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Abstract
The North-Atlantic Blocking cé.se of 17=30 Dec.;ember 1978 is briefly described
synoptically and the results from several numerical 10 days global
integrations are investigated to assess the role played in both onset and
maintenance of the block by the model's global orography, by the Rocky
Mountains and by the Tibetan Plateau separately, by the surface exchanges
(land-sea contrast) and by the model's physical parameterizations. A highly
simplified analytical mddel of flow over the Rockies is also presented that
explains some features evidentiate\d by the numerical experiments. Despite
the limitations of a single case study, some efforts are made to bridge the

gap between oversimplified numerical models and observational diagnostic

studies. ‘

1. INFRODUCTION

Atmospheric blocking is a typical large~scale weather situation
)

("Grosswetterlage") mainly characterized by its meridional extent and time

persistence. Its establishment or decay usually brings about a marked chahge

of hemispheric circulation and its persisténce is associated with pronounced

deviations from climatology. The study of blocking being therefore both

theoretically and practically important, it has received long—standing

attention.

The first attempts to investigate this problem can be traced back as far as
the late 1940's and ealrly 1950's (e.g. Berggren et al, 1949; Rossby, 1949;
Yeh, 1949; Rex, 1950a and 1950b). ZLater, the closely connected problems of
the dynamics of ultra-long waves and of stratospheric sudden warmings have
attracted consi'der_able interest. Recently, there has been renewed interest
in blocking dynamics, both through linear or non-linear theoretical
approaches (Egger, 1978; Tung and Lindzen, 1979; Charney and de Vore, 1979;
K;llén, 1980). For a more comprehensive review of theories on blocking, the

reader is referred to Bengtsson (1979).



Regarding the mechanism responsible for the development of blocking, some
authors considered that it could mainly result from intense baroclinic
instability (Yeh and collabérators, 1962; Namias, 1964). This would be
consistent with the hypothesis éﬁat the energy of the ultra—-long waves seems
to stem from the-conversion of available potential energy (Wiin=-Nielsen et
al, 1963)5 Other authors havg concentrated their attention more on the
asymmetry of atmospheric forcings and have related this to the géographical
distribution of blocking frequency {(Egger, 1978; Tung and’Lindzen, 5979).
Egger (1978) suggested that blocking can result from the interaction of
forced waves and moving free waves, while Tung and Lindzen (1979) proposed‘a
resonant type mechanism. However, the link between fhese two aspécts has not
been fully clarified yet (Chen, 1979). Although the effect of orography has
been widely emphasized, its relative role compared to land-sea contrast in
the dynamics of blocking is still ambiguous.‘ The results of numefical
experiments by Everson and Davies (1970) shﬁwed that only the existence of
longitudinal‘land-sea temperature differential led to blocking. White and
Clark (1975) stressed the importance of land~sea thermal contrasts in making
it easier for the ultra-long waves to become barocliniéally unstable. Tung
and DLindzen (1979) argued that the sea su:face temperature can play a
constructive rather than destructive role only when‘a climatologically
abnormal distribution of SST occurs, while Kikuchi (1971) showed that
land-sea contrast alone accounts for a small proportion of the distribution

of frequency of blocking occurrence.

The present study is attempting to assess the‘relative importance of these
forcings and how they play their part during a real blocking situation, using
a numerical simulation of the occurrence. The 1ink between the forcings and

the stability properties inherent to the atmosphere will also be discussed.



Most numerical experiments intended to simulate blocking have been initiated
from an idealized state and/or conducted by highly simplified models (eeg.
Egger, 1978; Kikuchi, 1971; Kalnay-Rivas and Merkine, 1981). An alternative
approach is discussed in Bengtsson (1981),’ where a sophisticated GCM has been ;
gsed on real global initial conditions. This approach is intended to give a .
more realistic representation of étmospheric blocking. The present study
also pursues this way of attack. Using the ECMWF grid point model (Burridge
and Haseler, 1977, Tiedtkg ket al,‘ 1979) a series of ten day forecasts for the
17 Dec, 1978 case have been performéd using different médel c‘:onfi*gurations

and surface boundary conditions (forcing).

Section 2 contains a brief general synoptic description of the case study,
while Sections 3 to 6 describe the experiments in detail. Section 7 contains
an attempt, through a very simple analytical approach, to explain how a-
largefscale orographic feature like the Rock;y Mountains 'éan favour the onset

and maintenance of blocking. l

2. THE SELECTED CASE: THE BLOCKING SITUATION OF 17-30 DECEMBER 19')8

This is a typical case of ‘Atlantic blocking (see Fig. 1), the formation and
persistence of which give rise to a spell of severe cold weather in the
north-west of Europe. It -is a "meridional type" blocking, as classified by
Sumner (1954). The event begins with the inténse development of a low on the
east coast of North America (Fig. ta), the maximum pressure drop for 24 hours
being 34 dams at 500 mb and 31 mb at the surface. The typical blocking flow
pattern establishes around day 5 of the f_orecaét, showing all the main.
features described by Rex (1950a and 1950b). ©Noticeable are the huge high
and two branches of the split jet, especially the one to the north
(Fige. 1c,d). “I‘he centre of the high remains nearly at the same position,‘
(east of Greenland, around 30°W, 70°N) from day 5 to day 10. Afterwards, it

slowly moves to the west weakening and dying away, but still persisting for

another three days.
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A major change of circulation of the whole northern hemisphere accompanies
the build~up of the block; a pre-existing relatively zonal flow over the
Atlantic area completel§ breaks down. Over EBurasia, on the contrary, a
transition from a meridional pattern tp dominating westerlies occurs and the
centre of polar vortex moves to be situated over Agia (Fig. 1d). The success
or failure to represent these conspicuous. changes will be the basis for tﬁe

following discussion of the numerical experiments.

3. THE CONTROL RUN

Table 1 lists the characteristics of all the experimen_ts performed. The
table shows also a "useful predictability" parameter which shows the time at
which the anomaly correlation of geopotential height (averaged over 1000-200
mb and 20°-85°N) degrades to 0.6. The value 0.6, although arbitrary in
principle, is used following Hollingsworth et al (1980). "We will first
describe Exp.F81, the control run, that includes orography and land-sea
contrast together with all model phﬁ(sics (Tiedtke et al, 1979) and will serve

as the basis for comparison.

The control.run is also characterized by the highest objective skill of all
the experiments. Synoptically, as can be seen in Fig. 2 and 3, it captures
the main features of the blocking episode, such as the splitting of the jet,
the separation and position of the high-low pressure doublet an& the ensuing
drastic change of circulation pattern over Eurasia. Even up to day 8 the
predicted chart shows a good resemblance to the observed. Obvious drawbacks
are an underestimation of the intensity of the high pressure cell and a
considerable phase error in the éositioning of the blocking feature from day

8 to day 10.

If we look at the Hovm8ller diagram for the 10 day period (Fig. 3), we can

see that after the intense development of the off-coast low and downstream
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Fig. 2 Model run F81 (control) for (a) day 2, (b) day 4.
Upper: 500 mb height drawn every 8 dam.
Lower: 1000 mb height drawn every 4 dam.
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ridge, there are two successive troughs coming up and developing in the same

reqion as the previous slow dying trough, that is between 90°W and 60°W.
Each of these trough developments results in a nearly in-phase interaction
between the transient and the standing features. A point worth mentioning is
that the evolution phase of these transient wave packets are under the
influence or control of the orography,and in this sense they are also
p;rtially "forced" rather than completely "free". This seems to contribute

to the maintenance of the block: we will come back to this point later.

It is interesting to investigate the energetics throughout the 10 day period
(Fig. 4). During the early part of the sét-up phase of the blocking, an
increase of kinetic energy (XE) takes place in the wavenumber band 4 to 9.
On day 3, the KE of this band shows a sharp decrease, offset by an increase
of KE for the wavenumber band 1 to 3. The forecast shows a similar behaviour
of energetics, though the increase of XE for wavenumbers 1-3 is weaker. This
suggests that the ultra-long waves during a blocking situation might receive
a considerable part of their KE from non-linear interaction with long waves
rather than simply from direct baroclinic instability of the ultra-long waves
themselves, (White and Clark, 1975){ This result is, in this respect,
somewhat different from the case investigated by Bengtsson (1981) where the
amplitude of the ultra-long waves was reduced during the build-up of the

blocking*.

A o o et ot e v

*It has been brought to the attention of the authors that diagnostics
results, based on observations, presented in an independent work on this same
blocking development by Hansen and Chen (1982) are in very good agreement
with our findings on the energetic behaviour and energetic exchange between

wavenumber bands. We are grateful to A.Simmons for pointing this out to us.

11
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It is also interesting to note that during the early stages (day 2) the

latitudinal distribution of momentum flux (Fig. 5 ) shows two convergence
zones at about 35°N and 60°N respectively which seem to indicate the build-up
of separate branches of the jet. The forecast is successful in capturing

this aspect of the development.

4. THE INFLUENCE.VOF OROGRAPHY

4.1 Theiexpéfimeht wifhout’mountains

This sectioh‘will édncentrate on the effect of oragraphy. Exé.GO? was run
with the same model as the control experiment but without mountains. This
comparison should théfefore highlight the global effects of orography.
Fig. 6{shows clearly that, although the first few days of forecast look
similar, the differences that develop during the integraﬁion are very large
as should be expected. The ridge over the Atléntic is completely missing,
instead, a ridge o?er North America appears and-develops into a blocking—like
patteré é£ day tgn. This perhaps fortuitous event suggests that the inherent
atmospheric baroclinity coupled with land;sea constrast effects might be
enough’ to produce blécking—like situations, but more or less. as free-running
modes.; The regional preference or the phase-locking action on the ultra-long
waves seems to be a main attribute of the orography rather.than of the
land-sea contrast. If we look at the Hovmoller diagram for wavenumbers 1 to
3 (Fig. 7), we can see this more clearly. The ultra-long wave components
move eastward in the no-mountain run, while in the control run they remain,
by and large, at the same longitude as the observed ones. Consequently, the
deterioration of forecast skill for this run comes mainly from the wavenumber

1 to 3 components (see Table 1).

Some more regional characteristics connected to the Rockies can also be
noticed observing the daily difference maps. Fig. 8 shows the day 2 and 4
difference maps; a time, therefore, when the blocking has not yet become

established. Two belts of opposite sign stretching to the east of the

13
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Rockies can be observed in Fig.8b, consisting of a street of dipoles

reminiscent of blocking high~low structures, and of split jets (see also

Sect.4.3).

4.2 The influence of the Tibetan Plateau

It may be of interest to try to evaluate to what extént the Tibetan Plateau
may influence the build-up of an Atlantic blocking. This was attempted by
setting the height of the topography equal to zero within the region
15°W~-180°E, 90°N=-50°S (Experiment G14). It should be noted that this

procedure also removes the European mountains (e.g. the Alps).

Fig.9 gives the difference maps at two day intervals between Experiment G14
and the control run. These difference maps can be interpreted as
representing the propagation of the signal caused by the forcing due to the
Tibetan Plateau. The major differences originaté at abbut 75°E and propagate
to reach 105°W by day 6 at an average speed of about 30° longitude per day.
This corresponds approximately to the group velocity of Rossby waves for
wavenumber 4 at 45°N if U=20 m/sec. At this speed the influence will
propagate eastward to reach the Atlantic area in eight days. It is worth
noticing the sharp transition undergone by the difference pattern across the
Rockies, both in amplitude and horizontal scale. (Fig. 9c,d,e). This can
only partly be explained by the progressive attenuation of the signal during
its eastward propagation. Another possiblé reason for this is that the
Rockies have an upstream (as well as downstream) influence related to theilr
horizontal scale. Fig. 10 shows that the blocking situation is still
produced in Experiment G14 although the closed high centre appears later, is
weaker and slightly displaced towards the east compared with the control

experiment (Fig. 3).

18
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Fig. 9 Time evolution of the difference between the 500 mb height
of F81 (control) and G14 (without the Tibet Plateau) for day
2 (a), day 4 (b), day 6 (c), day 8 (d) and day 10 (e).
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Fig. 10 Model run Gl4 (run without the Tibetan Plateau). (a) day 2,
(b) day 4. '
Upper: 500 mb height . drawn every 8 dam. Lower: 1000 mb
height drawn every 4 dam.
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4.3 The influence of the Rockies

Fige. 11 shows the results of Exp.G63, in which the Rockies and Greenland have
been removed from the global orography. As expected, the blocking over the
Atlantic never appears and is replaced by a.zonal flow. As can be seen from
‘the 500 mb height mean difference map referring to the first 5 days of the
experiment, althoec'gh ’for,both forecasts the blo'ckiné 'has not yet been set up,
the difference field already éessesses features Vﬁypical_of a blocking'
‘"paj’:tern, i.e. an isolated high to the north and a belt of low pressure to
the south, the scale being relatively small. Moreover, the 5 days. mean 1000,
mb height difference map presents a nearly identical pattern, suggesting the

influence to be mainly barotropic in character (Fig. 12).

“This result along with those descrii)ed in tkhe previous Section suggests that
even a simple theoretlcal model of the effect of the Rockies on large-scale
‘ atmosphera.c motion should perhaps take into consideration its horizontal
sc'ale and the finiteness of its N-S extent. A description of such a simple

‘a,‘nalytiC model is presented in Section 7.

5« THE EFFECT OF LAND-SEA CONTRAST

Experiment ¢16 was designed to isolate the effeet of land-sea contrast. 1In
| order to do thls, all the sea grld—p01nts have been reset to an essentially
dry soil surface condition with an appropriate value for the surface
friction; the surface temperature has also initially been set equal to the
lowexrmost air temperakture value, with the intention to remove one of the main
forcings the sea exerts on the atmosphere in winter time, that is the
sensible heat flux. The values used foi some parameters characteristic of

_the surface are listed in Table 1.

Fig. 13 shows that the elimination of the sea-surface from the model
essentially results in the disappearance of the blocking from the forecast.

The model fails to predict the splitting of the jet and the separation of the

22
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Fig. 11 ‘Model run G63 (run without the Rockies). (a) day 2,
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Top: 500 mb geopotential height drawn every
Bottom: 1000 mb geopotential height drawn every 2 dam.
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high cell, although a ridge persists over the Atlantic area throughout the
later part of the 10 day forecast. This is most likely to be ascribed to the

effect of the orography, as mentioned above.

Fig. 14 g:vi.ves'the.mean difference for the first five days vbetween experimenf
616 and control. The lack of heat supply from the lower boundary and: the
increase of surface friction inhibit the furﬁher'development of the iow of £
the North American east coésf, especially at lower 1evelsA (’Fig.‘14b)“: As a
consequeﬁce, the nbrthward horizontal sensible heat flux is feduced, which is
essential to the set—i;p of a warm high. To see this more closely, F’:i.;;.15
shows the sensible heat flux diverge‘nce and the conversion between AE
(availabie potential erier:gy) and KE a'1‘: day 2 of the forecasts for thé
Atlantic a‘re.a of int.er‘est. | It is clear that  the absence of land-sea contasts
results in a reduced lvow-lyevel ’heat supply ‘arid in a consequently reduce@
baroclinic activity; hence a reduction in the conversion AE~KE takes pla‘ce;‘

throughout the entire troposphere.

It is also of interest to see the differént distribution of precipitation
over the Western Atlantic produced Ey the twc; expériments (Fig.16). For the
control run, the forcing produced by the release of latent hgat seems
non-negligible even in winter time. The larée scale precipitation alone witl;l
a,maximum. of 28 mm/day, is responsible fqr warming up the air up to about
5°Cc/day fé)r the lovéer half of the atmosphere.r Moréover, the maximum of the
heating i;s centred at the rear of the ridge, with a phase lA_,ag‘:j of about 1/4 of
wavelength, which would favom:" the further ,;‘develc')pment ko-f‘ the wave and a
nothward transfer of heat. For Exp.G1§, fhe amount of precipitation 1s
greatly reduced; in particular the amount of convective precipitation ié
about one half of the one produced by the control run. These differences
most likely stem from the lack of moisture supply through the lower boundary

and of the destabilizing effect of a warm sea surface. It might be
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16 Comparison of model-produced precipitation between experiment
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worthwhile to point out that the considerable heat flux, latent or sensible,

coming though the sea surface (maps not shown here), is mostly confined to a
limited ocean area adjacent to the east coast of North America and seems to

be more a phenomenon taking place on the long Wave scale than on the

"ultra-long wave scale;

This reeult, together with those meﬁtioned in Sect., 4.1, suggest that the
influence of land-sea contrast evidences itself in eﬂhanciné the.intensiﬁy of
the developmeﬁt of the low near the coast thus reinforcing the effect of
orography, even for avclimatelogical sea surface temperature (SsT)
distributidn. It can, fherefore, be generally of importance, as it is in
this particular case, for the onset of a blocking event. However, the
land~sea contrast alone does not seem to be the forcing chiefly responsible
for confrolling the positioning of the ensuing large-scale trough development
and its locking in phase so crucial to the maintenance of the blocking
pattern. We thefefore conclude thet, at least ih this particular cese study
and as far as the maintenance of the blqck is ‘concerned, the effect of the
land-sea contrast is: of secondery importance compared to the orographic

effect.

6. THE INFLUENCE OF DIABATIC EFFECTS (THE MODEL. "PHYSICS"™)

Exp.F98 and Exp.I114 were designed with‘the aim to identify the overall effect
of’the model's "physics", including sub—gxidkscale energy sources and sinks.
Both ruﬁs are esentially adiabatic and only a small surface friction
(corresponding to a seartype'surface) is included; I14 has mountains, while

F98 has not.

First of all, as can be seen from Table 1 the no-mountain minimum physics run
shows the worst objective scores of all experiments. This confirms the
conclusion arrived at by Bengtsson (1981) that in order to obtain useful

predictability of blocking on a time scale greater than 5 days, high
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resolution and realistic model physics are both of importance.

Secondly, both Fig. 17 (F98) and Fibg. 18 (I1k4) sho;n model runs mainly
characterised by overdevelopment of systems, leading to an excessive growth
of eddy XE. This suggests that we ha&e removed more energy dissipating
factors than enerigy supplying factqrs. It is‘int.eresting that, ,altﬁough in
experirélent F98 the overdevelopment 'tak‘ing place ovef the East Coast of North
America does ‘b.k‘ringv ab‘outﬁ a rgpid onset . of a blocking feature on day 7, this
dies away right after one ,day.‘ As can be seen from the HSvmoller diagram
(Fig. 7), no successive troughs are observed within the région between 90°W
and 60°W. This is obviously different from the control run F81 and again
illustrates the dominating effect ofiorography on the maintenance of
blocking. 'converggly, the mini‘mum physics experiment with‘mountains (114)
producés the setup and maintenanée of the block, té some extent, although it
is affected b;y' an :Ob,vious m»isrepresem.:atyiohnof the behaviour of the northern
branch of thg jet (seé Fig. 18,b,”c‘):. ) Sj.nce in Exp.I14 the land-sea contrast
has of neces;sit‘:j beén éiimiﬁéﬁed tc‘akgethervw’ith most other. diabatic effects,
it comes Aatural to Cmpére it with experiment VG16(Fig. 13) that similarly
had mountains and no lahd-,sea contrast, but also had all model's physics
(vertiAcal turbulent diffusion, condensation effects, clouds and radiation).
The results of this canparison are somewhat puzzling, since it would seem
that the introduction of these diabatic efffects in the modelling has the net
effect of deterioratir;g even further the maintenance of the 'blocking',
contrary to what one would, a priori, expect. This apparent inconsistency
can, however, be reconciled thinking in terms of the life cycle of the East
Coast development crucial to the onset of the Atlantic Block. Removing the
sea~-located fleat sources but leaving the diabatic effects of moisture
condensation (Exp.G16) results in a shortening of the life of this
perturbation, in a consequently reduced overall baroclinic efficiency of the

high-low system and therefore in a very weak blocking ridge. If, however,
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height drawn every 4 dam.
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c) day 6,
Lower: 1000 mb

Upper: 500 mb height drawn every 8 dam.

height drawn every 4 dam.

Fig. 17 (contd.) Same as Fig. 2 but for experiment F98 (adiabatic, no mountains).
d) day 8, e) day 10.
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the absencé of the surface heat source is overlapped with the absence >of
condensatj.on effects,v the quasi-adiabatic development of the low regains
st:ength and is able to prepare the ’right conditions for the onset of the
blpcking ridge. It is also interestirig to note at this‘ stage that I14 .’LS the
experimen:t that bes‘ty_: cgptures thei longitudinal phase positioning of the
blocking doublet‘,kkbetter even, in this ;éspect only, than the ;:ontrol
experiment, heavily affecteci, by an eastward dispiécement of the blocking

feature.

7. A SIMPLE ANALYTIC MODEL OF’THE INFLUENCE OF THE RDCKIES
ON LARGE SCALE FLOW

kAsb.mentioned in Section 4.3, the differenge f;lelds for 1000 mb geopotential
(a;'ld, to a slightly lesser exten£ for 500 mb :geopotential) between control
and the n,p-Rc#ckies expefiment show k;a regionél feature characterized by two
‘strips of: alternatively inverted dipoles, stretching to the east of the
‘((missing)l Rc;ckies. ‘_Thé‘ first dipole (1ongitqde of the axis aroqnd ‘90’W, see
Flg. 12a) has the negativek maximﬁm of 8 dam.at 50°=55°"N an@ the positive
‘maximum, ‘again of 8 datﬁ, around 40° N. The ‘second dipole, pmuc.h weaker in
iﬁtensity, is centered around 60° W with positive maximum to the north and
»nega;tive maximum to the south. 'fhe third dipole (positive maximum to thé
south and;. negative to thé north) ;iés around .40° W and the fourth around 15, 4
‘This sigﬁature seems . to be conﬁected with the meridional variation of the
mountain ‘profi]:e, this being. part.icuiarly important to the‘. Rockies;,
comparatively narrow in the E-W direction bﬁt largely elongated /along’ thé

N=-S.
Malguzzi and Speranza (1981), discussing the possibility of obtaining block

like solutions as a product of local multiple-equilibria, take into account

non-sinusoidal orography and obtain flow patterns reminiscent of a street of
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dipoles (cf.their Figs. 5 and 8). In this Section we attempt a very simple
analytical interpretation, using an equivalent—barotropic atmosphere, of the
effect of a mountain with a finite N-S extent on a train of large~scale

propagating planetary waves,

Starting from the well-known vorticity () equation in p~coordinates:

o,y - _e (1
%yt v D = £ 5

@w

with linearized boundary conditions

w=20 at p = o0 (2a)

(2b)

I
g

m:-pogyo'VZ* at p o

where z, -'is the height of the orography, pQ is the surface pressure (taken as
a constant, hence the linearizations of the boundary conditions) and all
other symbols are used in their common meaning. Vertical advection of
vorticity and twisting terms have been neglected in (1) following, €.g.,

Lorenz (1960).

Integrating (1) in the vertical for an equivalent barotropic atmosphere under

conditions (2) gives:

[s>]
Y2

+§ v (gHfn,) = 0 (3)

Q2
g

Z RT

o .
where h, = £ a , B = e (scale height) and

o is a constant proportional to the ratio |25[/|iJ_
Egn.(3) now applies to an "equivalent barotropic" level (the symbol~

indicating guantities at this level) and subscript o indicates guantities

evaluated at the lower boundary.
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If we now linearize (3) with respect to a purely zonal flow a, we obtain:

1 - 9

L5 4 2 ' '+ h + 1 =0 (4)
v u g (g' + h,) Bv ,

where ' and v' now indicate perturbation quantities and ucan still be

2~

considered a function of y (and in this case B = Ef-— 3—E').
9y By2

only interested in a "regional" effect in the immediate lee of the mountain

Since we are

and for simplicity, we will neglect the B term in (4): this is equivalent té

5
consider that the typical E-W wavenumber of the mountain is »> (%?) , that is
u
the mountain has a narrow E=-W scale.
Now assume h* and hence 7' to be of the form
(
c= Re |a (y,t) exp |ilkx - 8, (v,0)] (5a)
h, = Re \j%* (y) exp [i[ kx - 5*(Y)]] ‘ (5b)

where Ac and SC are real guantities. This is eqguivalent to choosing a
perturbation plane wavetrain moving over a cosine-profile topography of the
same wavelength along x. Substituting (5) in (4) and solving for real and

imaginary part separately gives:

9A
L = u i § -6 (6a)
e A, uk sin ( z %) ,
38 a '
% kit —3 5 =8 (6b)
oE = ku + a uk cos ( r %)

z

Equations (6) describe the local rate of change of, respectively, the wave
amplifude and phase (Chen, 1980). Aﬁ intuitive conseguence of Eqn.6a is
that, Qhen a trough is moving in the region in the lee of the mountain
(GE -8, < [ o,m] ), it also develops, since its amplitude is increasing in

time. Equations (6) also tell us that we may expect a variation of the local

40.



phase speed of the wave (de/at) with latitude (‘y-coordinate) Aue to the
north-south variations of the mountain profile. If we then imagine a train
of large=scale wéves approaching a mountain with a finite north-south extent,
we can expect variations in the local phase spe(;,d that will produce local
retardation (or ac.celeration) of the apéroaéhing wave and therefore, tiltincj

of the otherwise north~south oriented trough (and ridge) axes.

If we now try to estimate what the effect of such tilting on the north-south
eddy momentum transport associated with the propagating waves would be, we
can infer if and where (along y) the effect of the mountain is to slow down

or to accelerate the mean westerlies.

Considering the wave problem sketched above in terms of a perturbation
streamfunction ' expressed in the same form as (5), the geostrophic eddy

momentum flux within ‘one wavelength T_.x can be expressed as:

1 P 3y’ By’ x 2 %% 7
Tl = L AL == p¢ —= 7
bt L, [ 9% 9y dx =73 Y oy

(@]

where AIIJ ig the amplitude of the perturbation streamfunction q,' and the
meridional variation of the streamfunction phase 5—;— has been replaced by

38
—, implying consequently that streamfunction and vorticity should show the

dy
same tilting of the north-~south trough-ridge axes. This is immediately

evident in the case of a perturbation periodic in y (with wavenumber £}

because in such a case it would be [ = V21p and Byy v = —2211; .

Making use of (6b), (7) can be rewritten

9 - 2 92 TR,
g 4V =5 u By, 3y | A °°F (SC—G*)] (8)
v ,

where, again for simplicity, we have used the assumption that the basic state
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has no latitudinal variations.

The intuitive meaning of (8) is now very clear; it indicates that the local
rate of change of momentum flux is determined by the north-south slope of the
mountain and by the phase relationship between the mountain and the waves and
is proportionall to the mean flow speed U aﬁd to the amplitude of the

perturbation streamfunction AIV

If we choose to fix our attention on the effects of the meridional wvariation

of the mountain slope .and to the instant in which the topographically

. :
reinforced trough is in the lee (61_? -8,<l 5 m] , hence cos (‘52; - 8,) < 0),
we see that ’

P <0 implies 2 u'v' >0

ay P ot

like, for example, at the northern end of the north-south extending chain,
and

°a,

oy

>0 implies -SB—E u'v' < 0

at its southern end.

The net result is increase of» horizontal westerly momentum at both ends of
the mountain and decrease in the middle; this means that the net effect of
this transient behaviour is to slow down the westerlies in the central part
of the region immediately in the lee of the mountéin and to accelerate them
at both north and south ends of it. This would tend to produce a “"trailing"
trough north of the barrier (eastward tilt with latitude) and a "leading”
trough south of it, see Fige. 19. This can be interpreted as a. tendency to
"split" the westerly jet into two separate branches, favouring, in t’his way,
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Fig. 19 A schematic diagram describing the tilting of an eastward-
propagating large-scale trough in the lee of a North-South elongated
mountain. Thin solid lines : stream lines. Thick solid line
trough axis. Large arrows show the direction of westerly
momentum transfer and thin dashed arrows, the change in the zonal
flow.
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both onset and maintenance of a blocking pattern.

O0f course, given the E;W periodicity of our analysis, the effect now
mentioned would integrate to zero if integrated over one full E~W wavelength,
due to the compensating (jet-splitting) effect of the mountain-trough
interaction and of the {jet-rejoining) effect of the succeeding
mountain-ridge interaction. If, however, the oncoming wavetrain is
evanescent (or has evolved) in time in such a way to give preference to the
trough rather than to the ridge, the net effect will be to ‘favour ‘the split
of the westerly jet in the lee of the barrier (e.g. KXalnay-Rivas and Merkine

(1981)).

Grgen (1977) has stressed the importance of the eddy transfer of momentum in
maintaining the blocking anticyclone. These simple considerations might
provide a 1ink with the effect of orography. It is also interesting to see
in the work by Malguzzi and Speranza, (1981) that the inéertion of a
realistic orography in their analytical channel-type model produces a stable
equilibrium state that shows wave patterns very similar to those described
above and compatible with our interpretation of Egn.8 (see Fig. 8 in Malguzzi
and Speranza, 1981). The idealized numerical experiments by Kalnay-Rivas and
Merkine (1981) with a Rockies-like obstacle in a wavy zonal flow also show

similar features.

8., CONCLUDING REMARKS

There are several objections that can be made to this type of numerical
experiments. For instance, the conclusions that can be drawn by a simple
case study have limited applicability and the level of complication of the
numerical model used is such that all its components are highly interactive

in a deeply non-linear fashion. Omn the other hand, we feel that the
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existence of GCM-type models that are able to reproduce real blocking cases,

at least to a point, should be exploited to try to bridge the gap between

highly simplified models. and real data diagnostic studies.

Having in mind the limitations of the present investigation, the following

conclusions can be derived:

a) For a blocking to become established an intense development seems
necessary; this coincides witﬁ an increase in the wavenﬁmber 4 to 9
kinetic energy and therefore stresses the direct importance of the
representation of synoptic-scale waves in numerical models. It should,
however, be remembered that the importance of the synoptic scales for
maintenance of blocking can also be felt via the (non-linear)
interactions that these shorter scales can have with longer

planetary-type waves; see also Tibaldi and Ji (1982).

(b) The effect of the earth's orography seems essential for both the
build-up and the maintenance of the blocking pattern, but in particular
foi its maintenance. The role of the orography in controlling
successive in-phase interactions between transient eddies and standing
waves (and particularly in the maintenance of the latter) seems to be

paramount.

(c) A degree of "iocality" can be recognized in the role of large-scale
orography. This is to say that the effect of removing part of the
orographic forcing (e.g. in a particular geographical location) has
the effect of generating a train of spuriously (mainly eastward)
propagating Rossby~type waves that would otherwise be locked in phase.
If the area of concern is to the east and nearer £o the orographic
feature "removed", the disrupting effect is immediate. On the other

hand, within 8 to 10 days the whole hemisphere will be severely

affected. a5



(d) The influence of land-sea contrast onvblocking seems to be mostly
confined to. controlling the intensity of the intense development that
initiates the process, reinforcing the effects of the orography énd of
the intrinsic wave baroclinity. Its importance seems to be limited to
the buildfup’of the blocking feature rather than to the maintenance of
its In this sense its role seems to be secondary compared to the

orographic effect.

(e) The influence of the model's "physics" is 1ess clear, as could be
expected from generalacopsidepatiops on the profound non-linearity of
) the'mode;’used and of its internal interactions. An almost qompletely
adiabatic model seems able to_produce a blocking feature in aAsimilar
‘4position, albeit diffe:ent in several respects. The simultaneous
gbsence, in the model, of surfacg diabatic forcing and of internal,
essentially diss%pative,Jcondensatiqn effects, seems to generate a
situation in which these two error sourceskcompengate, to a point, ech

other,kat>1eastvin the early part of the simulation.

. (£) The role of the Rockies and ofAthei; finite latitudinal extent has
. been investigated further by means qf'the analysis of the equiv;lent
barotropic vorticity equation and geostrophic eddy momentum flux
equation and it has been shown that a possible net effect is tq promote
a field of momentum flux in the lee of the mountain that leads to a
split of thekwesterlies./ This is shown to be consistent with the
numerical experiments and’with previous results reportgd in the

literature.
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