and vertlcal vlnd shear to be employed in the _ ‘égé o

1y
&

\ -;._' ',,',: LT . T -
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Fig. 4.14. The zonal average of the meén\hesterly winds for January

at 80 and 40 kPa over the Northern Hemisphere as given by Gates (1975).

The opengéfftles are zonal averages of the observed mean wind (for

Decehber,.Januarf, February) based on the data of Crutcher (1961).
. \

The solid curves represent the corresponding zonal averages of the

*

observed geostrophic winds as based on the data of Crutcher and

Meserve‘(1970).

computations, use was made of the curves of Fig. 4.14 which
are taken from Gates (1975). These cufves aré baséd~an.
available observedrvind‘dﬁté in the Norfhern Hemisphere and
.those’mean geostrophic>zon;l ~©.n1ds which may be éalculated
from observed géopotentiai fiolds. As shoﬁn, the zonal
average of the 80.kPa Hesterlynwind had a definiée maximum
value of 8 m/s at approximately 40N to 45N. The observed

westerly wind at 40 kPa reached its maximum of just over 21

|

85



mn/s at 30N to ‘35N although the gebstrOphlc wind was SOmewhat

stronger at 28 m/s.. In terms of vertlcal wind shear across

-~

the two 1sobar1c levels, the greatest dlfferehce in the
observed mean westerlies was ﬂonud.to occur near 35N and was
apout 16 .m/s. For the geostro. zonal wind the maximum

dlfference was slightly h1gher belng 20 m/s at about the
!

'O

same latitude.

ey

].0 —l 3 1 T
0 5 10 15 20 25 30

‘ ) ‘ U Zosal wind (m/s)
W, \

o

Fig. 4.15. Vertica] profile of the observed mean zonal wind for the

s

s

period- December to February at 45N as given by Dsds (1962). Values
‘ U ¥ . -
are based on the data of Crutcher (1959). Pressure (ordinate) is

given as a non-dimensional variable P = p/ps where P, = 90 kPa.

e

Plgure 4.15 taken fronm Doos (1962) is also based on
averaged wind data. It shows the observed Zonal wind

.profile for the winter period December to February at a i\'



o
latitude of 4S5N. The profile‘displayS'an almost constant
Qind.shear through the mid¢layers of the troposphere which
translates to roughly 12 n/s oveg the 36 kPa interval
_between P=0.8 (72 kPa) and P=0.4 (36 kPa).

Based’on Figs. 4.14 and 4;15 é representative mean 60
kPa winter value of U at 45N would be approximately 13 or 14
n/s. Since observed year-to-year chaﬂges in the
éntumn)uinter mean Qind in the lower troposphere are
typ cally in the order of 25% (Yhite andVClark,j975) an
assumed rang values for U was taken to be 14 X (.25)X(14)
n/s, giving a variation from 10.5 to 17.5 m/s. The
corresponding mean vertical wind shgar in the mid-
tropospheré was taken as being about 7 m/s over a 20 kPa
layer. Normally tke mean wind shear in the atmosphere at
mid-latitudes doe$ not experience large fluctuations. White
and Clark have establiched that the year-to-year varlablllty

in the wvinter value of the vertlcal shear for the

geostrophic wind between 100 and 70 kPa over the North

Paci}ic is only 5%. S{nce it iS5 not inconceivable that this-

also app%ies to the mid-troposphere a range of vélues was
not assigned-to U.. | | . ”
It is vorth noting that by usiﬁg U, =7 n/s the implied
mean westerly wind ﬁt 50 kPa is close to 17 m/s. If a 25%
variation is again instituted the upper ¢ cime.? becomes 21
m/s which falls significantly short of h*i" =7 Clark's
estimatevfor the mean winter westerlies of 3C - s at this

‘ .
level. General circulation studies for Januwary, such as

L)



those of Gatesc1975) and others, typically show a simulated
local mean westerly wind maximum off the cast coast ovasia
at mid-latitudes which may extend well into the North
Papific.‘ If‘correct, this imglies that the winéer value of
"U may be slightly higher in this reg;on than that deriveu
from the zonally aVegaged wind data. It is not likely,
houéver, that the increase in the mean wind over the entire
North Pacific is epough to acccunt for the rather largé
difference bétweep the averaged values and that of 30 m/s.‘
It would appear from previous studies by other authc °s that
the lowver valué of near.20 m/s 1s more co&monly used when an
estimate for the mid-latitude 50 kPa mean wind is required.

Earlier it was seen that the modelling is not
critically responsive at longer wavelengths to changes in
the ﬁean static stability. Therefofe, o uas»held constant
at 129C in the cdmputations. Discussion presented in White
and Clark's study indicated that the surface sensible heat
- exchange does not vary significantly during th vinter
months. Hence, kt_was’also given.é constant v§lde of 10—2
J/ (kg s'°C);éuring the calculat%ons.

The adiabatic version (nodel 1) did not predict the
possibility of station;ry unstable wave growth when U_=7 m/§
and U=10.5 to 17.5 m/s were used in the calculations. This
vas nct the case when sensible hééting was incorporated.
Table 8 summarizes the phasé'velocity solutions of model 2

for those wvavelengths with which the possibility of a

stationary unstable existed. PFrom this table it is

1
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Table 8. Unstable wavelengths (Lx) and the corresponding e-folding
times (te) for model 2 (diabatic, frictionless flow) using UT =7 m/s
and kt =10 2 J/ (kg s QC) over @‘relative phase velocity range of

approximately -10.5 to -17.5 m/s.

L, (km) t, (days) CR3 " U (m/s)
5500 | 6.5 -10.1

5600 Cé : - -10.6

] 5700 73 -11.1 l\\\\\

5800 7.8 -11.6

5900 8.2 -12.1

6000 8.8 -12.7

6100 9.3 -13.2 “
16200 9.7 -13.7 )
6300 0.4 . -1#.3,

6400,/ 10.9 -14.8

6500 1.5 -15.4

6600 o 12.0 ‘ -16.0°

6700 12,7 | . -16.6

6800 13.3 -174a

& . 6900 14,0 -17.7.
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conceivable that a wave within a wavelengtﬁ band of SSpO*to
6800'km could undergo stationary amplification. The upper:

end. of this waveband would require.a slightly above avefage‘
A . .
vesterly wind and longer growth times while the shorter ’

4

uavelengths wculd give fairly rapid development with a
o ' . A
weaker zonal flow. 1In general the waveband was centered

about a value of Lx;bzob km which had a relativeauaie.speed

_ . o , . 7

of about 14 m/s-and-an e-folding-time cf approximately 10
. - ‘. . . . ’

days. These values are in good agreement with

s

characteristic growth times of blocking (1 to 2 weeks), the

Y D,
previous estima;é/ggwkhe mean westerlies and observations of

vinter blocking ridgJe activity over the North Pacific,
.~ , * "
Model 2, however,-inciudes only sensible ‘heating effects.

The question therefore ari=es I ‘o whéther.incorpbration of

friction in the‘modelling might also ‘give

&

~t

predictions.
| Table 9 reviews the results of model 3 for U, =7 m/s.
The addition qf fricticn to the adiaba£ic f gu produced only
~a véry narrow Pand of p95§ibilities for stationary wave
growth, ranging from'6060 to 6300 km. A.look at_the e-
folding times cshows that, excé;t for L,=6000 km, the growth
rates of these waves were very slow. 'It is, thereforé,
unlikély that friction aloﬁeﬁcould result in stationary wave
anplifica%}pn within the model of the sa;e time and space
.scdles as atmospheric blockiné. |
: Calculations were then done for model 4 which

incorporates. sensible heat exchange and friction

s -
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,Table 9.  Unstable wavelengths (Lx)‘and the corresponding e-
folding times Q};) for model 3 (adiabatic flow with friction)

using UT =7 m/s and ks =4 x 106 s over arelative phase

elocity range of approximately -10.5 to -17.5 m/s.

-\‘ . } ' :
| ' - U (m/s)

L (kn) ¢, (days) es
5900 10.0 -10.1
6000 4.2 -1¢.7
6100 22.5 T
6200 | 42.3 4 , -11.9
6300 166 “12.6

6400 | - ‘ -13.2

simultaneously. The waveband of interest was determined as
being from 5500 to 6200 km (Table 10). 1In almost all cases

within this waveband the mean vesterly wind vas necessarily

slightly less than its loﬁg term mean of 14 m/s for

stationary wave developmeht. The'grdith rates of ‘these '

vaves, as indicated in Table 10, were a little too slow to

describe blocking development and the cenfral value of/the’

3

range of wavelengths was a rather short 5800 km. Such a
vave would require a mean weSterly wind of only 12" m/s to
beéome quasistationary, Lbut almost a month to increase its

anplitude by a factor of e. The addition of frictional
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Tebie 10.  Unstable wavelengths (Lx) and the correeponding e-folding
times (te) for model 4 using UT = 7 m/s. Surface heating and.
friction constants used were k = 10_2 J/&g m oC) and k =4 x IO "6

s_l' respectively.) The relatnve phase velocity range is approx1mately

=10.5 to ~17.5 m/s. .
L (kn) te (@ays) e - b (/)
5400 ' arw , -10.3 ,”&
5500 16.6 o -10.8
5600 19.8. -11.3
5700 239 h Cos
5800 29.7 : -12.2
5900 38.8 -12.7
6000 55.3 - -13.3
6100 86. 4 -13.8
6200 | 228 “ o143
6300 - ST
. |

effects.to the model has to a certain extent offset some of
the congruity betveen the predictions of model 2 and
observed characteristics of North Pacific blocking.

It should be cautloned that the value chosen for 0. in
- )

these calculations was critical. FPor inStance, Table 11 is‘

taken from model 4 under the sanme conditions as before

except that now 0, =8 m/s. The range of possible stationary
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Table 11. Unstable wavelepgths (Lx) and the corresponding'egfo1a?hg®
times (te) for model 4 using kt =10 2 J/(kg m/s) and ks =4 x 106"

s 1. Vertical wind shear has been increased to HT = 8 m/s in the

Y

calculations. The relative phase velocity range remains unchanged

Al

at roughly -10.5 to -17.5 m/s. . \
‘ " |
L (km) ot (days) cpy = U (/s)
5500 6.2 | -10.4
5600 -_' 8.7 -10.9
5700 9.7 -11.3
, 5860 10.8 -11.8
/5900 ' iz.z -12.3 '
6000 | 14.0 -12.8
6100 TR -13.3
6200 18.7 -13.9
B 6300 22.3 b
6400 27.4 S -14.9
6500 ) 3.2 . : -15.5
6600 45.7 ©-16.0
6700 68.6 -16.6
6800 1y C-17.2

6900 424 -17.8




>

unstablefyaves vas found to exist %rom 5600 to 6800 km. The
central valueodf'héar 62C0 km had an e-folding tioe'of |
roughly 19 days and required a mean zonal wind of’14 m/s to
maintain a quasis%ationary position. The e- foldlng growth

time is sllghtly gEGA&Er th n“found for atmospherlc

blocklng, but ctherulse’fhe'vélues are ‘in agreement once.
more with observatlons‘of‘wlnter blocking over Ehe North
Pacific and the esfimate of the mean,westerly wind speed.
Therefore,>if friction'is included in’the modeliing in '
addition to sensible heating, a 1 m/s increoso in the value
of U, was required to overcome its influence. This(might
soggest that athospheric blocking occurs in the presence of
friction if the mean vertical wind shear in the mid-
tfoposphere is”slightly above its long term mean value.,
Without the presence of sensible heating, hove:er,
statlonary wave growth as predicted by the modelllng is not
llkely to occur. This may e;plaln the observed decrease 1n.
atmospheric blocking éctivity over the North Pacific during
the summer months sinoe at this time sénsib@é heat exchange
between the ocean and atmosphete is greatly reduced.

In studies where &he mid-latitudevstanding wave problen
has beeh investigated by means of, linear stoady-state
models, it has been found toat oertain meridional A
vavelengths for the harmonic perturbations give more
rea;onable results than others when substituted into the

equations. Such was the case in the present study for

computations based on the full model version of the
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equations. Table 12 summarizes the results for three’
different meridional wavelengths: §y=600, 90° and 120°, The
value of U, Was again taken to be 7 m/s. With L]=60° the
full model does nof predict the possibility of a Stationary
unstable wave within the 10.5 to 17.5 m/s range selected for
the winter value of U. When the meridional wavelength is
changed to 90° a small band of unstable stationary waves was
possible between L =6400 and 7000 km. Howvever, the growth
rates for the waves within this waveband were very slow, .
being of the order of one to several months. The last
ﬁalue,.Ly=120°, ylelded possible stationary wave
amplification‘betueen aprroximately 5900 and 6700 knm. Once
again the e-folding tines wére,fairly-large, although at the
shorter end of the wayeband t. had decreased to about 3
weeks,

In general the fullnmodel, when used with U,=7 m/s and
Lj=60° or 90°, did neot satisfactopi;y.describe‘uinter
blocking activity over the North Pacific. With p,=1?0° the
full model predicticns were similar to thoée of modelu\‘?a~
except in one significant regard, thls being the value of

the central wvavelength within the waveband ofip0351ble

Y I

stationary unstable ampllflcatlon.?rln.th_tfkgf' olumn of

¢

Table 12 this central uavelength is 'in the}v1c1 ity of 6300
LS w“”.f - !

km which is 'some 400 to 500 knm longer tha the .central
T 9§

vavelength predlcted by model 4 (Table 10) .- yet tbe e=-

\

folding times are comparable ; The longer 6300 km value

m‘

lies in the middle of the observed mean vavelength range of

~



fable 12,

Unstable wave solutions for the full model using

Up =7 m/s, k=102 4/(kg s °C) and ko= b x 1076 5 &,

~wavelengths (Ly)
y = 0 at 45N, The x-axis wavelength (LX)
. between 5500 and 7500 km.

given In units of m/s with e~folding times (te)

The y-axis
are givenlin degrees of latitude with the origin
interval of interest is
Relative phase velocities (CR3 - b; are

expressed in units

of days.~
60° 90 = 120°
Lx (km) | t R3 ~ ] t CR3 " ty Cp3 ~
5500 | 8.4 -6.1 10.3 - ~8.0 12.1 -9.0
5600 9.0 -6.2 11.3 -8.3 13.4 -9.4
5700 9.6 6.4 12.5 8.6 15.2  -9.7
- 5800 10.3 -6.5 13.9 -8.8. 7.2 -10.1
5900 1.0 -6.7 15.3 -9.1 19.8 -10.4
6000 11.9 -6.8 17.3 -9.4 23.0 . -10.8
6100 12.8 -6.9 19.4 -9.6 27.4 -11.1
6200 13.8 -7.1 22.0 -9.9 33.6 -11.5
6300 14.9 -7.3 25.2 -10.2 1.4 1158
6400 16.1 -7.5 29.5  -10.5 56.1 -12.2
6500 17.6 7.7 35.2 -10.7 79.8  -12.6
6600 19.6  -7.8 43,4 -11.0 135 -12.9
6700 21,7, -7.9 56.0  -11.3 411 -13.3
6800 23.6 8.1 78.3  -11.6 - 136
6900 26.5 -8.2 14 -11.8 '
7000 30.0 -8.4 258 -12.1
7100 34.4 -8.5 - -12.4
7200 4.2 -8.6
7300 L6. 4 -8.7
7400 56.8 -8.9
7500 72.7  -9.0
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Table 13. Unstable wave solutions for the full model with;the
mean vertical wihd shear, UT =8 m/s. 'The respective ;urface |
Jconstants for sensibie heating and friction arevkt =102 J/(kg s oC)
and kS =b4 x 10671, The y-axis dependence is taken as being 120
dégrce; of latitude. Values shown are fdr a relative velocity

range of approximately. -10.5 to -17.5 m/s.

Y L (km) t, (days) cpg = U (n/s)

6000 9.6 -10.4
6100 10.6 -10.7
6200 BT -1
6300 12.9 1.4
6hoo 14,2 1.8
6500 16.0 -12.1
6600 17.9 # -12.5
6700 . 20.6 -12.9
6800 23.6 -13.2
6900 27.6 -13.6
7000 32.2 C-140
7100 396 .- -14.3
o . 7200 " 510 -14.7
7300 . 67.2 -15.1
. 7400 97.4 -15.5

7500 173 -15.8 .
7600 " 700 -16.2
7760 , - -16.6

— —5—

97



North Pacific bloékiﬁg which.}s/EPOd fé 7000 kmiéccord;ng to
. Fig. 4.12., |

| Recogputed predictioﬁs for the full model yith.Lj=120°
“and U, =8 m)é shoued‘an improvement in the growth‘rates ag
vas seén with model 4: As given in Table 13, all waves in
the 6000 £o 7000\kr range lie‘uithin‘the 10.5 to 17.5 m/s
range for U and could conceiwably underqgo stationary
amplification with e—folding times ranging from 10 days dt

the lower end to roughly one month at the upper extreme,'

]
)
s
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CHAPTER S

SUMMARY AND CONCLUSIONS

In this inve§£i;ation e linear two-level baroclinic
_ : %
modelqwas_fdfmuﬂated wh%ih incorporated a self-determining-
variable static stability.. The attraction of this model: was
tggé tﬁ? adiabatic-frictioﬁlessfform of the equations
contained certain invariant enerqgy and vort1C1ty propertles

.

whlch wvere désirable.' Sensible heat exchange and frictional

'

effects were then introduced ingthe equations as
pertufbation features within the\steady-state current flow.
Harmonic soluiions, independent of latitude or assigned
a simple meridional ;avelength variation, vere assumed for
the perturbation quantities. °a cubmcjfrequency equation was
obtalned and solved for varylng‘condltlons of current flow.
Analysis of the resulting phase velocity response'gurves'
showed that: v | | -

(i) adiabatic-frictionless flow yielded a band of

-

unstable—waves with max1mum 1nstab111ty at
shorter uavelengths° such flou also exhlblted
a longwave cutoff, above which wave
ampllflcatlon vas not p0551ble.

(11) sen51ble heat exchange reduced the
instability of the unstable waveband at short

and intermediate wavelengths while increasing
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the instability of longer waves.

(iii) friction diminished the instability oi che
peéturbation fielé at all wavelengths except
in tvo pnarrov regions found at the extremes of
-the un§Fabie aveband.

(iv) siluléaneous inclusion of friction and«
sensible heat exchange créated the greatest
reduction in the amount of instability
available fof sgort to medium length waves,

. but resulted in a longwvave cutoff of longer
proportions than that fouhd with adiabatic-
frictionless flow; coincident with this the
propagation speeds of the longer ﬁnStable
waves wvere significantly slowver.

(v) the instability and wave speeds of the long

waves increased as the -meridional wvavelength-

-

\\_of the perturbations dgcfeased

“The Stab111t1~0f the perturbatlon field was also
vzubject to changes in the steady-state flow. uost notable
were the effects of using larger vertical wind shéar values

]
and'shifting the x-axis to higher latitudes both of which

created increased instability in the vaves. A reductlon in

the atmospheric mean stakility produced more 1nstab111ty at
shorter wavelengths, but had appreciably less effect at
longer wavelengths.

An initial-value technigug uas enployed to deterling

the wave amplitude and phase characteristics of the various
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perturbation quantities. Numerical solutions supported the
findings of the stability analysis and indicated iesser wave
amplification and slower wave speeds as wavelengths
‘increased. It was also established that the thermal wave
necessarily lags the stream functjon during unstable wave
growth and that, convefsely, the static stability leads the
stream function wave. Maximum downward vertical velocity
and the lbcafion of maximum surface heat exgggnge to fhe
atmosphere :ere found bet;een the ridge énd the dowvnstrean
tggugh position,

It had been suggested in a previous study by White and
clark (1975) that regional North Pacific blocking activity
owed its existence to its naring environnent and the
presence of sensible heat‘flux. The present study
investigated the space and time scales of the unsta -le
baroclinic long wvaves uﬁich vere predicted by the theory.
Using representative mean winter values for the zonal vindf
and vertical wind shear, the nulericai values indicated %hat
4stationary unstable wave amplification having similar
characteristic .growth rates anq>ﬁavelengths as North Pacific
Ablocking ridges was pos- "ble when sensible heatin§ ¥as ',
present. Agrgement betveé; the numerical results and //

J

observed values was imgroved if: /
. 7/
7

(a) the vertical-uind shear in the mid+
troposphere was marginally above its long téil
mean v§lue;

)
(b) the perrurbation field vas given a single : -

'3}
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meridional wavelength of 120° of latitude.
In the absence of sensible heat exchange stationary vave
growth was possible, but not reglisiic because of the
extremely slow grout& ratés iniolved. Certéinly such
alplificafion would not occur on the same space or time
scales as observed with klocking ridges.

The position of maximum heat exchange within the .
modelled atmosphere supported tﬁe spatial correlations
between blocking and anonaloug heat flux distributionsroyer
the North Pacific ocean found by White and qlark (1975).
Thex found that ;nonalous surface senSible‘heating was
negatively correlated with the position of a‘blocking ridge
formation. IThe initjal-value technique indicated that at a
uavelength(g? 7000 km maximunm pe:turbatibnAheating in the

& ,
surfacge layﬁ} of t@e atmosphere occurred some 50°_up§tream
of the trough position\dhting developnment, thereby‘putting
maximum cooling just downstream of the ridge. .

The concept of bleccking ridge activity as a form of
'baroclinic inStability uou;d\not seen uﬁreasqnable fro; the
results which were found in this study. Bouev;r,vthe'theory
presented can bnly éast inferences on the deielopnent'bf
blocking formatioas. ’Linear perturbétion tﬁeoryacan sayg“
veryblittle of the ridge's aﬁ&lity for sustained existencé
without apparent further amplification. The model used in
this study excluded a major nechanisn‘for heating in the
atmosphere - that of latent heat release. Further

investigation is required to detérninefin what way this heat
"
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source would influence the numerical predictions.
Orographic and land/sea constraints vere also neglected in
‘the modelling. Kikuchi (1971) found in his numerical ’
studies that mountains andiland~sea distributioncplayed a
major réle in the longitudinal‘positién of the blocking
action, bhut were not necessary for the creation of blbcking
vaveforms. In addition, his study indicated that
ngmerically-simulated vlccking ridges had a tendency for
ldnger;duration if terrain effects vere included in the

. modelling. Additional theoretical approaches are reéuired,

however, to substantiate the role that orographic effects

playvin the scheme of blccking formations.
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