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ABSTRACT

The role of orographiéally induced ‘cyclogenesis in the lee’of the Alps in
favouring the onset of Euro~Atlantic blocking is investkigated by means of
numerical simulations of a real case . The model used is ’the ECMWF global
grid-point model as operational in August 1980. Whilé the essenfial par£
that the local orography (the Alps) plays in triggering4the development of
cyclonic disturbances is confirmed kfor the first time using a global model,
the relationship bgtween Alpine cyciogenesis a‘nd Eurqpean blocking remains
less cle‘ar. The importance of global orography in generating and maintaining
the blocking pattern is subseqguently investigated and its crucial role

evidenced and discussed.

1. INTRDDUCTION

During the period of formation of blocking situations over Europe t‘he
Mediterranean is dominated, on average, by an area of relative depression,
being affected by troughs or cut—pff lows which are the counterpart of the
high pressure that establishes itself over the north—easternm Atlantic or over

Northern Europe.

In the various studies of blocking which’ have appeared in the literature,
attention has mostly been devoted to the blocking anticyclone that develops
and persists at high latitudes, rather th’an to the whole associated
circulatiqn. The reason is probably that the anticyclone has a more defiﬁed
and persistent character ("centre of action") than the surrounding, more
mobile, lows. However, from a dynamical point of view, it is not obvious
that the role of these‘ lows is secondary in importance for the establishment

and maintenance of the blocking equilibrium.

In a recent paper, Illari, Malguzzi and Speranza (1980), hereafter referred

to as IMS, point out that cyclogenesis in the Mediterranean assumes, in some



cases, the character of an "absolute" (or’ "in place") instability, resulting
in the f'ormation of stationary or slowly moving cut-off lows. This process
is often associated with the breakdown of the westerlikeks over the Eastern
Atlantic anq Western Europe. The interruption of the mid-latitude westerly
jet can, in tﬁrn', lead to a persistent blocking situaticzo;ly in t”he manner

schematically described by Berggren, Bolin and Rossby (1949).

There is, theréfore, sdme observational eiridence of a connection betweeﬁ deep
cyclonic formation over the Mediterfanean and Europeakn biocking. Since a
large number of 'cyclogenéses in the Western and Central Mediterranean é.re lee
cyclogeneses caused or modified by the surrounding topography (Buzzi and
Tibaldi, 1978, hereafter referred to as BT), we can also hypotheéize an
. indirect link between the orography of Southern Europe (the Alps in
particular) and European blocking. It is this aspect that ori'g:ii.vnaily'

prompted this work.

There are a‘lso some theoretical considerétions,- that can suggaes4t a link
between absoluﬁe (in the IMS gense) cyclogenesis and b’locking. A blocking
situation is in general associated with anomalous amplitudes of the" first few
zonal wavenumber components in thé middle troposphere (Austin, 1980), but it
oftén appears also as a "local"™ (on the planetary scalek) persistent
disturbance, comparatively stable‘ wifh respect to changes in‘ﬁpsﬁ'ream and
downstream conditions. This means that the atxnéspheric state is in a locally
stab‘le state, possibly of the kind suggested by the solutions of Mcwilliéms
(1980, free modon), Trevisan and Buzzi (1980, solution with forcing) and
Malguzzi and Speranza (1981, non-linear local resonance). kIn all of these
cases the non—linéarity plays an important i‘ole, and hence the shape ié
important in determining the equilibrium properties of the soiution. In
particular, McWilliams' and Malguzzi and Speranza's models reproduce the

splitting of the jet typical of European blocking. It seems therefore



plausible that local diéturbances which tend to establish a flow pattern
(splitting of the jet, cut-off lows at middle-low latitudes) resembling that
of blocking and in the right position (localized for.:cing’ being probably
important) can lead to a proper blbcking state, :éonsid‘ering'also that this
state could have an "attracting" nature in the phase space of the atmdspheric

system (Charney and De Vore, 1979).

The dynamical problem of the entraxiée into a blocking situation is still open
to theoretical and observational investigations. 1In this paper we describe
how we try to ggin some insight into thesev‘problems by means of numerical
experiments on a real case of European b}ocking precedé’dv by ;k‘deep
cyclogenesis in the lee of the Alps. As more extensively reported below, the
synoptic analysis suggests a link bet ween cyciogenesis ‘and blocking, in the
sense that ﬁhe former seemed to have favoured the onset of the latter or, at
least; controlled i{:s shape and characteristicé. 'A second aim of »this work
is to study the behaviour of a modei designed kfor large scale simulation and
prediction, in the presence of a phenomenon like lee cyclogenesis which is
initi;ted’by the action of a topographic obstacle (the Alps) whose scale is
only marginally resolved by the model §rid. If we shoﬁid conclude that
orographically' induced cyclogenesis is relevant for the subksequent formation
of blocking, we would have to face a typical probl’em of signal propagation
from sub-synoptic scale to'planetary scale, with possible implications on the
importance of higher resolution modelling in NWP. The solution of this
problem would require particular efforts to includé the effects of steep

orography of comparatively small horizontal scale.

We also report here about a preliminary result concerning the role of large

scale orographic forcing producing and maintaining atmospheric blocking.

We choose, for our experiments, the N48 grid—-point model in operation at the

European Centre for Medium Range Weather Forecasts (ECMWF). It is a global



model and éngludes a rather sophisticated parameterization of physical
effecté: it is)the:efore sqitable fér éescribing planetary ;cale dynamics and
perform realistic medium range (4 to 1Q‘d;ys) intégrations. A éatisfactory
skillkof this model in forecasting blocking has also béen previpusly reported
by Beﬁgtsson (1980). The resolution of the‘ECMWF gléﬁal model is also high
enough (1.875 deg. regular lat/lon grid iﬁ the horizontal and 15 levels in

the vertical) for the effect of the Alps to be described, at least to a

simple extent.

2, THE CASE‘§IQDYt

The period of thevcase study embraces the last week of November and the first
week of December 1978. The firstkthree wegks of November weré characterized
by an algost zonal flow over the Atlantic and Europe, with the axis‘of the
westerlies:displagedﬂin an anomalously northerﬂ pqsition, so thatktﬁe

Mediterranean was dominated by anticyclonic conditions.

Between the 23rd and the 27th a dr;matic change took place in the circulation
over the At;antic’and Europe: a large amplitude trough—ridge systgm rapidly
developed at‘500 mb over respectively the east coast of Nofth America’apd the
middle Atlantic on the 24th and the 25th, and it was followed by’a deepéning
of a downstream trough over Europe. The development of ﬁhis latter trough
was accompanied by a }ee cyclogenesis’that started between the 25th at 12GMT
and the”26th at 00GMT over the Gulf of Genoa at low levels and evolved during
the 28th and the 29th into a deep cyclone (the minimum pressﬁre value being
around 985 mb), moving very slowly south-eastwards in the central
Mediterranean (see Figs. 1 and 2a to 6a)3 A corresponding cut-off low formed
at 500’mb between the 27th and 28th and deepened further in the following 24

hours.
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After the 29th at 00GMT, the Mediterranean cyclone drifted rapidly eastwards
while filling, both near the surface and at high levels. It was in this
stage, however, that the blocking circulation was set ﬁp over Europe. The
process is better followed at 500 mb in Figs. 5a to 8a, upper parts: between
the 28th at 00GMT and 29th at 00GMT the Atlantic ridge was "squeezed" between
the almost stationary Mediterranean vortex and a new trough advancing
eastwards in the Western Atlantic, so that an isolated kblocking high formed
on the 30th at 00GMT over the Norwegian Sea (figure not shown). At the same
time the westerly jet split over the Atlantic at about 15 degrees west. The
blocking circulation then assumed the characteristic omega shape and lasted,

with little changes in shape or location, until the 11th.

The evolution of the lee cyclogenesis was consistent, at least in the first
two days, with the schematic processes outlined in BT. The interaction of
the cold front with the Alps produced the initial disturbance which then grew
as a baroclinic disturbance. 1In Fig. 9 the intensity of the lee cyclone is
plotted versus time. The intensity was computed by taking the average
pressure difference between the centre of the cyclone and a surrounding
circle of 1000 km radius. The longitude of the cyclone centre is also
plotted to show the speed of its eastward propagation. This figure shows
(for the moment only the graphs marked DWD will be of interest to us) that
the initial disturbance (between the 25th at 12GMT and the 26th at 00GMT)
grew rapidly, that is with an e-folding time of about 10 hours, and was
followed by a period of slower growth (e-folding time of about 30 hours).
After a period of very little development, from the 27th 00GMT to the 28th
00Z, a new growth phase can be identified during the following 24 hours.
After the 29th at 00GMT, the intensity of the surface cyclone started to

decline.

With regard to the displacement of the system during its life cycle, we

observe that it grew almost in the same place both at the surface and at 500

13
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mb, and only during the decay stage (after 29‘—00GMT) it drifted considerably
eastwafds. Following IMS, this cyclogenesis can therefore be classified as
absolute. IMS give a criterion, based on the stability theory of barotropié
Rossby waves, that allows to’ discriminate between absolute and convective
instability. The criterion igs based on the evaluation of the two parameters:
M=Uk2/5 and N=uk2/é
where U and k are respectively the horizontal phase velocity and wave number
of the basic state Rossby wave, u is the basic state zonal wind and 8§ is the

local variation of the Coriolis parameter.

IMS' theory predicts then absolute instability, as opposed to convective,
when the ratio M/N is larger than a critical value which depends on N itself
and on the meridional wavelength of the Rossby wave. Although the validity
of the theory is formally restricted to barotropic instability, the analysis
of cases of cyclogenesis in the Mediterranean in terms of M an& ﬁ,
represented in Fig. 7 of IMS, reveals that the two regions of convective and
absolute instability are well separated in the M,N plane. We have evaluated
M and N for our case study, calculating these parameters as described in IMS,
at 25-00GMT, that is before the initiation of the lee cyclogenesis. The
values we obtained are M = 2.5 and N = 2.2, which situates this case well
into the region of absoluﬁe instability. The value of M is even higher if
computed on the 25th at 12GMT, that is just before the appearance of the lee
cyclone. In conclusion, this case study was chosen for the following

reasons:

15



1) a typical cyclogenesis occurred in the lee of the Alps

2) this cyclogenesis was intense, "absolute" in character and extended its

influence to the whole of Southern Europe throughout the troposphere;
3) it coincided with the onset of a blocking circulation over Europe.

While the simple synoptic analysis does not allow to draw the conclusion that
the cyclogenesis was a "cause” of the blocking, it suggests, however, the
hypothesis, to be verified, that it played an important role in conditioning

the process of blocking formation.

3.THE MODEL
The model used is the ECMWF global N48 grid-point model as in operation in

August 1980.

The model u‘ses the primitive equations on a global regular latitude~longitude
grid of 1.875 x 1.875 degrees, it has therefore 48 grid intervals between the
poles and the equator (hence the acronym N48) and 192 grid intervals along
each line of latitude. The vertical coordinate is the we’l‘l known sigma
(p/psurf) coordinate (Phillips, 1957). The vertical resolution is of 15
temperature and wind carrying levels, the uppermost being around 25 mb and

the lowermost approximately Pour f/20 mb above the models orography.

The (at the time) ECMWF operational model's orography was a substantially

smoothed version (originally produced at GFDL) of Berkofsky and Bertoni

(1955) orography (see Fig. 10).

The finite difference scheme is based on the staggered ngn grid, following
Arakawa (Arakawa and Lamb, 1977). This grid was chosen, at the time, mainly

because of its low computational noise and the ease of implementation of a

16
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CHARACTERISTICS OF THE ECMWF OPERATIONAL GLOBAL GRID POINT MODEL AS AT AUGUST 1980

SIGMA LEVELS

0.025 (g,)
0.077
0.132
0.193
0.260
0.334
0.415
0.500
0.589
0.678
0.765
0.845
0.914
0.967
North 0.996(0, )

Independent variables
Dependent variables

Grid

Finite difference scheme
Time-integration
Horizontal diffusion

Earth surface

Orography
Vertical boundary conditions

Physical parameterisation

o=0 &=q
01— - - - = = - - Tlulv'lq - - - - == - =
o, ¢

a,

— — ——

—
- Tyu,v,q -~ -
B . . =~ -~
~ G0 T~ =
- P
—_— i ' -~
0'14 ‘T,u,v,q ~ -
- - —
— —
— ps,0'=0
—_ :

Vertical and horizontal (lgtltude—longitude) grids and
dispositions of variables in the ECMWF grid-point model.
Vertical coordinate: - 0"=fp/p5

A, 0, 9, ¢

T, u, v, 4, p_

Staggered in the horizontaly(Arakawa C-grid). Uniform
horizontal (regular lat/lon). Resolution:

AX = A¢ = 1.875 degrees lat/lon. Non-uniform vertical
spacing of the 15 levels (see above).

Second order accuracy.
Leapfrog, semi~implicit (At = 15 min) (time filter v = 0.05)
Linear, fourth order (diffusion coefficient = 4.1015)

Albedo, roughness, soil moisture, snow and ice specified
geographically. Albedo, s0il moisture and snow time
dependent.

Included, but very smooth.
& =0 at p = ps and p = 0.

(i) Boundary eddy fluxes dependent on roughness length
and local stability (Monin Obukov)

(ii) Free-atmosphere turbulent fluxes dependent on
mixing length and Richardson number

(iii) Kuo convection scheme
(iv) Full interaction between radiation and clouds
(v) Full hydrological cycle
(vi) Computed land temperature, no diurnal cycle

(vii) Climatological sea-surface temperature

Fig, 11 Schematic table showing the principal characteristics of the ECMWF
operational global grid-point model as at August 1980. This model was
used in all simulations.

18



semi-implicit time scheme. Following the work of Arakawa (1966) and Sadourny
(1975), the finite difference scheme was designed to conserve potential
enstrophy during vorticity advection by the horizontal flow (the primitive
equations being written in flux form). For more details on the adiabatic

part of the model see Burridge and Haseler (1977) and Burxridge (1979).

The parameterization of pﬁysical effects (the model's "physics™) include a
full hydrological cycle, a relatively detailed stability-dependent
representation of boundary and free—atmospheric turbulent fiuxes, and an
interaction between the computed radiation field and model-generated clouds
(Tiedtke et al,’1979). Fig. 11 contains a schematic lay-out of the model's

characteristics.

The capability of the ECMWF global model to forecast a case of European
blocking has already been reported and discussed by Bengtsson (1980)}. For
more general information on the performance of the ECMWF model the reader is

referred to Hollingsworth et al (1980).

4. DESCRIPTION OF THE EXPERIMENTS AND SYNOPTIC EVALUATIONS

Three significant experiments, consisting of 10 dayskof integration each,
were executed, starting with the same initialvcondition and changing only the
orography. In addition, two shorter experiments were run first to choose the
optimal initial condition and to test the sensitivity of the integration with
respect to it. ‘

ECMWF analyses being unavailable for the period of interest, the US National
Meteorological Center (NMC) global IIl-a analyses were used as initial
conditions. The mass, wind and moisture data were interpolated from standard
pressure levels to the quel's sigma surfaces, then they were subjected to

the ECMWF non-linear normal mode initialization (Temperton and Williamson,

19



1981 and williamson and Temperton, 1981) before starting the model's

integrations.

Since the cyclogenetic process started between the 25th at 12GMT and the 26th
at 00GMT, the initial condition had to be chosen not after’the 25th af 12GMT
but, obviously, not too early in view of the aim of simulaﬁing the sﬁbsequént
blocking process. Three preliminary runs of three days each, starting from
the NMC analyses’ of 24-12GMT, 25-00GMT and 25—12GML'1:, éhowed that the
integrations were similar to each other in the region of inteiest and
therefore were comparati\}ely styable with respect to changés in the: initial
condition. This was not the case in other simulations of Medite‘rranean
cyclogenesis which showed a very critical dependence for the forecés“t of ’
cyclogenesis and the related upper air trough evolution, on the :iyﬁstant
chosen as initial state. However the existence of substantial discrepancies
'between't;_he NMC and DWD‘ (Deutscher Wetterdienst) surface ar;alyseé at 245—60GMT
over the Western Mediterraneén (probably in favour of DWD) suggésted the
choice of the latest time (25-12GMT) as initial condition for the 10 day

runs.

The first experiment (D46) consisted’in simply running the operational
(August 1980) version of the ECMWF model. As mentioned in Section '3, the
orography used by this versiop of the model is very smooth. Fig. 10- éhows
the global orography, while Fig. 12a shows an enlargement of the European
area. It is immediately evident that the blocking effect of the Alps on the
North Westerly cold outbreaks, which, as pointed out in BT, seems an
essential mechanism‘ to initiate cyclogenesis cannot be effective with this

model orography.

%

it

The evolution of Exp. D46 is illustrated in Figs. 2b to 8b. The maps are
directly verifiable comparing them with the corresponding DWD analyses just

at their left.

20
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At 26-00 the D46 forecast is generally good, as expected for a 12-hour
prognoeis. It is worth noting, however, that there is no evidence of the
beginning of cold air blocking over the Alps that is observed in the analysis
(note that the plotted isotherms are referred to the 850 mb surface). The
ihtensity of the lee depression is already underestimated, as can be seen in
Fig.‘ 2. At 26-12 and 27—00 the failure of D46 in simulating the cyclogenesis
in ythe lee of the Alps and the associated thermal field is becoming apparent
from the surface maps (see Figs. 3 and 4) but, even at 500 mb over Europe,
there are now significant differences. In particular, the jet splitting over’
France and UK, which is associated with the subsequent cut-off process over

the Mediterranean, is not well-simulated.

An overall view of the entire northern hemisphere reveals that there are
other significant discrepancies between D46 and analysis at this time,
especially over the Pacific, probably due to deficiencies in the original

analysis, which lead to an early deterioration of the forecast in some areas.

At 28-00, (Fig. .5) the forecast over the whole of Southern and Eastern Europe
is affected by the misrepresentation of the cyclogenetic process in the
Mediterraneaﬁ. While in the analysis the cyclone is ceﬁtered over Italy at
the surface and a deep trough is present at 500 mb over the Western
Mediterranean, in D46 the cyclone, which has formed in the previous 24 hours
over central Europe and Yugoslavia, is much shifted eastward. Also the
soﬁthern portion of the European treugh at 500 mb is to the east of its real
position and too weak, while the development of the northern portion of it is
overestimated. 1In order to evaluate better the subsequent evolution of the
experiment, it is important to note that this second disturbance, associated
with the northern portion of the European trough and characterized by a cold
front and cyclonic vorticity advection aloft along the west side of the

trough, later grows and, at 29-00, leads to a second cyclogenesis over the
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Western Mediterranean, not due to the presence of the Alps, as shown in
Fig. 6b. In Fig. 9, the intensity and longitudinal position of this new
cyclone is reported in place of those of the old cyclone for D46 stafting
from 29-00. 1In the real development, only a trace of a second disturbance
can be recognized, which reinforces the existing cyclone in the Mediterranean
between 28-00 and 28-12, without substantially changing its location (see
Figs. 5b and 6b). The result ig that, at 29-00, the local forecast of b46
over the Mediterranean appears closer to verification than in the previous
two days due to this spurious development. At 500 mb, the ridging process
over the Eastern Atlantic and the cut-off over the Mediterranean are also

satisfactorily simulated.

A major deficiency of the simulation appears, on the other hand, over the
Pacific and North America, where the ridge-trough system in that region is
overestimated. As said before, this failure appears to affect the subsequent
downstream configuration and also the blocking formation over Europe. The
forecast at days 6~and’8 are reported in Figs. 7 and 8 and show the evolution

of the forecast during the second pentad.

The blocking configuration on December 1st at 00GMT is satisfactorily
represented by D46 in the large-scale features, although the details are not
captured, see Fig. 7b.For instance, the low over South-Eastern Eurcpe is more
intense than in reality, and the ridge over the Eastern Atlantic and the
ﬁrough west of it are absent in D46. At 3-00, (Fig. 8b), the forecast has
largely deteriorated, but a realistic blocking feature is still present in
the model run, albeit in a more easterly position than in reality. The run
was continued until 5-12, ,see Figs. 13a and 13b, when the blocking ridge,
still present over Europe in the verification, has weakened substantially in

D46 and drifted eastwards, around 40°-50° east.
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The second experiment (E21) differs from D46 only in that the local
topography in ﬁhe region of the Alps was arbitrarilf modified. The new
topography in the region is shown in Fig. 12b. It can be seen that the Alps
are much enhanced in height with respect to the "operational" topography,
reaching now a maximum of about 2500 m above msl; also the Pyrenees are made
slightly higher. (A close examination of Fig. 12 will show that these
enhanced Alps and Pyrenees are, in fact, displaced 1 grid point (1.875°) to
the west. This was accidental and was realized only at a late stage of the
work. It was decided not to rerun the experiment in view of the extreme
smallness of the difference.) This artificial modification of the topography
can be questionable. It is not the product of any objective operation on the
real topography. Moreover, the dynamical and physical response of the model
to such a steep obstacle of a horizontal scale near the margins of resdlution
is not obvious and can be subject to shortcomings. These new model Alps have
been created only with the purpose of having an effective barrier; with
maximum height closer to the average height of the "shadow" of the Alpine
chain as would be projected on a vertical plane (which exceeds over 3000 m
over a large fraction of the chain length). A main effect of this barrier on
the oncoming flow in the presence of a cold front is that of hindering the

horizontal advection in the lower layers, as pointed out in BT.

Previous numerical experiments (Bleck, 1977, Tibaldi, 1980, Tibaldi, Buzzi,
Malguzzi, 1980) showed that the lee cyclogenesis phenomenon could be
simulated in a rather realistic way, provided that the model Alps had height
and steepness comparable to those prescribed here. The maps resulting from
experiment E21 are shown in Fig. 2c to 8c. We can see that the cyclogenesis

in the lee of the Alps, which was virtually absent in D46, is now reproduced.

On the 26th at 00GMT the frontal movement over the Alpine region is retarded.
The phase of most rapid growth related to this frontal deformation, is very

well simulated, as shown in Fig. 2c. The minimum pressure value, its

25



position and the temperature field at 850 mb, showing the cold air
penetrétion over the Western Mediterranean and its blocking over the region
south-east of the Alps, are predicted with very good accuracy. The pressure
ridge north of the Alps is also simulated. Even at 500 mb the>forecast is
more realistic than in D46: the trough axis over the Western Mediterranean is
more to the west than in D46 and the cut off process has already started.
Twenty—-four hours later (28-00, Fig. 4c) the E21 forecast is still definitely
better than the D46 forecast over the region of interest, but later on, at
29-00, the two experiments tend to become more similar to each other, both
showing two distinct cyclonic centres at the surface over Europe, while in
the analysis only the cyclone over Italy (with a trough extending north-east
of it) is present. The subjective evaluation still indicates that E21 is
closer to the analysis than D46, and that the differences between the two
experiments have spread over a larger region than before, affecting the whole
European sector (see also next section). 1In particular the cyclone which is
over North-eastern Europe in D46, is much weaker in E21 and is in a different
position. In the same way the strong cyclone that is present in D46 over
Italy and is the result, as seen previously, of a separate cyclogenetic
process, is weaker in E21. This seems to confirm the hypothesis (see
Tibaldi, Buzzi, Malguézi, 1980) that an isolated obstacle like the Alps
tends, in general, to hinder the larger scale baroclinic development, in
spite of the fact that, in special circumstances, they can trigger and

localize an initially smaller scale lee cyclogenesis.

The intercomparison of D46 and E21 on December 1, at 00GMT, i.e. during the
stages of formation of blocking, can give information about the role of the
Alps and the induced cyclogenesis on the blocking itself. Two things have to
be remembered before commenting on the results. First, the blocking is a
large scale phenomenon in nature, and is influenced by many factors

(Bengtsson, 1980); therefore all the shortcomings affecting experiment D46,
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except for the presence of the Alps, also affect experiment E21. Second, the
spurious cyclogenesis occurring over the Western Mediterranean at 29-00 in
D46 (see Fig. 6), and, to a lesser extent, also in E21, can shield the
effects of the previous lee cyclogenésis that is observed in the
verification. Actually, both experiments at 1-00 (see Fig. 7) show £o some
extent a stronger cyclonic circulation over Eastern Europe than observed, as
a consequence of the spurious cyclogeneis. For the above reasons it cannot
be expected that experiment E21 should perform substantially better tha;.kn D46
at this later time. Nevertheless, the differences in the Europeén sector
between the two experiments are still in favour of E21; they are: a) the
smaller intensity in E21, and the more precise position (at the surface) of
the cyclonic centre over South-eastern Europe; b) the more pronounced .ridge
over Spain and Wéstern Europe that stretches towards the high latitude
blocking anticyclone; c) the temperature field at 850 mb that in E21.
protrudes from Scandinavia towards Italy, while in D46 j.t is shifted too much

towards the Eastern Mediterranean.

The maps at 3-00, see Fig. 8, are probably too far from the initial condition
(eight days of integration) to derive any firm conclusions from the
intercomparison between the two experiments. It is interesting to note,
however, that significant differences can be observed all over the Northern
Hemisphere. These differences, at least those very far from the Alps, are
not to be interpreted mainly as dynamically induced Rossby modes‘ excited by
the Alps but rather as the result both of propagation of gravity-inertia
waves moving away from the Alps and of the growth, due to the natur‘alk
instability of the model atmosphere, of very small changes introduced
everywhere by the non-linear normal mode initialization procedure in response

to the local change of the topography.

The last experiment was done in order to evaluate the impact of the global

orography on the onset and maintenance of the blocking. There is a general
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consensus in .the literature on the importanée of the Earth's orography in
controiling the behaviour of the long waves, and in particular of their
stationary component. The mechanisms of generation of the long waves through
the topographic forcing and topographic catalization of instability have not
been fully clarified and are the object of current investigations {see, for
example, Charney and Straus, 1980). It is very likely, in any case, that
blocking cannot be properly modelled and simulated if the 'orographic forcing
is negleéted. This hypothesis is supported by tﬁe outcome of experiment D59,
which consists of a 10-day run differing from the previous two only in that
the Earth surfacé was flatfened everywhere (the land-sea physical differences
were however, maintained). The evolution of experiment D59 is shown in
Fig. 14a to ¢ (days 2, 4 and 6), and day 10 is shown in Fig. 13e, where it

can be compared directly with D46 and with the verifying analysis.

At 27-00 (Fig. 14a), the‘ forecast does not differ much from E21 and D46,
except in regions of extensive mountain complexes, like, for instance, the
Himalayas. However the cyclogenesis in the lee of the Alps is completely
missing. At 29-00 (Fig. 14b) the large scale forecast still py’reserves ‘some
realistic features, particularly in the European sector, where the
trough-ridge system, that developed later in the verification into the
blocking pattern, is, at this time, apparently predicted not substantially
worse than in E21. Ndnetheless, over the large continental aréas (Asia énd
Noxrth America) the forecast is rapidly deteriorating. This detériération
soon affects the blocking formation over Europe. In fact between 29-00 apd
1-00 the Atlantic ridge, instead of tilting and producing a cut~off high over
Scandinavia, gradually disappears. As a consequence a zonal flow
reestablishes itself over the Atlantic and Europe, with superimposed short
disturbances travelling eastwards (see Fig\. 14c). Fig. 15 shows Hovmdller
diagrams for the wavenumber band 1 to 3 for the control experiment D46, the -

no-mountain experiment D59 and for the verifying analyses. It can be seen
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clearly from these diagrams that the quasi-stationary troughs and ridges well
identifiable almost all around the globe (165°E, 230°E, 230°E, 345°E) are
correctly treated as almost stationary by the controi run (with the only
exception of the trough at 280°E). The no-mounta’in run, on the other hand,
tends to treat the ultra-long modes as eastward-propagating, because of the
absence of the stationary forcing represented by the orography. This effect

is particularly evident from day 4 onwards.

Fig. 16 shows the spectrum of kinetic energy for the troposphere, averaged
during the lastA 5 days of integration. It is evident how D46 and E21 behave
similarly to each other and to the verification (at least in the overall
spectral distribution), with D59 showing an altogether different signature,
with much less energy in the ultra-long waves and a spurious peak in
wavenumber five. The effect of the lack of large scale orographic forcing is

again evident.

It is interesting to note that not all of the Northern Hemisphere flow
becomes zonal as a consequence of the elimination of the topography. A sort
of blocking ridge appears near the west coast of North America in the first
few days of integration of D59, see Fig. 14 ,developing from a ridge present
in the initial analysis, and slowly drifts eastwards for the entire period of
the experiment (unlike experiment D46 and the verification, see Fig. 13).
This fact could be tentatively taken as an indication that the orographic
‘
forcing is not essential to produce all kinds of blocking patterns, thermal

forcing or the formation of a modon-type structure (McWilliams, 1980) being

other possible explanations for these phenomena.
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5. SOME CONSIDERATIONS ON THE ROLE OF OROGRAPHY

These ngmerical experiments confirm that neither lee cyclogenesis in the
Mediterrranean nor European blocking can be sudcessfully. forecasted without
properly taking into account the forcing due to orography. The importance of
a comparatively small-scale orographic feature like the Alps in modelling
this sort of weather development is clearly shown in Fig. 17, where the 1000
mb height 5 day mean maps for the first half of the integrations are shown.
While experiment E21 is the only simulation that gives a satisfactory
synoptic picture of the circulation over Europe (Fig. 17c¢), the control run
D46 essentially behaves, in this region, like the no-mountain run D59
(Figs. 17b and 174 respectively). This also shows that the effect of a
"sudden disappearance” of the large-scale orographic forcing (ﬁhis is, in
fact, what D59 experiment ultimately means) needs a few days to impact on the

model's circulation of the global atmosphere.

Thé importance of the large—-scale orography in determining the onset and the
conditions for maintenance of the block, and of the large-scale circulation
in general, is clearly summarized in Figs. 18’and 19. " They show,
respectively, the 500 mb and 1000 mb 5 day mean height maps from day 5 to day
10 of the integrations. Experiments D46 and E21 show essentially the same
behaviour during this second half of the integration period, producing, both
at 500 and 1000 mb, a fairly satisfactory forecast of the 5 day mean maps,
albeit the ridge associated to the European blocking doublet being largely
underestimated and displaced in emphaéis towards the north-east. The
southerly branch of the split-jet is, accordingly, wrongly emphasized with
respect to the northerly portion, in reélity much stronger. All other main
troughs in the northern hemisphere are also predicted satisfactorily,
possibly with the exception of the ridge-trough system over the Rockies and
the North Bmerican continent which is forecasted 20° to 30° too much to the
east of the observed position. D59, conversely, shows no signs of blocking

doublet, replacing it with a huge, double-structured, trough that occupies
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the whole quadrant 30°W-60°E.  The western hemisphere circulation is
disrupted almost everywhere and all major large-scale features are heavily ‘

out of phase.

Turning our attention tb the comparatively smaller differences betweeﬁ
experiments D46 and E21, some interesting considerations can be made abou£
the role of the Alps on European meteorology. Due to the relatively local
nature of these differences, the objective scores available in the ECMWF
Research Department diagnostic package, designed as they are to assess the
performance of experiments over-a hemispheric scale, are not the most
suitable tool for our particular purpose: Fig. 20 shows, however, that from
this "hemispheric" point of view, the overall best is the control run D46,
with E21 slightly worse, but showing overall little difference and D59 (the

no-mountains run) coming a poor third with much lower scores.

Better for our purposes are the difference maps. Fig. 21a shows 5 day mean
difference maps E21-D46 averaged over the first half of the experiments (day
0 to day 5), lower part showing 1000 mb height and upper 500 mb height.
Fig. 21b shows the same, but for day 2 only. These maps illustrate the
character of the disturbance produced by the enhanced model Alps: it has a
dipole structure confined near the mountain, but with a horizontal scale much
larger than the mountain itself. Besides the low centre south of the Alps, a
high centre of comparable amplitude is evident to the north (or north-east).
By examining the daily sequence of instantaneous difference fields (only day
2 shown here, see Fig. 21b), one can estimate the growth rate of this
disturbance, which has a doubling time of aboﬁt 15 hours in the first two
days. A tendency of propagation downstream (towards the north-east) can also
be observed, in accordance with the Rossby wave propagation in the lee of
mountains as described in Grose and Hoskins (1979). The lee cyclogenesis

phenomena is not, therefore, only a meso scale process confined to the
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immediate lee of the Alps, but is part of a structured disturbance that

affects the whole European region.

A comparison between Fig. 21a and Fig. 21b also highlights another important
feature of the influence of the Alps. While at day 2 the disturbance shows
no appreciable tilt with height (21b), the 5 day mean map (21a) shows a
low=level doublet oriented NE-SW and an upper-level disturbance oriented
almost N-S. This indicates that, while the linear orographic pertubation is
essentially equivalent~-barotropic, the interaction of such a forcing with a
baroclinic "basic state" atmospheric flow develops structures (lee-cyclones)
able to grow a£ the expense of the available potential energy of such a basic
state and, therefore, baroclinic in nature. This supports the conclusions of
Tibaldi, Buzzi and Malguzzi (1980) with results of a global model, not
contaminated, therefore, by spurious lateral boundary conditions typical of

limited area and channel models.

6. CONCLUSIONS

In summary, the following conclusions can be derived from the experiments:

1) It is confirmed that the Alps are responsible for the case of
Mediterranean cyclogenesis under consideration, and participate to the

control of its evolution in time.

2) This cyclogenetic effect is not simulated if the orography is "smoothed"

in the model, as in the first version of the model used.

3) The same effect is, instead, obtained by simply increasing the height of
the Alps to a realistic value that produces a blocking effect on the oncoming

flow.

4) The difference fields between experiments with and without the Alps reveal
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that the mountain induced perturbation, although initially barotropic,
develoés baroclinically in time. This perturbation is characterized not only
by a depressionary field in the south-south-west of the barrier but also by a
positive geopotential anomaly centre to the north-east of it. The horizontal
extent of this induced perturbation is on the European scale and can,
therefore, be reasonably considered as synoptically favourable to the onset
of European blocking, which is often characterized by a positive geopotential
anomaly over Northern Europe together with a negative anomaly over the

Mediterranean.

5) Concerning the specific relationship between cyclogenesis in the lee of
the Alps and blocking that originally prompted this investigation, these
experiments are unfortunately not conclusive, chiefly for the reason that
none of them predicts the onset of the blocking situation which follows the
cyclogenesis with an accuracy sufficient to make them sensitive to the
evolution of the previous synoptic development. More work is therefore
needed to investigate.this aspect.

6) The role of global orography in determining the onset of blocking and
sustaining its maintenance is shown. The importance of orography as a
principal source of quasi-stationary ultra-long waves is confirmed as well as

the role of such waves in maintaining atmospheric blocking.
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