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•ASSTRACr
The study comprises case studies. of cyclogenesis over the
eastern and central Mediterranean, based on synoptic analysis of
surface and upper air charts, isentropic surfaces, and trajectories,
together with vertical velocity and divergence patterns. The
important role of the approach of the polar front jet stream into
the region occupied by the sub-tropical jet stream is stressed.
The role of the heating of the cold air mass upon entering the
Mediterranean as a lone factor in the cyclogenesis is dismissed;
but together with upper positive vorticity advection it initiates
secondary cyclones which interact with the main cyclone. The
results of the analyses are also compared with the available
theoretical models. The advantages of the unique water vapour
pictures of the METEOSM 1 in locating the core of jet streams for
cyclogenesis and aviation forecasting are shown. A comparison
between the results obtained by available, diagnostic theoretical
models including the Sutcliffe (1947), Petterssen (1956) and
Hoskins et al. (1978) expressions for development and movement of
cyclones, is performed and the last is found to have some superiority.
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CHAPTER 1 INrRQDUQrIai

1.1 Purpose and method of investigation
This thesis presents a synoptic study of depressions in the
eastern and central Mediterranean (see Fig .1 for the Mediterranean
regions) with the intention of finding indicators of cyclone development of potential use to the weather forecasters in that area. The
Jordanian Meteorological Department has two major obligations, one
to aviation, and other to the public by issuing 24-hour weather forecasts through the radio, T.V.,arid the Press.
quite often wrong.

These forecasts are

This occasionally exposes the Meteorological

Department to various criticisms, and it prejudices requests for
increase in financial aid in the field of Meteorology.
The frequency of depressions which travel from the central
Mediterranean into the eastern Mediterranean, or which form there,
is highly correlated with seasonal precipitation and with the
severity of the cold season over Jordan. Accordingly the weather
forecasts would be improved if one could achieve a physically meaningful description of central and eastern Mediterranean depressions,
and could point out sane of the features which are peculiar to them.
The investigation comprises two main case studies of cyclogenesis, one over the eastern Mediterranean, and one over the central
Mediterranean, based on synoptic analyses of surface and upper air
charts, isentropic surfaces, and trajectories, together with vertical
velocity and divergence patterns. The important role of the jet
streams and cold domes in the cyclogenesis process is stressed, and
the role of heating from the Mediterranean, together with positive
vorticity advection aloft, in initiating secondary cyclones which
interact with the main frontal cyclone is shown. We further discuss
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Fig. 1: Map showing the Mediterranean regions referred to in the thesis

I.

j.

the various instability theories which are capable of explaining
the scale and the fast development of the cyclones. A comparison
between the results obtained by available diagnostic theoretical
models, including the Sutcliffe (1947), Petterssen (1956) and
Hoskins. et . al. (1978) expressions for developrrent and steering, is
performed and the last is found to have some superiority; a recommendation concerning its application along with Sutliffe's method is made.
Cloud pictures obtained from the NETEOSPT geostationary satellite, especially in the water vapour band, proved valuable in locating
the positions of both the polar front and the subtropical jet streams.
In the remainder of this chapter the synoptic climatology of the
region is described and the currently enloyed methods of forecasting are stated and various cyclogenesis mechanisms reviewed. The
case studies are presented in chapters 2 & 3, a discussion of the
instability theories of the cyclones in Chapter 4 and a comparison
between the diagnostic expressions in chapter 5.
1.2 The. synoptic. climatology of, - the. region
Fig. 1.2a and Table 1 .2, taken from "Weather in the Mediterranean", Vol. 1 (1962), show the statistical tracks and frequency of
Iditerranean depressions. The- number of depressions in the whole
Mediterranean (Table 1.2) is 76 per year, of which seven enter the
Mediterranean from outside. The statistics reveal that of these,
52 depressions form in the western Mediterranean, 14 to the south of
the Atlas mountains, and only three over, the central and eastern
Ivditerranean. The frequency of the depressions that move into
the central Ivbditerranean is about 49 per year, of which 21 enter
the eastern Mediterranean (Cyprus region) and the remainder travel
northeastwards.
Sutcliffe (1960) made the following conunents on the above
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Table 1.2
Approximate annual and seasonal frequencies of depressions on
tracks and in areas shown
(Based on the years 1926-39, 1945-52)
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Fig. 1.2a: Tracks of-diterranean depressions.
Average annual frequencies are shown
in brackets.
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statistics: "If the Mediterranean depressions were wave depressions
of the baroclinic type, it would be expected that a large proportion
of these depressions would form outside the region and be steered
by the general current. But this is not so, because the statistics show that the Mediterranean is a source region".
The normal sea level pressure for January (Fig. 1 . 2b) shows
that in winter the Mediterranean is under the influence of cyclonic
activity, with the Siberian semipermanent anticyclone to the north
joining with the subtropical warm anticyclone over Spain. The
"Sudan-Red Sea" trough is pronounced over the Red Sea. During
winter months the eastern Mediterranean, including Jordan, may be
under the direct influence of any of these systems. Dry, frosty
nights with minimum temperature far below freezing occur in Jordan
when the Siberian anticyclonic:.ridge affects the country from the
east, while rather warm dry weather occurs when the "Sudan-Red Sea"
trough extends northwards. Isolated thunderstorms may occur in
association with the extension of this trough, if an upper cold
trough or a cold pool happens to exist in the region, especially in
late or early winter. Thundery showers usually occur early in the
evening, from altocumulus castellanus. Pleasant, settled weather
conditions prevail when the, country is under the influence of the
extension of the subtropical anticyclone. Most of the rain canes
from cyclonic activity over the Mediterranean, especially when depressions are centred over the region of Cyprus.
Fig. 1.2c shows the presence of the semipermanent subtropical
jet stream over latitude 30°N with its maximum core speed to the
south of Jordan. Lack of observations in that region over the
desert make it most difficult for weather forecasters when issuing
forecasts for flights from Jordan to Arabia or the Far East. It is
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one of the aims of this research to find a way to improve these
forecasts.
In the middle troposphere Fig. 1 . 2d shows that the Mediterranean
is under the influence of a cold trough in the winter. The trough
is essentially centred over the region of Italy, where the frequency
of cyclone formations is 52 per year.
1.3 Present forecasting. practices
1.3.1 Simple extrapolation
Successive positions of individual pressure systems are plotted
on the latest surface and upper synoptic.charts, and future positions
are predicted by extrapolation, making use of the recent velocities
and accelerations. This method is also used to extrapolate the
movement of fronts and the pressure or contour field. The failure
of this method is obvious, because it is based on the assumption
that changes of velocities of pressure systems are continuous; and
also because this method is independent of the physical processes
involved or the nature of the pressure systems.
1.3.2 Pressure kinematics
This method is based on the following formulas (e.g. Petterssen
1956):C = -(82p/9x8t)/(82p/ax2); C = -(8p 2/ay8t)/(a 2p/8y 2 )
and I

= V2

(ap/at).

where: p pressure, C, and C y are the components of the velocity
of the pressure system centre, and t1111 is the intensification of
the pressure system.
The above formulas are derived on the basis that the centre of
a low pressure system is a point of pressure minimum (i.e.

ap/ax =

ap/ay = 0), the x- and y-axes being chosen along the lines of

maximum symmetry. Similar formulas would be obtained if one
defined the low pressure centre as a point of vorticity maximum.
The formulas state that a circular low pressure system moves along
the vector joining the centres of the isallobaric high and low with
a speed proportional directly to the isallobaric gradient and inversely to the curvature of the pressure profile through the centre;
furthermore, that a low pressure system will intensity if the fall
in pressure is largest at its centre, or if the pressure rise to
the west and north is smaller than the fall to the east and south of
the centre.
The above formulas are of a diagnostic nature if the past 3hourly pressure tendency is inserted, and the computed velocities
will then not differ from the already observed velocities inferred
from successive 3-hourly analysed surface synoptic maps. The
above formulas may be applied in a prognostic way if one inserts
the instantaneous values of the local pressure variation (ap/at),
or the local vorticity variation (a/at) in similar formulas. It
is known from dynamics that the pressure fall at the surface
(ap '/at) is brought about by the integrated mass divergence from
sea level to the top of the atmosphere, and that this approximates
to a small residual of lower tropospheric convergence and upper
tropospheric divergence. Accordingly if instantaneous values of
lower tropospheric convergence (divergence) or local vorticity
variations were available-from other methods (e.g. Sutcliffe 1947 or
Petterssen 1956) then one would be able to use the kinematic method
prognostically.
1.3.3 Sutcliffe development theory
Sutcliffe (1947) derived, subject to various approximations

7)

which will be discussed in Chapter 5, the following two expressions
for cyclonic and anticyclonic development at m.s.l.
cyclonic development Vt a/as (f+' +2 ) < 0
anticyclonic development V' a/as (f+9. 1 +2. ) > 0
where V' is the thermal wind, V,
thermal and surface vorticity and f

are the relative geostrophic
E

Coriolis parameter.

The forecaster diagnoses the sign and the rough magnitude of the
above expressions from a single chart which contains the 1000-500 mb
(thickness) contours and the 1000 mb contours • The diagnosis
is qualitative and is based on the geometry of these lines such as
the entrance region of a confluent thermal trough, and the exit
region of a diffluent thermal ridge are favourable for anticyclonic
development at m.s.l., and vice versa for cyclonic development.
This and other rules are based on the dynamical reasoning of Sutcliffe
theory and on the resulting empirical rules developed by Sutcliffe
& Fbrsdyke (1950). Their qualitative application and the results
obtained depend upon the individual skill, interpretation and experience of the forecaster.
Sutcliffe's development theory was described by its author
(1952) as an aid which often suggests how and when extrapolation can
fail, when mobile depressions are likely to stagnate or accelerate,
when and where intensification may occur or when there may be a
sudden change of direction. The system is, in effect, integration
of an equation performed by judgment rather than numerically.
1.3.4 Orography,' and synoptic depressions.
Empirical forecasting rules based on observational evidence
and on the outcomes of theoretical investigations concerning the
orographic influence on synoptic scale systems are used to assess

the effects of the mountains which border the Mediterranean. The
most important of these rules are:
Shallow lee depressions, which form downwind of a mountain
range, usually intensify when a cold front crosses the mountain
range.
Men the geostrophic flow is parallel to a long mountain range,
depressions tend to deepen on the right hand side of the mountain
range and decay on the left.
The application of these, and other rules is summarized in many
books (e.g. Palrrn & NewtOn 1969, Petterssen 1956); they are powerful tools when applied to regions of the Mediterranean such as the
Alps where the vast majority of the depressions form (52 per year),
but are confusing and misleading when applied in the eastern and
central Mediterranean in the vicinity of the Anatolian Plateau,
the Rhodope mountains of Bulgaria, and the Pendus mountains of
Albania and -Greece; here the cyclogenesis frequency is 1-3 depressions per year, which is very much less than the fronts which enter
those regions. Purthermore, it is well known to experienced forecasters in the eastern Mediterranean that on many occasions depressions entering this region tend to move over and across the
Anatolian plateau of Turkey.
1.3.5 Experience
A weather forecaster in the eastern Mediterranean will be able
to formulate empirical rules after a few years experience such as
the following:
A depression in the vicinity of Cyprus tends to decay when
another depression starts to develop over the central Mediterranean
or Italy.
A depression already present in the vicinity of Cyprus rejuvenates

when the pressure is rising rapidly over southern Europe.
Depressions in the region tend to be rather weak when the upper
trough is situated far away over the central Mediterranean.
There is a prolonged period of cyclonic activity and precipitation when a blocking omega-shaped anticyclone occurs over Europe, and
the upper trough of the block to the southeast extends sharply over
the central Mediterranean. The term' blocking anticyclone' used in
this context is that which has most of Rex's (1950) major blocking
high characteristics except that of the 10 days minimum period of
existence.
A depression seen to develop usually attains its maximum intensity within 12-24 hours.
1.3.6 The use of satellite pictures
Cloud pictures from polar orbiting satellites are available
in the visible spectrum two or •threetimesa day.

These are used

by forecasters to help in locating frontal positions over those parts
of the Mediterranean Sea where surface observations are not available,
and also over those regions of the desert where no observations are
made.
1.3.7 The use of numerical modelling forecasts of other countries
The eastern and central Mediterranean appears on the forecast
charts of various countries advanced in the field of numerical forecasting and these charts are received frequently by the meteorological offices of that region of the Mediterranean. The accuracy of
these forecasts is questionable for the following reasons:
a) The cyclogenesis problem and the nature and structure of the
pressure systems over this region are not understood due o lack of
meteorological research.

b) This part of the Mediterranean appears on the edge or boundary
of the numerical models of the countries advanced in the field of
numerical forecasting.
In addition, numerical modelling of cyclogenesis over the
western Mediterranean (Genoa) is not yet fully capable of providing
the right forecasts for the fast upper level cyclone development
(Tibaldi 1979).
Fig. 1.3 shows the actual surface chart and the forecast
chart for 06 2'!T, 10 December 1978, obtained from the Meteorological
Office in Bracknell. It may be seen that the forecast chart failed
to predict the position and intensity of the depression over the
central Mediterranean.
1.4 Some theories of cyclone development with special reference
to the Mediterranean
1.4.1 The nature of cyclones in relation to the polar front theory
and upper level divergence
The polar front theory of J. Bjerknes and H. Solberg (1922),
which is summarized in various books (e.g. Petterssen 1956, Reiter
1963), gives an explanation of the time sequence of the flow patterns
causing the observed weather sequence • Such a cyclone originates
as a wave-like distortion of a frontal surface, and as the distortion develops the wave moves with the speed and direction of the
warm sector wind. Later the warm sector occludes, and the cyclone
becomes surrounded by cold air and then moves slowly and disappears.
The theory recognised the conversion of available potential energy
to kinetic energy during the development of the cyclone, and the
failure of the cyclone to develop further after the occluded state
is due to the absence of the available potential energy in the
weakened air-mass contrast near the cyclone centre.
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Fig.1.3 a) Actual surface chart for 06 GT, 10 December 1978
b) Forecast surface chart for 06 GvIT, 10 December 1978
based on the surface chart 24 hours earlier.
(Both charts were obtained from the Meteorological Office, Bracknell)

Wrien the upper air data were first made available, many
scientists started to formulate the development of the weather
systems in relation to the upper waves. The Bjerknes-Holmboe
theory (Hess 1959) provided an account of the essential features
of upper tropospheric waves and their connection with lower tropospheric cyclones and anticyclones. The theory showed that there is
a phase lag between a developing surface cyclone and the associated
upper wave trough, in such a way that the cyclone at the surface is
located below the divergent (east side of the trough) part of the
upper wave. The pressure fall ahead of and at the centre, and
the pressure rise behind the cyclone, which are essential for the
movement of the cyclone, are caused by net mass divergence and convergence respectively. The connection between the upper tropospheric waves and the surface pressure systems opened the way for
the investigation of the nature of upper waves, and it was found
there are long waves which are in phase with the isotherms, and
short baroclinic waves in which the isotherms lag behind the pressure
wave. Attention was paid to forecasting the movement of these long
waves by using the Rossby formula at the 500 mb level and other
modified formulas and techniques.
Sutcliffe (1947) and Sutcliffe and Fbrsdyke (1950) formulated
the problem of forecasting the development and the movement of the
m.s.l. pressure systems in terms of the difference between the
horizontal divergence at two levels :and obtained a criterion for
upward motion. The relative. - divergence could be assessed from the
1000-500 mb thickness and the 1000 mb charts. Sutcliffe theory
does not give a measure of the integrated divergence which is a
small residual of opposing effects, and which is essential for the
pressure rise or fall according to the tendency equation.

Following Sutcliffe's ideas, Petterssen (1956) formulated
the problem of cyclogenesis at in.s.l. as being the result of an
imbalance between vorticity advection at the level of nondivergence,

4 Laplacian of thickness advection from 1.000 mb to the level of
l.s.

nondivergence, stability and heabe The Laplacian of these three
quantities is a measure of the thermal wind relative vorticity
tendency (a '/at).
In a series of theoretical investigations of cyclones over
the U.S.A., Petterssen found that the level of nondivergence varies
from 300 mb in the early period of initiation of cyclogenesis to
600 mb when appreciable development takes place. Petterssen et al.
(1962) found that vorticity advection was more important than the
Laplacian of thermal advection in initiating cyclogenesis over the
U.S.A., while in contrast they found that the Laplacian of thermal
advection played a more dominant role in early cyclone development
over the North Atlantic. Petterssen and Smebye (1971) documented
the cyclogenesis process which is initiated by upper vorticity advection (divergence) as a type "B" of cyclogenesis, to differentiate
it from the normal well-known frontal wave which is generally thought
to be initiated as a result of barolinic instability and which
they called type "A". Type "B." development commences when a preexisting upper trough, with strong vorticity advection on its forward side, spreads over a low level area of warm advection, or nearabsence of cold advection, in which fronts may or may not be present.
The amount of thermal advection, and the baroclinicity in the lower
troposphere is small initially and increases as the cyclone intensifies. The distance of separation between the cyclone and the upper
trough decreases rapidly while the cyclone approaches peak intensity.
The energy structure resulting from this kind of development in a

case study showed that kinetic energy accumulation in the lowest
and middle layers (surface - 400 mb) was due to import from the
layer above (400 - 100 mb), and notably from the jet stream region;
in the layer 400 - 100 mb the gross and the net generation were
large and positive, so large, in fact, that they dominated the sums
for the air column as a whole • In this case study, the transport
was negative in the whole layers (i.e. there was no import of
kinetic energy).

iNbat

happened was a conversion of available

potential energy to kinetic energy in the upper layer, while
kinetic energy was transferred from this layer downwards to the
layers below in the region of the cyclone.
1.4.2 Instability theories of cyclone formation
It is widely acknowledged that baroclinic instability theory
appears to have a great bearing on the problem of extratropical
cyclogenesis. Eady (1949) calculated an exact stability criterion
for a basic state current subjected to a small amplitude quasigeostrophic perturbation. The basic state current in his model was
characterized by rigid-lid upper and lower boundary conditions,
linear vertical shear, constant static stability and constant
Coriolis parameter. He found that the basic state current is stable
to perturbations of wavelengths less than a critical wavelength - (3000 km) regardless of the value of the vertical shear, and unstable to perturbations greater than the critical cut-off wavelength.
The growth rate of the unstable disturbances increases with increase
of the wind shear for a particular wavelength. There exists a wave
of maximum instability, whose length is not dependent on vertical
shear; its maximum growth rate is about 0.3 day, and its length
is about 4000 km for an average value of Richardson number 100 and
a Coriolis parameter of 10- s. The structure of the fastest

growing wave. is such that the troughs and ridges slope westwards
with height and the temperature waves .lag behind pressure waves
by about 900 at .500 mb; this lag increases rapidly downwards and
decreases rapidly upwards in such a manner that the warm air is
just ahead of the surface trough and just behind the upper top
ridge. The vertical velocity distribution is such that ascending
motion is associated with the warm air and descending motion with
the cold air with a maximum magnitude for both at the mid level.
The phase speed of all the growing waves is the average velocity of
the mid-level wind • The energy of the system is such that for
these quasi-geostrophic perturbations, the westward tilt of the
perturbation with height implies both that horizontal temperature
advection will increase the available potential energy of the
perturbation and that the vertical circulation will convert perturbation available potential energy to perturbation kinetic energy
which is essential to maintain, the system and enable it to grow.
The theory as proposed is capable of explaining the broad features,.
of extratropical cyclones in spite of the assumption that no lateral
shear exists in the basic state as is characteristic of the real
atmosphere. Reversing the argument in the above theory one may
possibly explain the features of a decaying (occluded) cyclone.
The other instability theory which received attention is the
barotropic instability theory (e.g. Holton 1972). It is based on
solving the geostrophic vorticity equation for a basic state current
with lateral shear and the variation of the Coriolis parameter with
latitude. Without lateral shear the solution is stable Rossby
waves, but with lateral shear the basic state current will be unstable for a certain perturbation provided that the gradient of the
absolute vorticity of the basic state current vanishes sanewhere in
the region under consideration. Typically, the wave length corresp-

onding to maximum instability is of the order of 2000 km. The
energy of the growing perturbation is taken from the kinetic energy
of the mean burrent • The above, theory is sartimes thought to explain the observed wavelengths of 'synoptic disturbances along the
ITCZ.
The effect of horizontal shear on baroclinic instability was
studied by Duncan (1975) and his findings are that it will reduce
slightly the growth rate and not the wavelength of the maximum
growth of the polar lows. Haltiner (1971), quoting results of
2-dimensional quasi-geostrophic models, indicates that the effect
of the linear shear is to reduce both the growth rate and the wavelength of maximum instability. The effect of condensation and
release of latent heat on baroclinic instability is to increase the
growth rate and decrease the wavelength of maximum instability and
it is thought that the rejuvenation of occluded cyclones is due to
this process.

'

The effect of sensible heat exchange is to reduce the growth
rate, because warm advect ion ahead of the trough results in a loss
of heat from the air to a cooler surface, while behind the trough,
in the region of cold advection, the air gains sensible heat from a
warm underlying surface; the overall effect is a tendency to shift
the temperature wave to a position ahead of the trough or at least
to reduce its amplitude when it lags behind the trough, both of
which reduce the growth of the baroclinic wave.
The importance of barotropic instability in the cyclogenesis
process of the extra-tropical cycl 1nes is not known with certainty.
Smith (1973) calculated the energetics of a case study of cyclogenesis over North America and found an energy structure which is
different from the Eady cyclone and from the Petterssen & Smebye (1971)
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case study. Smith found that in the lower layers there was a
baroclinic development, i.e. a transfer of potential energy to
kinetic energy and no import of energy; while in the higher layers
there was an import of kinetic energy which exceeded the conversion,
i.e. barotropic development. Smith concluded that extratropical
cyclones owe their behaviour to a complex sequence of baroclinic and
barotropic processes. Palmen & Newton (1969) summarized the overall
process of cyclogenesis as follows; during the development stage
of an upper level trough, when the front with its corresponding
stronger jet stream and high cyclonic vorticity are present on the
west side, the vorticity increases in the trough essentially as an
effect of eddy influx of vorticity. At the same time, cold air can
move equatorwards in the trough without subsiding bodily, due to the
vertical shear increase as kinetic energy is imported in the upper
levels. As a result of the increased vorticity in the trough, the
upper vorticity gradient and correspondingly the upper divergence
are augmented on the downstream side. On the advance of the upper
trough and the superposition of the associated upper divergence over
a pre-existing region of relatively high vorticity, generally a
front, significant low-level cyclogenesis ensues. As the cyclone
develops, vertical motion increases in its vicinity, with ascent
mainly in advance and sinking motion in the cold air to the rear.
Vorticity is generated both in the low-level convergence region and
in the upper level trough where there is convergence above the
sinking cold dome behind the cyclone. When the strong winds have
migrated to the east side, the cold-air dame sinks bodily at an
increasing rate as the upper level winds diminish in the trough.
The upper-level vorticity tends to decrease, owing to eddy export
of vorticity, but this tendency is to same extent counteracted by

the influence of vertical stretching and horizontal convergence
above the subsiding cold dome. The massive, sinking of the cold
air in the middle and later stages of this sequence, together with
the ascent of warm air and release of latent heat, represents a
conversion fran available potential energy to kinetic energy.
This is partly consumed in increasing or maintaining the cyclone
against dissipative forces, but it is largely exported from the
vicinity of the cyclone.
1.4.3 Cyclogenesis in relation to the Mediterranean.
Sutcliffe (1960) made the following coziments:
"Although the Mediterranean depressions occur in baroclinic
or frontal conditions, they are not initiated by the inherent instability of wave disturbance but are forced distortions. In
their earlier stages therefore they do not move along the thermal
wind direction, but tend to remain slow moving as they deepen. The
deepening is in many important cases evidently a baroclinic development with orographic control acting at first as an initiating factor
distorting the thermal field, and later as an anchoring factor preventing the normal motion by steering. In the early stages the
topographic effect is dominant but at a later stage the baroclinic
development is liable to take control; the cyclone then breaks away
rather suddenly from its source region and afterwards moves in a
manner much more typical of a baroclinic cyclone steered by the
thermal wind."
Reiter (1963) pointed out that if a northerly jet stream
crosses the Alps in their western ranges, so that large amounts of
cold air flow into the western Mediterranean, lee cyclogenesis will
result in the region of Genoa, but if the northerly jet stream

crosses the Alps in their eastern ranges, the cyclogenetic
region below the upper divergence of the jet will be far from this
region and no cyclogenesis will take place.
Radinovic (1965) related cyclogenesis in the lee of the Alps,
and in other areas in the Mediterranean bounded by mountain ranges,
to the deformation of the thermal trough when a cold front impinges
on the convex side of the irounta ins • The thermal trough will be
deformed in such a way as to produce cyclonic thermal vorticity to
the east and west and over the windward side of the mountain, and
anticyclonic thermal vorticity over the lee side of the mountain;
anticyclonic thermal vorticity is essential to cyclogenesis according to Sutcliffe's development theory. To account for this deformation, Radinovic proposed that the thermal wind vorticity should
be advected by half of the smoothed thermal wind over a region which
extends to the northwest of the Alps, in the direction of the
approaching front. This is for forecasting purposes when performing
the graphical integration of the Estoque baroclinic model (e.g.
Petterssen 1956) - a model mainly used to predict m.sel. cyclogenesis but not the movement or steering of depressions, due to
various simplifications and assumptions contained in it. A careful
examination of the 24-hours surface forecast produced by Radinovic
reveals that the forecast centre of the lee cyclone is 6 mb lower
than the actual centre of the cyclone, and that there is an anticyclone to the east instead of a cyclone.
Buzzi and Rizzi (1975), by employing isentropic analysis of
two case studies of cyclogenesis in the lee of the Alps, showed that
the cyclogenesis started in the mid-troposphere over Europe to the
north of the Alps; this occurred when the northerly jet stream
descended and advected southwards a baroclinic zone at that mid-

tropospheric level. They related the fast development of the
surface cyclone to the arrival of the deepening wave in the middle
troposphere over the region of Genoa. Their study indicated that
the dynamics of cyclogenesis in the lee of the Alps is similar to
that of usual extratropical cyclones generated in regions without
major topographical features. If the topography of the region were
smoother, the synoptic map would probably have shown a large cyclone
over south-eastern Europe and an anticyclone over the Atlantic and
western Europe.
Buzzi & Tibaldi (1978) pointed out that in the early stages,
the fast growth of the baroclinic disturbance in the lee of the Alps
seems to remain confined to the lower half of the troposphere, and
is only subsequently reinforced by the development aloft. They
hypothesized that strong cyclones, extending through the entire
troposphere, form in the lee of the Alps when upper level cyclogenes is (in the form of a deepening trough) takes place over low
level cyclogenesis. In the initial phase the upper and lower cyclogenesis processes are not correlated, in the sense that different
mechanisms act at different levels: at low levels the re-adjustment
process is due to the Alps-cold front interaction; at higher levels
baroclinic-barotropic instability is associated with the upper front
and jet system.
In the later phase, the vortex gradually organizes itself,
acquiring vertical coherence through the whole troposphere. Baroclinic instability can account for the growth and errerging scale
during this interval. Neither the low-level mountain-induced
perturbation nor the upper-level cyclogenesis is separately sufficient
to give the observed vertically coherent cyclone that develops in
12 hours.

Buzzi & Tibaldi mentioned that numerical models have been run
for their case study and for other cases without the inclusion of
orography, and that these showed that without the Alps the upper cyclogenesis would have occurred to the east of the actual position,
and that the surface cyclone would have not appeared or would have
appeared later further east, as a consequence of the upper developIDent.
Tibaldi (1979) outlined the phenomenon of Alps cyclogenesis
and the numerical modelling of it. He pointed out that all the
models employed so far have predicted upper tropospheric development slower than is actually observed, the cut-off low being actually
evident only about six hours after the surface development.
The energetics of a case of mid-tropospheric cyclogenesis
over the western Mediterranean was studied by Sakkal (1975), and
he showed that barotropic instability is responsible for the early
cyclogenesis, while baroclinic instability is responsible for the
later stage of the development.
The cyclogenesis problem and the direction of movement of
central and eastern Mediterranean depressions have not previously
been studied, to my knowledge, except in what is mentioned in the
Weather in the Mediterranean (1962) which may be summarized as
follows. The formation of depressions in the central and eastern
I'diterrahean is rare and is normally confined to winter months.
What usually happens is that depressions already in the area become
rejuvenated and develop rapidly as a northeasterly polar continental
or arctic continental air stream moves towards the region. The
more vigorous and direct the southward flow of the cold air, the
greater will be the chance of developmnent.

• CHAPTER .2
• .T} ROLE OF • i APPROACH OF

JETS IN .CYCLOGESIS

In this chapter it will be shown by three case studies, that
prior to cyclogenesis a branch of the migrating polar front jet
(P.F.J.) combines with the semi-permanent subtropical jet (S.T.J)
over thecentral and eastern Mediterranean to give a strong belt of
upper winds, with speed exceeding 150 knots in certain parts of
the belt. The polar jet enters the Mediterranean in association
with

a

cold front and a deep upper cold trough, which extends from

northern Europe into the Mediterranean.
The cyclogenesis will be shown to be initiated in that part of
the belt which is characterized by the stronger winds. The further
fast deve1onent of the initiated cyclone, and its extension through
the entire troposphere, are observed to occur when the southernmost part of the trough over the central Mediterranean moves much
faster over that region than the northernmost part of the trough
over southern Europe. This faster moving part of the wave over the
Mediterranean may be attributed, in terms of Sutcliffe's development
theory, to the values of the positive vorticity advection which
were observed at the 500 mb and higher levels ahead of the southern
flank of the upper trough, due to the stronger winds in the belt
which resulted from the amalgamation of the two jets. The rapid
movement of the upper trough over the Mediterranean with its associated colder air increased the baroclinicity in the troposphere between the region of the initiated cyclone and the upper trough.
Later, when the cyclone attained its maximum intensity the baroclinicity in the region of the cyclone decreased rapidly.
The data for the first two synoptic cases presented in this
chapter were obtained from the "Northern Hemisphere Data Tabulation"

available at the Meteorological Office library in Bracknell. The
data for the third case study,-which appears-also in this chapter,
were obtained from the complete data set, published by W.M.OI, and
available at the Department of Meteorology, University of Edinburgh.
2.1 Synoptic Case Study of January 1968,
2.1.1 Surface synoptic charts
Figs.2.l.la-d show the synoptic situation during the period
7-10 January 1968. This period is characterized by the successive
development of Genoa depressions (marked Li , L2 ,L4), and their rapid
movement southeast and then northeast • On the 9th (Fig. 2.1.1c),
cyclogenesis over the eastern Mediterranean appeared in the form of
13 on the trailing cold front of L2. The problem therefore is to
find precursors of the east Mediterranean cyclogenesis.
2.1.2 The approach of the two jets
In this section it will be shown that prior to the cyclogenesis of the 9th, the two jets approached each other in that
region and gave a belt of upper winds of 180 knots. Fig. 2.1.2
shows the upper air stations at which data were available. The
average wind speed was calculated in each block (Al ,A2 ,A3, . . . ,B1 ,B2,
. ,Ci ,C2,...) of the three sections A,B,C, for the various isobaric
levels, for the available hour 00 GMT on 7,8,9,10 January 1968.
The results for sections A,B,C, presented in Figs. 2.1.3, 2.1 .4 and
2.1.5, respectively, reveal the following.'
1)

On the 7th, 00 (M[ (Figs. 2.1.3a, 2.1.4a, 2.1.5a) the three

sections A,B,and C show the S.T.J. over the Mediterranean at about
the 150 mb level with speeds of 70, 90 and 75 knots respectively.
The P.F.J. appeared also in the three sections at about the.400 mb
level with speeds of 80, 60 and 60 knots respectively.
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On the 8th, 00 GMT, the P.F.J. disappeared from section "A"
(Fig. 2.1.3b) and intensified in section "Bt' (Fig. 2.1.4b) to 115
knots; there was no noticeable change in section "C" (Fig. 2.1.5b).
The S.T.J. intensified remarkably in sections "B" and "C" (Figs.
2.1.4b and 2.1.5b) to 140 knots. The increase of wind speed along
the axis of the S.T.J. may be attributed to the arrival of the first
cold front in association with (Li) as indicated on the synoptic
chart of the 7th, 12 GMT (Fig. 2.1.1a).
On the 9th, 00 (NT, the two sections "B" and "C" (Figs.2.1.4c
and 2.1.5c) showed an increase in the S.T.J. speed over the eastern
Mediterranean to 185 knots. This large speed of 185 knots appeared
precisely in the two blocks "B5" and "C4" where the cyclone (L3)
appeared 12 hours later (Fig. 2.1.1c). The level of maximum wind
speed of the S.T.J. was then at about 275 mb, about 100 mb below its
normal height. The P.F.J. is well marked in section "C" (Fig. 2.1.5c)
with a speed of 130 knots at about 10 degrees of latitude north of the
core of the S.T.J..
The remarkable increase in wind speed in block "B5" (Fig.2.1.4c)
is due to the arrival of the second cold front, as seen on the surface chart of Fig. 2.1.1b. The remarkable increase of wind speed
in block "C4" (Fig.2.1.5c) is due to the northward displacement of
the S.T.J. which was situated 24 hours earlier in block "C5"
(Fig.2 • 1 . 5b), and to the approach of the P • F. 3. within 10 degrees
of latitude of its core.
On the 10th, 00 .GT, the very strong winds over the eastern
Mediterranean disappeared (Figs.2. 1 . 4d and 2.1.5d), leaving behind
a double maximum at 175 mb and 350 mb, which are the remnants of
the S.T.J. and P.F.J., respectively.

2.1.3 Cyclogenesis in January 1968.
Further evidence of the importance of large upper wind speed
as a precursor of the east Mediterranean cyclogenesis can be seen
in Fig. 2.1.6, which shows the 12-hourly pressure variation and the
maximum upper wind speed over Nicosia for January 1968. Furthermore, the figure indicates the time when depressions appeared, as
a result of forming in or entering the region of Cyprus, based on
the inspection of the "British Daily Weather Maps" which are available for the hour 12 Q.W.
The three cyclogenesis cases (marked * on Fig. 2.1 .6) were
associated with very strong upper wind maxima of 135, 170, 185 knots,
respectively. Furthermore, the maximum wind speed "wave" of these
three cyclones prededed the maximum pressure fall "pressure wave"
by 12 hours. This characteristic did not occur with the depressions that travelled into the region from outside '(marked . on Fig.
2.1.6). During the periods free of depressions, during this month,
the upper winds were weak.
The average wind speed at the 200 mb level for Nicosia is
76 knots with a standard deviation of 44 knots (Weather in the
Mediterranean, Vol. 2, 1962). The strong winds which occurred in
association with the cyclogenesis were of the order of 150 knots;
their positive deviation from the man (by about two standard
deviations) has a probability of being attained (or exceeded) of
about 3%; this is similar to the season frequency of Cyprus
cyclogenesis which is 1-3 depressions per year.
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2 2. . Synoptic. Case. Study. of. January. 1967
2.2.1 Surface synoptic charts
Figs. 2.2 la-d show the surface synoptic situation during the
period 14-17 January 1967; it can be seen that cyclogenesis was
initiated in the vicinity of Cyprus on the 16th in association with
a second cold front approaching from the north (Fig.2 • 21

C).

Later,

after 24 hours, the cyclone attained its maximum development as seen
from Fig. 2.2.1d.
2.2.2 Strong upper winds (prior to cyclogenesis)
In this section it will be shown that, again, strong upper
winds of order .160 knots appeared over Nicosia prior to the cyclogenesis in that region.. Fig. 2.2.2 shows the successive 12-hourly
vertical distribution of wind speed over Nicosia. On the 14th,
00 GMT, the level of the trôpopause is around 200 mb, which suggests
that Nicosia was situated to the north of the S.T.J. core, especially as the vertical wind shear is pronounced in the upper troposphere. Twelve hours later the vertical wind shear increased in
the lower layers due to the passage of the first cold front in
association with a travelling depression over central Turkey,
.which had.originated previously over the north African coast, as
indicated on Fig. 2.2.1a. On the 15th, the maximum wind increased
to 160 knots, with a noticeable increase in the wind shear in the
upper troposphere to about 100 knots in the layer 500 mb-275 mb.
The tropopause level was then at a slightly higher level than on
the previous day. It is mentioned widely in the literature (e.g.
Palmen & Newton 1969,. Reiter 1963), that'the S.T.J. is character ized by strong vertical wind shear, most pronounced near the regions
of maximum jet velocity in the upper troposphere; low level vertical
shear is so weak that it is unrecognisable in the isobaric geopotential maps drawn for levels of 500 mb and below.

Fig. 2.2.1: Surface analysis for a) 14 January 1967, 12 GMT
15 January 1967, 12 G1!T
16 January 1967, 12 GMT
17 January 1967, 12 GMT
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The strong winds of 160 knots over Nicosia prior to the cyclogenesis were brought about by the reinforcement of the S.T.J. by
the first front which is indicated on the two surface charts of the
14th and 15th, 12 GMT, (Fig. 2.2.1a& b).

On the 16th, 12 GMT,

when the cyclogenesis was initiated the vertical wind shear both in
the lower and upper troposphere decreased remarkably and the tropopause level descended to below the 250 irib level (Fig. 2.2.2c). On
the 17th, 00 GMT, the vertical wind shear increased, and it was
almost constant in the whole troposphere, in. association with the
second cold front which entered the region of Cyprus from the north
as indicated by the surface chart of Fig. 2 • 2 • 1 c & d. On the 17th,
12 GMT, the cyclone attained its maximum development; the vertical
wind shear was very weak, with a tropopause level at about 300 mb,
which is characteristic of the polar air tropopause. The tropopause level descended in the period of cyclogenesis from 150 mb to
300 mb at this single station, which suggests that the polar troposphere and the subtropical-tropical troposphere came very close to
each other.
2.2.3 Maximum wind and tropopause chart
In this section it will be shown, by presenting a maximum
wind level and tropopause chart, that the largest wind speed occurred
over the region of Cyprus, and that the two tropospheres approached
each other to a distance of 5 degrees of latitude prior to the
cyclogenesis. It will also be shown that the polar troposphere
can only reach as far as these latitudes in association with a deep
upper cold trough extending from high latitudes into the Mediterranean.

Fig. 2.2.3a shows that the polar troposphere, with a tropopause level of 400 mb, came within 5 degrees of the subtropical-
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tropical troposphere, with a tropopause level of 160 mb

This was

the nearest they came together. Nicosia reported the largest
maximum wind speed of 160 knots, at about the 200 mb level. This
all happened 6-12 hours before the cyclogenesis was initiated in
the vicinity of Cyprus. The tropopause above the level of the
maximum wind of the strong S.T.J. core over Cyprus declined
strongly toward the north from 160 mb to 400 mb, resembling the
character of a warm front sloping in the opposite direction to the
tropospheric cold front indicated on the surface synoptic chart.
This characteristic will be dealt with in Chapter 4 when discussing
the various instability mechanisms of the central and eastern
Mediterranean cyclones.
Fig. 2.2.3b shows that the polar troposphere moved southwards
into the Nbditerranean in association with a deep upper trough and
the build-up of an elongated ridge over western Europe and Scandinavia.
2.3 . Synoptic. Case. Study. of November. .19.69
It will be shown, again, in this case study that strong upper
winds of the order of 180 knots were reported prior to the initiation of the cyclone over the eastern Mediterranean. The cyclogenes is of this case study will be discussed by referring to the
vorticity pattern on isobaric charts, and by isentropic analyses.
2.3.1 Strong upper winds prior to cyclogenesis
Fig. 2 • 3 • 1 a shows that the cyclone was initiated as a wave
disturbance on a cold front on the 28th, 06 GMT, and moved along
the southern flank of the Anatolian plateau in the direction of
movement of the cold front. The depression attained its maximum
develonent on the 29th, 06 (NT, and then moved northeast and
decayed.

Fig. 2.3.1a: Successive positions of the front and the initiated
cyclone during the period of cyclogenesis, 28-8
November 1969 (taken from the Italian daily weather
maps)

Fig. 2.3.1 b shows the speed and level of the maximum upper
wind on the 28th, 00 (TT, prior to the cyclogenesis. It can be seen
that the strongest maximum wind was reported in the vicinity of the
region where the cyclone was initiated six hours later. The speed
is 180 knots at the level 300 mb, no observations being available
above. A belt of strong westerly upper winds is observed in the
Viediterranean as the two jets approached each other, with a pronounced confluent region over the western Mediterranean and diffluent
region over the eastern £diterranean, in the region where the
cyclogenesis was initiated. The two possible positions of the two
axes are also indiOated on Fig. 2.3.1b, based on the fact that
the maximum wind level of the S.T.J. is higher than that of the P.F.J..
An attempt was made to calculate the divergence at the 200 mb level
by the kinematic method as follows. The wind velocity at each
reported station was analysed to the two components u, v in the
directions Ox, Cy, respectively; the value of each component was
plotted on a separate chart and isotachs were drawn. The speed
of each component was estimated from the isotachs at different grid
points separated by a distance of about 300 km and the divergence
was calculated by using the finite difference form of the horizontal
divergence D = au/ax + av/ay. The divergence values are shown in
Fig. 23.1c where it may be seen that over the region of the diffluence of the two jets, the region where cyclogenesis was initiated
6 hours later, values of 25 x 10s were calculated which is a
significant upper divergence for producing low-level convergence
and consequent cyclogenesis. If the instrument and analysis error
were ± 10 m s in each of the two components u, v, then one would
expect a maximum possible error in the divergence calculations of
6 x 10 s. This error accounts for 100% of the calculated
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divergence in some regions of the Fig. 2.3. 1c, but for 25% of the
calculated divergence in the region of interest, namely the region
of the diffluence of the two jets in the eastern Mediterranean.
It is indeed the case that the kinematic method is subject to large
errors comparable to the calculated values, but not when applied
in regions where the data are numerous and the values of divergence
are significant. If the method were applied in the diffluent
region of the two jets for the lower levels where the values of
divergence (convergence) are small then the results would be subject
to large errors.
Fig. 2.3 • 1 d shows the wind speed at various levels for the
stations named in Fig. 2.3.1b in the eastern Mediterranean. On the
26th the maximum wind was reported above the 200 mb level in all
three sections. The strongest, 100 knots, was reported over Izmir.
The vertical wind shear is pronounced above the 500 mb level in
accordance with what one would expect with the S.T.J. On the
following day, 27th, and on the 28th, the vertical wind shear was
pronounced throughout the whole troposphere, though stronger in the
upper troposphere. The maximum speed of 180 knots, and the maximum
vertical shear, were observed over Izmir. This is mainly due to
the fact that originally the maximum.wind in association with the
S.T.J. was located over Izmir before the arrival of the branch of
the P.F.J. in association with the cold front; and also, possibly,
due to the fact that the temperature gradient at low levels in the
region of Izmir was not modified by the heating of the cold air, as
at the other stations in the eastern and central Mediterranean.
2.3.2 The further role of the strong westerly belt over the
central Mediterranean in the fast development
So far it has been shown from Fig. 2.3.1b that there existed
a belt of strong westerly winds over the Mediterranean with a maximum
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of 180 knots over Izmir. The significant upper divergence values
to the southeast (right entrance) of this maximum in the diffluent
region, superiirosed on the approaching main front, may account for
the initiation of the cyclone 6 hours later. In this section it
will be shown that the further fast development of the cyclone and
its extension through the entire troposphere may be accounted for
by the rapid movement of the upper cold trough, with its associated
positive vorticity advection, and by the surface trough over the
central Mediterranean and its interaction with the initiated cyclone
on the main front. The rapid movement of the upper trough relative
to the initiated cyclone, on the main front, is caused by the strong
westerly belt over the central Mediterranean.
Fig. 2.3.2a shows the geostrophic vorticity pattern superimposed on the isotherms and wind velocity for the 850 mb isobaric
chart. This chart describes, in detail, the synoptic situation on
the 28th, 00 (TT, prior to the cyclogenesis over the eastern Mediterranean. The use of the 850 mb chart to identify the fronts
and troughs in the Mediterranean is preferable to the use of the
surface chart, due to the topography of the region (Weather in the
Mediterranean 1962).

It is evident fran Fig. 2.3.2a that the

northern part of the main front is characterized by a stronger ,
temperature gradient than the southern part of the front over the
Mediterranean. The weaker temperature gradient over the Mediterranean is due to the modification of the cold air mass as it moved
south to lower latitudes over the warm Mediterranean Sea. The aver age sea temperature for November is 20°C, while the average initial
surface air temperature of the cold air mass is 10°C. Upon inserting these values, and a surface wind of 10 m s -1 , in the following
formula,

.

Fig. 2.3.2a: 850 mb isotherms (dashed lines) and the absolute
vorticity contours (1 04s1) (thin lines), for
28 November 1969, 00 CT.
Wind velocities and positions of fronts are also
shown

H = pc C1 U 10 (T5

-

where
H = sensible heat (W m-2)
p = density of air (kg m 3 )
c = specific heat at constant pressure
p
1)
(J kg- 1
U10 = wind speed at 10 m above the ms.l. (m 1)
T5 = sea surface temperature (°C)
T0 = air temperature at lOm above m.s.l. (°C)
= bulk airodynamic coefficient. Nicholls (1978)
gave a value (1.3 ± 0.5) x 1 o3 over the
North Sea, while Raupach (1978) gave a
value of (1.4 ± 0.16) x 10 -3 over Lake
Albert in Australia, both for neutral
lapse rate. The value 1.35 x 10-3
will be used here.
one obtains a value for the sensible heat flux of 140 w m 2

it is

mentioned by Priestley (see Palmen & Newton 1969) that during cold
outbreaks over the sea behind a cold front, heat is absorbed at a
rapid rate which diminishes slowly by time. One can tabulate from
his graph that the ratio between the absorbed heat initially and
after 12 hours is 0.5, 0.6 for unstable and stable cold air,
respectively.

Accordingly, if the average value were taken

(108 W m 2 ), one obtains a value of the sensible heat for the first
12 hours period of 4666 kJ m 2 . Upon inserting this value in the
following formula,
-

PT = {2 g/c.Q/(1 - r) (W.M.O. No.364
p.266 1973)

where
PS
PT

Q
ri

cp =

surface pressure (mb)
top pressure where the influence of heat
stops (mb)
heat energy (kJ m 2 )
initial lapse rate (k per 10 mb). The
typical value for cold outbreaks over
the Mediterranean is about 0.70 per
10 mb
specific heat at a constant pressure
(kJ kg- 1 çi)
acceleration of gravity (decametre s- . 2)

one obtains a value for

PS- T = 176 nib, and the heating influence
would reach to about the .800 nib level. This will give an average
rise in temperature () of the layer between 1000-800 nib of about
2°K CTF = /c.Q/200

of about 4°K.
to 800

nib

nib),

and a rise in the temperature at 1000 nib
The vertical penetration of the heat up

over the Mediterranean is quite reasonable when compared

with the values obtained over other water regions, such as the value
of 700 nib obtained by Winston (1955) over the Gulf of Alaska. The
sensible heat value obtained above of 4666 kJ m 2 per 12 hours is
equivalent to a latent heat value obtained from a rainfall of about
2 rrun in 12 hours.
The effects of the warming of the cold air mass as it enters
the Mediterraj-iean is to weaken the temperature contrast across the
low level front. At the same time this mechanism will establish a
weak temperature gradient in the cold air mass, between the cold air
which has entered the Mediterranean and has been warmed up and the
cold air to the north which has not yet entered the Mediterranean.
Fig. 2.3.2a indicates the presence of a secondary trough
(front) to the rear of the main cold front. This trough with its
associated cyclonic vorticity is situated in the region of positive
vorticity advection ahead of the 500

nib

trough as indicated by

Fig. 2.3.2b. The values of positive vorticity advection were
brought about by the indicated strong westerly wind belt near the
southern flank of the upper trough over the Mediterranean; these
strong westerlies were discussed in the previous section as a
result of the approach of the polar front jet in the region occupied
by the semipermanent subtropical jet stream. The positive vorticity.
advection and the low level heating from the Mediterranean could
account for the secondary trough (front) behind the main cold

front (Fig. 2.3.2a). The relative magnitudes of those two factors
on the local change of vorticity at rn.s.l. could be obtained by inserting the value of the sensible heat flux (108 .W m 2 ) and the
vorticity advection value (15 x i0 1°

S 2

from Fig. 2.3.24b) in the

Petterssen (1956) expression:

=

AQ

-

g/fv 2A

- R/fv 2 S - R/fv 2H

where

co
H
P0
PL
dW/dt

AQ
AT
S
R
f
V2

=

relative vorticity

= heat source [log (Po/PL).(l/cp).dw/dti
= 1000 mb level
= level of nondivergence taken here as 500 mb
= heat source in W kg
from 1000-500 '
:
aken here as 108xg/500 mb = 2 x 10-2 jt kg
s
The value of H will be = 1.38 x 10 5 K° sl
= vorticity advection at 500 mb
(15 x 1010s2 1 Fig.2.3.2b)
= thickness advectlon from 1000 mb to 500 mb
(not included in the calculation here)
= stability term (not included in the
calculation)
= 287 J kg- 1 K 1
= Coriolis parameter (10 4 S-1 )
= horizontal Laplacian operator (taken here
2), 400 kin being
to be 1/(400 x 400
the distance moved by the cold air over
the Mediterranean in 12 hours at a speed
of 10 m s 1

One obtains for a 0/at a value of 2.5 x 1010s2, which.is about 17%
of the vorticity advection at 500 mb. The local change of the
vorticity at m.s.l. due to sensible heat transfer from the Mediterranean in 12 hours is about 0.1 x 10-45H

This, in fact, is about

20% of the actual local change of vorticity in the first 12 hours
of the cyclone development on the main front in the region of
Cyprus as indicated by Fig. la in Chapter 5. Furthermore, latent
heat release in the layer below 500 mb from fainfall of 2 iran per 12
hours can produce the same change of vorticity at m.s.l.. Sensible

heat flux as a factor, alone, in initiating cyclogenesis on the main
front or in the cold air behind may be dismissed, as the calculations
showed. The secondary trough with its associated vorticity was
brought about by the combined effect of vorticity advection and
sensible heat flux. The vorticity advection was enhanced over the
central diterranean due to the stronger winds which resulted from
the approach of the two jet streams.
Fig. 2.3.2b indicates a strong westerly belt of width about
700 km, brought about by the approach of the two jets as discussed
in the previous section; the normal width of each jet is much
less than this value. Lamb eta1.'(195) showed in a case study that the
polar front jet stream and the subtropical jet stream combined over'
the Mediterranean and gave a strong belt of upper westerly winds
with very high velocities of the order of 200 knots.
The upper trough over the Mediterranean with its associated
positive vorticity advéction moved very fast over the central
Mediterranean, a distance of 800 km in 12 hours, as indicated on
Fig. 2.3.2c. The role of the strong belt in this rapid movement
is as follows: Itterssen (1956) formulated an expression for the
movement of individual troughs by combining the speed of the vorticity wedge which coincides with' the trough from the kinematic
method C = -

/

a,2

i

and the. vorticity equation:

.81 + U.
(+f) = -D(+f)
-at
ax (±f) + V -By
where c is the relative vorticity and remaining symbols have their
cos. (L .ir
2) 2 , neglecting
usual meaning. His expression is C =
+ (L/2B )2
the divergence which slows the movement of the trough. B is the
half-width of the current, i.e. the distance from the jet core to
the point at which the wind is reduced to one half of the core speed;

y defines the tilt of the trough, counted positive from the north

towards the west, 0 is the Issby parameter'

-- -7- w

L is the wave

length, U is the wind rnaxi.inuin at the axis of the upper trough.
The above formula was tested by Petterssen for the rrvernent of
137 troughs over the U.S.A. and gave accurate results at the 500 mb
level. In my case study as shown in Fig. 2.3.2b, the speed of the
wind in the belt which extends in width from latitude 30°N-35 0N,
suggests that the half width B is much larger than one would expect
if a single jet stream were present. This fact, plus the fact that
the value of U is larger than one would expect from a single jet
stream, accounts for the rapid movement of the upper trough, and the
superposition of its positive vorticity advection over the initiated
cyclone on the main front over the eastern Mediterranean as shown
in Fig. 2.3.2c. Twelve hours later, than the time of this figure
the vorticity advection increased ahead of the trough (not shown),
which suggests that a further develoient occurred in the upper
trough.
The vertical velocity at 700 mb was calculated from the
vorticity equation following Eliassen's (1953) procedure of solving
the vorticity equation at the midtiire of two consecutive upper air
charts of 12 hours difference, by constructing an average chart.
Fig. 2.3.2d shows that during the initiation of the cyclone on the
polar front over the eastern Ivditerranean, there exist two regions
of ascending notion: one in the region of the initiated cyclone and'
the other with the secondary trough in the air behind the front,
ahead of the upper trough. Twelve hours later (Fig. 2.3.2e) the
two regions amalgamated over the eastern Mediterranean and the
cyclone attained its maximum development. The interaction of the
positive vorticity advection and its associated surface trough,
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Fig. 2.3.2: 500 mb contours (heavy lines). Numbers indicate
the value of the absolute vorticity advection at
each grid point, units 10 10s 2 , (hatched area
indicates positive vorticity advection), for
28 November 1969, 00 GMT
28 November 1969, 12 GMT
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Fig. 2.3.2: Vertical velocities (10 mb/6 hrs) calculated for the
700 mb level by the vorticity method for:
d) 28 November 1969, 06 CT; é) 28 November 1969, 18 GMT
Negative sign, ascending; positive sign, descending.

with the polar front as, a mechanism of cyclogenesis was pointed
out by Anderson et al. (1973) in W.M.O. Technical Note No. 75.
The rapidity of the development and its extension through
the entire troposphere may be seen from the vorticity pattern at
the 850 and 300 mb levels for the 28th, 00 (W, and 24 hours later,.
which are presented in Fig. 2.3.2f-g and Fig. 23.2h-i, respectively.
The figures indicate that the vorticity (geostrophjc) at the centre
deepened by about ½f in 24 hours for both the 850 and 300 mb levels.
Furthermore, it indicates that the 300 mb vorticity centre is situated to the northwest of the 850 mb vorticity centre, and at a
distance of about 400 km. This distance of separation is rather
less than one would expect from a typical baroclinic wave.
From the vorticity equation in the form: dQ/dt = -QD;
ln Q2/Q1 = -Dint, where Q1 Q2 are the absolute vorticitjes 'at the
beginning and end of the period and 1)n is the

man

divergence, one

may conclude that over the period the mean horizontal convergence
at 850 and 300 mb are 0.38 and o.19 x 1051, respectively.
Furthermore, if one assumes that the vertical velocity

(w)

is zero

at both the 1000 and 100 mb levels, then the vertical ascending
notion at the 700 and 500 mb is of the order of 100 mb per day
(approximately 1 cms 1 ). The typical values of the vertical velocities associated with cyclone waves which have a distance of separation of 1500-5000 kin and occupy a depth of 3-10 km are of the order
of 1-5 cmn:S 1 .
2.3.3 Isentropic analysis during the cyclogenesis
The purpose of constructing the 300°K isentropic surface
is to investigate the evolution of the baroclinicity and the steepness of the frontal zone during the rapid movement of the upper

let

Fig. 2.3.2: Absolute vorticity contours for 28 November
1969, 00 G.TT for f) 850 mb (10 5 s)
g) 300 mb (10-6 s1)
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Fig. 2.3.2: Absolute vorticity contours for 29 November
1969, 00 GvTr for h) 850 mb (10
s 1)
i) 300 mb (10 -6 s1)

trough over the central and eastern Mediterranean. This requires
plotting the pressure of the isentropic surface at each station,
which is determined without significant error fran the tephigrarn.
The closer the isobars, the steeper is the baroclinic or frontal
zone.
The other purpose of constructing the isentropic surface is
to determine the trajectories and the vertical velocities, to check
the values obtained from the vorticity method • The trajectories
may be calculated by the use of the geostrophic wind velocity which
is determined from the contours of the Mzntganery stream function:
c T + gZ. An error in the measurement and interpolation of the
temperature fran the tephigrarn of the order 0. 5°K yields an error in
the stream function of 50 x io 5
s 2 , which is the same value as

Cm

the interval at which the I"bntgaiery stream function contours are
usually drawn. However, an error of at least 0.5°K in teirerature
measurements is very likely, especially over the Mediterranean due
to the various types of radiosonde used by the various countries in
the region. Also, the network of radar wind stations in the region
is very dense; accordingly, actual wind velocities were used to
calculate the trajectories.
Fig. 2.3.3a shows that on the 28th, 00 a'rr, prior to the
cyclogenesis, the baroclinic frontal zone is steeper over the northern part of the main polar front than over the southern part of the
front over the Mediterranean. Furthermore, it shows that the isobars in the region of the upper trough over southern Italy coincide
with the wind direction, suggesting that the trough is a cold one.
Twelve hours later, on the 28th, 12 GMT, Fig. 2.3.3b indicates that
the upper cold trough moved faster over the Mediterranean, with its
associated cold dame represented by the closed isobar of 400 mb(-42°C).

This has led to the steepening of the baroclinic zone in the region
of the initiated cyclone which appears on the low level isobaric
chart. The over-all baroclinicity between the initiated cyclone at
lower levels and the trough line increased to almost double its
previous value. Furthermore, the thermal wind in the column between the initiated cyclone and the advancing trough was strengthened;
the shearing cyclonic vorticity increased the vorticity associated
with the upper trough, and so also the vorticity advection, as is
shown on the 500 mb isobaric map (Fig. 2.3.2c). Another possible
factor in increasing the baroclinicity is the presence of the Anatolian plateau, which may have stopped the air at levels below 700 mb
from progressing eastwards relative to the cold air to the west.
The trajectories from the 28th, 00

GMT

to 12 GMT were calculated by

using the wind velocity of the first map for 6 hours and the velocity from the second map for the following 6 hours. They show two
regions of ascending motion (Fig. 2.3. 3b), one over Cyprus and the
other further to the west ahead of the upper trough. This is
similar to the pattern which was calculated fran the vorticity
method and was shown in Fig. 2.3.2d-e. The cold air to the west
and north of the trough descended rapidly as it moved southwards.
On the 29th, 00 GMT, it is noticeable for the first time on the
isentropic surface (Fig. 2.3.3c) that the trough, as seen from the
wind direction, is well out of phase with the terrerature wave represented by the isobars. Furthermore, the over-all baroclinicity
has decreased from the previous chart as can be seen by conaring.
the distance between the isobars on both charts (Fig. 2 • 3 • 3b & c),
as well as by the extension of the cold vortex. The vorticity
advection at the .500 nib isobaric chart increased from 37 to
47 x 10 0s 2 during the period 28th, 12 GMT - 29th, 00

GMT.

The

Fig. 2.3.3: a) Isobars on the 300 K isentropic surface for
28 November 1969, 00 GMT. Wind direction and
speed are plotted for each station

Fig. 2.3.3: b) As a), for 28 November 1969, 12 GMT; superimposed
are trajectories from 28 November, 00 (VYT to 28
November, 12.GMT.
Full: descending; dashed:
ascending. Vertical velocities mb/12 hrs are drawn

Fig. 2.3.3: c) As b) for 29 November 1969, 00 GMT, with
trajectories from 28 November, 12 GTT to
29 November, 00 GTT

Fig. 2.3.3: ci) As b) for 29 November 1969, 12 GMT, with
trajectories from 29 November, 00 G Mr, to
29 November, 12 GMT

decrease of the over-all baroclinicity and the increase of the
vorticity advection suggest that the increase of the vorticity of
the upper trough is brought about by a baroclinic development. It
is at the time, 29th 00 GtVIT, that the cyclone is observed on the
isobaric maps to occupy the entire troposphere and reach nearly its
maximum develoznent. The trajectories show descending motion in
the region surrounded by the isobar 400 mb, the region where the
cut-off low was initiated on the isobaric maps up to 300 mb level.
On the 29th 12 (W, the end period of the cyclogenesis, Fig.2.3.3d
shows a decrease in the baroclinicity in the domain of the cyclone.
Furthermore, it shows the appearance of the cyclone on this isentropic surface in the region between the easterly wind over Ankara
and the westerly wind over Nicosia.
It was mentioned in Chapter 1 1 that an experienced weather
forecaster in the region formulates the empirical rule of watching
the position of the upper trough relative to the main front and to
the initiated cyclone, and does not anticipate much activity when
its position is relatively far to the west.
In this chapter, I have presented the dynamical reasoning of
some empirical forecasting rules, and some of the aspects of the
eastern Mediterranean cyclogenesis. So far, the over-all argument
of the eastern I'diterranean cyclogenesis is that these depressions
develop in the region of the polar front where the maximum wind of
more than 150 knots is caused by the approach of the polar front
ject stream into the region occupied by the semipermanent subtropical
jet stream. The further fast development when the cyclone extends
through the entire troposphere results from the rapid movement of
the upper trough relative to the initiated cyclone. In the early
phase of development the baroclinicity increases and the vorticity

advection increases; while, later, the baroclinicity decreases
and the vorticity advection increases.

The development is thus

caused by two mechanisms. The role of sensible heat transport
from the Mediterranean as a factor in the cyclogenesis is
negligible compared with the vorticity advection and with the
latent heat release when precipitation occurs.
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THE SYNOPTIC CASE STUDY OF LATE.. OCTOBER .1 978
,

During October 1978 four cyclones developed in the Mediterranean, the last of which caused snow, thundery showers and floods
over most of Greece. The synoptic aspects of this intense cyclogenes is will be discussed with the intention of finding indicators
of central Mediterranean cyclone behaviour which are also of potential use to weather forecasters in the east Mediterranean and Jordan.
It will be shown in section five that the water vapour
I

pictures which are obtainable from the European geostationery satellite (METEOSAT) are a powerful tool in the hands of weather forecasters for locating the core of strong jet streams in the region,
both for the purposes of aviation forecasting and for diagnosing
cyclogenesis. The role of a strong northerly jet stream in the
fast upper development of a cut-off low and its effect on the development of the associated surface cyclone will be shown.
The cyclonic activity which occurred during this month,
October 1978, in the Mediterranean will be shown to have formed
when a cold upper trough was centred over the Mediterranean to the
east of an omega-block anticyclone situated to the south of the
British Isles.. The severity of the storm which hit Greece on the
27-28 October will be shown to have been the result of the interaction of a secondary cyclone in the cold air with the 'main cyclone.
It will also be shown in this Chapter that a mid-level cyclone
occurred in the region of strong baroclinicity, which entered the
Mediterranean from central Europe and could be tracked on the IR
satellite imagery; while the surface cyclone occurred downstream
in the region where the front is characterized by weak temperature
and pressure gradients. The data for this case study were obtained

from the teoro1ogica1 Office at Heathrow Airport.
3.1 The long wave pattern during October. 1:978
Figure la shows the mean 700 mb height for October 1978, taken
from Wagner (1979). The most outstanding features are the warm anticyclone, north of its normal subtropical position over the Azores,
and the two cold troughs, one over the Mediterranean and the other
to the southwest over the Atlantic. This resembles the classical
omega-block anticyclone.
The above basic pattern and its variations during the month
not only dictated the weather over the British Isles by giving rainfall amounts less than 10% of the average October rainfall over
southern Britain (Vbod 1979), but also dictated the weather over
the Mediterranean by causing an early snowfall over northern Greece.
This is an example of the strong correlation which often exists
between the weather over widely separated regions. A possible explanation of the blocking anticyclone as a consequence of the aboveaver age sea surface temperature over the western and mid-Atlantic
during September is discussed by Wood (1979).
The mean 700 mb height for the period October 11-21 (Fig. 1b)
contains an extra upper cold trough over the Arctic Ocean and
Scandinavia in comparison with the mean October height pattern
(wave No. 5 instead of No. 4). It is evident that the long wave
trough over Scandinavia is a new development in the long wave pattern
and is entirely distinct from the cold trough over the western Mediterranean. On the 18th, the upper cold trough over Scandinavia
combined with the trough over the Mediterranean, resulting in an
elongated upper trough, which was observed to coincide with the
development of a surface cyclone over the western Mediterranean.
The development of a coherent upper low followed rapidly and the

situation shown in Fig. lb obtained but with a more intense closed
circulation. In this case the upper cold trough over the Mediterranean, which is a feature of the cznega-block anticyclones, can be
held responsible for localizing the upper cyclone position. In
studies of the Alpine upper cyclones many authors (e.g. Tibaldi
1979), believe the Alps responsible for localizing the position of
the upper' cyclone. The surface low under the upper vortex drifted
southeast, then later the upper low was replaced again by an elongated upper trough extending from high latitudes to the central Mediterranean, and the surface low moved quickly to the region of
Cyprus.
Figure ic shows the mean 700 mb height for October 24-28,
the period of cyclonic activity over the eastern and central
Mediterranean. The figure, (ic), indicates the presence of two
distinct troughts, one over the central Mediterranean and the other
to the north of it. On the 24-25, the elongated upper trough coincided with nonfrontal cyclogenesis in association with an easterly
surface circulation of the northward extension of the large "SudanRed Sea" thermal trough over the Mediterranean. This thermal trough
may be seen on the synoptic chart of the 26th, 00 (Nt' (Fig. 2.1a).
On the 26th, the cut-off upper low was centred over Greece in a
region which is characterized as barotropic. On the 27-28 October,
the elongated upper trough again' appeared, and cyclogenesis occurred
which will be the subject of the next sections.
3.2 Dis c ussion of the surface synoptic events of the late
The surface synoptic chart for 26 October (Fig. 2.1a), prior
to the central Mediterranean cyclogenesis, was drawn with the polar
front continuously from the centre of a deep cyclone over the Arctic

b)

Fig. 2.1: a) Surface analysis for 26 October 1978 00 GMT.
(taken from the European Bulletin)
b) ME'IEOSPT IR imagery for 26 October 1978, 00 (MT.

Ocean to the blocking anticyclone over Britain. Normally, in
analysis, one tends to disrupt the surface front somewhere in the
region where the polar air mass acquires an anticyclonic curvature,
as this indicates the descending and warming of the cold air and
consequent very weak teirerature contrast across the front. Furthermore, one tends from vorticity consideration to disrupt the surface
front in the region where it crosses the 300 mb upper trough axis.
However, the surface observations (Fig. 2.1a) in the region of the
front, where one would normally expect disruption, indicate the
presence of frontal cloud and rain similar to that part of the front
where the cold air mass is arriving as a cyclonic current. The
METEOSAT IR imagery presented in Fig. 2.1b reveals the presence of
bright (deep) cloud in that region with a scale exceeding the other
bright regions of the polar front near the centre of the deep cyclone.
It will be shown later, in 'section five,, how the water vapour
picture reveals the presence of the core of the jet stream behind
this frontal cloud band, and particularly how this bright band of
cloud is disrupted in the region where the jet stream core changes
its curvature to anticyclonic.
On the 27th, 00 GMT, the METEOSAT IR imagery (Fig. 2.2a) shows
that this bright cloud region was advected southeast and entered the
Mediterranean. This movement occurred as the warm frontal clouds
moved to the east of the British Isles. As the polar front . pushed
eastwards and southwards the new development occurred in two regiOns:
the first over northern Greece and the Balkans where a bright cloud
band is seen to be orientated N-S, and one can easily mark the
centre of the initiated cyclone to the east of Brindizi; the second
region is to the north of the Black Sea, the distance of separation
between those two developments being approximately 2500 km. The
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Fig. 2.2:

a) METEOSAT IR imagery for 27 October 1978, 00 GMT.
Surface analysis for 27 October 1978, 00 air.
Surface analysis for 27 October 1978, 12 GMT.

surface chart of the sane tine is presented in Fig. 2.2b, where
it may be seen that the cold front has entered the Mediterranean;
the rain belt which was centred 24 hours earlier over central Europe
is now to the northeast of the Adriatic, with another frontal rain
region further downstream to the north of Greece in association with
the new cloud band orientated N-S on the satellite picture. The
centre of the initiated cyclone is not evident on this synoptic
surface chart over the Mediterranean, and this shows the advantage
of the satellite pictures in locating the position of cyclogenesis.
It is evident from the above discussion that both the initiation of
cyclogenesis, and the N-S orientated cloud development occurred when
the intense baroclinic frontal zone with its associated bright cloud
band and wind maximum entered the Adriatic from central Europe.
Furthermore, it will be shown in the next section that the N-S orientated cloud develonent took place in the region where the northern
trough over Scandinavia and central Europe combined with the preexisting cold trough over the central Mediterranean, resulting in an
elongated upper trough from about latitude 60° north to 30° north.
On the 27th, 12 GMT, the surface cyclone appeared on the surface synoptic chart (Fig. 2.2c) over the central Mediterranean, to
the south of Brindizi, with a centre of 1009 mb. This further development occurred as the cold front cleared Italy. Furthermore,
this development coincided (as will be discussed in the next section)
with the initiation of cut-off low at the 500 nib level to the north
of the surface cyclone, and with the observed strong northerly wind
of 160 knots over Pane.
On the 28th, 00 GMT, (Fig. 2.3a) the surface analysis shows
the cyclone over Athens with a centre of .1002 mb, 7 nib deeper than
12 hours earlier. Furthermore, it shows a secondary cyclone with

Fig. 2.3: a) Surface analysis for 28 October 1978, 00 GMT
b) I''IEAT IR imagery for 28 October 1978, 00 QqT•

a centre of 1.006 mb in the cold air, to the rear of the main cyclone.
Both this analysis and the analysis presented in the Eurppean
Bulletin does not show any occluded front in the region of the deepened cyclone. It is stated in the Weather in the Mediterranean
(1962) that the occlusion front is of little use in synoptic analysis
in the region. This analysis (Fig. 2.3a) confirms that this stage
of the cyclone development could be considered as the mature stage.
The analysis of the IR imagery for this time (Fig. 2.3b) reveals, on
the contrary, that the system proceeded to the occluding stage.
Accordingly, one may conclude that the occlusion process was not
brought about by the usual manner when the cold front overtakes the
warm front, but was a result of the interaction of the secondary
cyclone, which reflects the positive upper vorticity advection (see
below, section 3) with the main cyclone on the polar front. This
is similar to what was observed in the east Mediterranean cyclogenesis (Chapter 2) and what is pointed out in Anderson et al.
(1973) in the estimation of evolution of cyclones and fronts from
satellite pictures. Furthermore, this stage of the surface main
cyclone development coincided with the deepening of the upper trough
and the formation of a cut-off low at all levels including the 300 mb.
On the 28th, 12 GMT (Fig. 2.4a), the surface analysis shows
that the main cyclone travelled northeast during the last 12 hours
and deepened to 999 mb (by 3 mb), while the secondary cyclone
deepened to 1000 mb (by 6 mb). and interacted with the main cyclone
resulting in a complex low pressure system. The analysis does not
even show the occlusion front at this stage of develotent, unlike
the MDEOSAT pictures in the visible and IR (Figs. 2.4 c and d),
where it is clearly shown. Those pictures, in fact, 1how a cyclone
with all the characteristics of an occlusion similar to any

Fig. 2.4: a) Surface analysis for 28 Oct. 1978, 12 GMT
b) Forecast surface chart (24 hours) for 28 Oct.
1978, 12 GMT, (obtained from the Meteorological
Office in Bracknell).
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Fig. 2.4: c) METEOSAT visible picture for 28 October 1978, 12 GMT.
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Fig. 2.4: d) METEGSAT IR imagery for 28 October 1978, 12 GMT.

extratropiçal cyclone observed over the Atlantic and U.K. From
this time on, the main cyclone filled up and the secondary cold
cyclone rotated cyclonicafly relative to it and entered the east
Mediterranean under the upper vortex.
The synoptic description revealed that, although the final
product of the cyclogenesis in this case study was an occluded
cyclone, the stages of developtent differ essentially from the
usual extratropical cyclone over the Atlantic. Furthermore, it
has been shown the superiority of the satellite pictures to the
surface analysis in locating the position of cyclogenesis.
The difficulty in forecasting, not only the initiation of the
cyclone, but also in the later phase of development, is canrron both
to routine methods and to numerical models (compare Figs. 2.4a

&

b);

although part of the difficulty for the latter is that the area. lies
on the edge of the fine-mesh rectangle grid (100 km) and near the
boundary of the octagon grid (300 km).
3.3 Discussion of the upper synoptic events and vortici.ty
advection
We investigate, here, the occurrence of elongated upper trough
(60°N-30°N) and its positive vorticity advection as a precursor to
cyclogenesis. We, further. investigate the thermal structure of
the low and high troposphere with the intention of finding indicators
for localizing cyclogenesis other than the mountains which bound the
Mediterranean :;on all. sides..
On the 26th, 00 clv?T, prior to cyclogenesis, the 300 nib chart
(Fig. 3.1a) shows a low centred over Greece with its trough extending over the central Mediterranean. The figure (3.1a) also shows
a deep low centred over the Arctic Ocean with its trough extending
-1L
southwards over Scandinavia, and eitherrelaxin westwards over
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Fig. 3.1a:. 300 mb contours analysis, with the trough and ridge
axe s shown, fOr the 26th, 00 GMT. The- regions of
strong northwesterly winds of 130 and 160 knots are
marked by
This analysis was reproduced from
the European Iteorological Bulletin.
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Europe, or

a .ininor: trough entering its southern flank. A minor

ridge is situated upstream at a distance of. about .1000 km from the
minor trough (or the relaxing Scandinavian trough). The Azores
high is shown over the Bay. of Biscay with its intense ridge extending northwards to the region behind the deep low. The polar

front jet stream is meandering through between the Scandinavian
trough and the Atlantic ridge with strong northwesterly winds of
130 knots near the crest of the minor ridge, and 160 knots further
upstream. The relaxation of the Scandinavian trough over Europe
and its deepening from the previous day could be linked to the
minor trough-ridge perturbation (wave length of about 2000 kin)
which formed upstream and caught up with it

This minor trough-

ridge perturbation could be explained either by the barotropic
instability theory or by the "dynamical unstable ridge" ideas of
Bjerknes (1951), which is based on the gradient wind equation:
with anticyclonic curvature, for gradient wind balance to be
possible, the maximum permissible wind speed is 2V

(Vg = geostrophic
9
then
speed). Accordingly if the wind speed is greater than 2V
9i
the gradient balance is impossible and the particles cross the contours towards low pressure and then deflect to the right as the

coriolis force increases. This action increases the anticyclonic
curvature of the ridge and the cyclonic curvature downstream, thus
restoring the gradient wind balance. This is, in fact, the situation at the two points where the wind speed is 130 knots and 160
and 2.1v resp9
9
ectively. It will be shown clearly how such development took place
knots; these speeds are calculated to be 2•7V

(in the sense that the two features - the building up of the ridge
and the deepening of the trough down-stream - are interrelated) in
sectibn.•.five- _ by presenting the METEOSAT water vapour pictures.

On the 27th,. .00 GMr, the Atlantic ridge deepened further (not
shown) and the jet Maximum speed of 1.60 knots moved southwards and
veered to northerly direction as indicated on Fig. 3.1b. . The minor
trough propagated southwards and eneterd the Adriatic; a speed of
85 knots fran northwesterly direction is observed ahead over Brindizi.
At this stage, the closed low over northern Greece disappeared, and
the elongated trough occurred as a result of the canbining of the
central ?diterranean trough and the southernmost part of the Scandinavian trough. The elongated upper trough occurred when the
strong northwesterly jet stream with its associated baroclinic zone
entered the region to the rear of the Mediterranean trough. Also,
at this stage, the METEOSAT IR imagery (Fig. 2.2a) showed the position
of the initiated depression to the east of Brindizi (marked on Fig.
3.1b) and the developrrent in the N-S orientated cloud over northern
Greece and the Balkans. An examination of both the vorticity
pattern and the wind velocities plus the indicated values of the
positive vorticity advection on Fig. 3.1b reveals the following:
Both the cyclogenesis and the development of the N-S orientated
cloud band took place in the region of positive vorticity advection.
This region of positive vorticity advection is situated both
downstream of the jet which entered the Adriatic, and in the region
occupied 24 hours earlier by the Mediterranean upper low. The
surface cyclone was initiated in the region where one also expects
to find large thermal vorticity advection, in accordance with the
Sutcliffe development theory. Furthermore, the disappearance of
the low over northern Greece resulted in the release of its vorticity
to be advected in the region.
The elongated upper trough is a consequence of the movement of.
the Scandinavian trough and the deepening of the Mediterranean trough
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Fig. 3.1: 300 nib wind velocities and the absolute vorticity
contours (10 - s 1 ), and positive vorticity advection
values (10b0 s-2 ) for b) 27th, 00 G4T C) 27th 12 GMT.
Heavy lines indicate the position of the trough axis.
The position of surface cyclone (.) is also indicated.

The position
Fig. 3.1: d) 28th, OOQv!T e) 28th, 12 (?TT.
of secondary surface cyclone (S) is also indicated.

due to the entering of the northwesterly jet behind. The elongated
upper trough is therefore not directly. responsible for the initiation of cyclogenesis, but rather indicates that other mechanisms
causing the developrent are taking place. Accordingly it is possible
to consider it as a precursor to cyclogenesis in this sense only.
Turning now to the question why the cyclogenesis did not take
place over Europe, where both the northwesterly jet stream and the
polar front were present. What are the extra factors that existed
in the Mediterranean and favoured the cyclogenesis? The principal
answer is that the strong northwesterly winds of 160 knots were
situated at about twice the distance behind the polar front on the
26th as they were on the 27th, when the front was over the Mediterranean. Consequently the maximum upper vorticity advection did not
coincide with the frontal feature. The further extra factors which
are presented in the Mediterranean are the warm sea, the mountains,
and the upper low over northern Greece • The effect of the warm
sea can be dismissed because the cyclogenesis took place on the
surface polar front upon entering the Mediterranean and not in the
cold air behind. Thus we are left with the positive vorticity advection over the surface polar front (from both the region of the
jet upstream and the region which was occupied by the upper low over
northern Greece) and the mountain effect.
The analysis of the 850 mb chart (Fig. 3.2a) reveals that it
is possible to locate the centre of the initiated cyclone to the
east of Brindizi on the lee side of the mountains. The figure
(3.2a) also ; reveals that the polar front is running along and
between the two isotherms

0°C

and 4°C from the Black Sea to the Alps.

The cyclogenesis was initiated on that part of the low level front
which has a smaller temperature contrast than the region of the
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Fig. 3.2a: 850 mb contours (continuous) and isotherms (dashed dot).
for 27th, 00 GMT. Perpendicular lines are drawn on the
frontal zone between the 0°C and 4°C isotherms. The
mountains are shown and they rise to 1000-2000 m (dashed),
and 2000-3000 in (dotted).
Fig. 3.2b: 200 mb wind velocities and isotherrns for 27th, 00 GMT.

front upstream, as indicated by the lines drawn normal to the
frontal zone. The Mediterranean is bounded on all sides by
mountains, and their effect on the low level, front should be ex-

pected to be the sane, along their length, a distance almost equal
to the length of the front. It is therefore not clear why mountains
should favour the region where the cyclogenesis actually occurred.
However, the .200 nib chart analysis (Fig. 3.2b), away from the
mountain effect, shows clearly two strong baroclinic zones, the
first extending over the Adriatic and southern Europe, and the
second from the Black Sea northwards. It is in association with
the éxli t region of these strong baroclinic zones, which separates
polar air from tropical air, where that cyclogenesis was initiated.
It is possible to suggest therefore that, in this case study, the
localizing of the position of cyclogenesis was connected with the
upper vorticity advection over the low level front (according to
Sutcliffe (1947) and Petterssen (1956)) rather than with mountains.
If the cyclone were initiated in the Aegean Sea to the east of the
Vardar gap between the Pendus mountains of Albania and the Rhodope
mountains of Bulgaria, then one would have compared it with the
Genoa depressions which form to the east of the gap between the
Pyrenees and the Alps.
On the 27th, 12 GMT, (Fig. 3.1c), the Scandinavian ( northern)
trough moved eastwards, and the trough over central Italy developed
remarkably as the jet maximum speed of 160 knots was observed over
Rome. The vorticity advection ahead of the trough doubled and the
surface cyclone deepened to 1009 nib. The upper trough over the
central diterranean is not evident, suggesting that it retreated
temporarily westwards as the minor trough behind deepened. It will

be shown in section ,5 that the development of the minor trough at.
this stage was essentially connected with the sinking of the cold
air to the north. The figure, also, indicates that the surface
cyclone is situated to the east of the upper trough.
On the 28th, 00 GMT, (Fig. 3.1d), the strong 160 knot wind
disappeared, the vorticity increased in the interior of the trough,
and a cut-off low forired. The vorticity advection increased
ahead of the trough, over the main cyclone as it deepened to 1002 mb.
The secondary cyclone which developed in the cold air to the rear
of the main cyclone is seen to be located (Fig. 3.1d) in a region of
large positive vorticity advection (77 x 1010 -2) near the centre
of the upper low. The vorticity advection with the sensible heat
flux from the Mediterranean can account for this secondary cyclogenesis, similar to what was discussed in chapter 2. The interaction of this secondary cyclone with the main cyclone was pointed
out in the previous section to be responsible for the so-called
instant occlusion process". The formation of the cut-off low in
the vicinity of Brindizi could possibly be linked with the strong
160 knot northerly winds which were observed 12 hours earlier over
Ram. Boyden (1963) examined statistically the role of the northerly
jet stream in the formation of a cut-off low at 300 irib over southern
Europe and the Mediterranean in a study of 52 cases; he found that
the probability of a cut-off low occurring within the next 24 hours
with strong northerly jet stream is more than 80%, provided that the
upper trough extends about 10 degrees of latitude. Furthermore, he
stated that the position of the cut-off low is not correlated to the
topography. From a consideration of vorticity flux in the interior
of a trough, Pairren and Newton (1969). attributed the development of
upper trough in the early stages to the presence of stronger winds

on its west side than on its east side.
On the 28th, 12,Gvfl' (Fig. 3.1,e) the trough axis tilted from
northwest to southeast,, as the stronger winds migrated eastwards.
A further increase in the vorticity of the trough occurred, which
is fully linked with sinking of the cold air (convergence) in the
cold dare which will be shown in section 4. The surface main
depression moved northeastwards following the large values of
positive vorticity advection, and the cold secondary cyclone moved
southeastwards under the upper vortex; later it was steered to the
region of the subtropical jet stream over the eastern Mediterranean.
3.4 The role of the cold dome in clenesis
A cold dame existed prior to the cyclogenesis, and it was
possible to track it on the successive 500 mb contours and isotherms
analysis. We investigate in this section the role of the dome:
whether it was simple sinking in accord with the Margules (1903)
viewpoint that cold dames must sink' as a whole during surface
cyclogenes is, or whether the cold dames do not sink, at least
initially, during cyclogenesis in accord with the ideas of Riehi
and Teweles (1953) or Palmen and Newton (1969) concerning American
cyclones.
During the sinking of the cold dome, available potential
energy is converted into kinetic energy of the initiated cyclone.
On the other hand, when the cold dome does not sink, there is advection of kinetic energy into the upper trough fran the jet stream
region. This results in the increase firstly of the vorticity of
the upper trough, and then of the upper vorticity advection (divergence) ahead. Upon the superposition of this upper divergence on a
pre-existing region of low level cyclonic vorticity, the cyclone is
initiated.

'.1 I

.

The following facts are revealed by the .500 mb isotherms and
contours presented in Figs. 4à-d:
It is possible to track the cold dome, along the path shown in
Fig. 4a; the velocity of the dome was .10-15 kt southwards, then
southeast later, and was the sane as the observed wind velocity at
its centre. Since these winds varied but little with height, a
vertical-time section following the dome shows substantially the same
air parcels as time progresses. Construction of this vertical-time
section (Fig. 4e) did not present any difficulty, since the centre
of the dome was situated precisely over a radiosonde station for the
first three positions and near enough to a radiosonde station for the
last position
The vertical-time section (Fig. 4e) shows, that the cold dome
sank with a maximum downward speed of 2.2 km per 12 hours (4 cm 1)
at about 400-500 mb level in the first phase (27th, 00 QVIT - 27th,
12 GMT) of the initiation of the 500 mb cut-off low (Fig. 4b). This
phase of cyclogenesis is in accord with Margules ideas. Furthermore,
the 500 mb cut-off low was initiated (Fig. 4b) in the region which
was occupied 12 hours earlier by a strong temperature gradient as
seen from Fig. 4a, unlike the surface cyclone which was initiated
in the region of less temperature gradient (marked on Fig. 4b).
The formation of the cut-off low at the 500 mb level (Fig. 4b)
occurred within 6-12 hours after the surface cyclone appeared on the
satellite IR imagery, similar to what has been observed in connection
with the cut-off low formation in the lee of the Alps (see Tibaldi
1979).
'During the second phase of the development (27th, 12 Q'!r - 28th,
00 GMT), when both the surface cyclone and the upper cut-off low
developed rapidly and a secondary cold surface 'cyclone was formed
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Fig. 4: 500 mb contours and isotherms (dashed) analysis for
Solid
27th October 1978, for a) 00 Q'TT b) 12 (?!T.
arrows indicate the track followed by cold dome, and
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Fir. 4: 500 mb contours and isotherms (dashed) analysis for
The symbols (., u)
d) 28th, 12 GMT.
C) 28th, 00 GMT
indicate the position of the main and secondary surface
cyclone, respectively.
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(marked on Fig. .4c) the cold done ascended with a axinum vertical
velocity of 0.9 km per 12 hours (2 an s 1 ) at .500 nib, as indicated
on Fig. 4e. The point that arises here is that the ascent of the
cold dome took place after it crossed the mountain region and when
a strong 160 knot northerly wind was observed at the .300 nib level
over Rome. It was pointed out in the previous section that the
cut-off low formation at the 300 nib level is connected with the
northerly jet stream and the mountain effect could possibly be
dismissed. If the mountains were to influence the ascent of the
cold dome in this case study, one would have to find the ascending
notion to be a maximum near the mountain top at about the 850-700 nib
level. This does not accord with the evidence that the calculated
ascending notion at this level, 850-700 nib, is of only 0.2 km per
12 hours (0.4 cm s 1 ), as indicated on Fig. 4e. This phase of
development in association with the ascent of the cold dome is in
accord with the ideas of (Riehl and Teweles) and (Palmen and Newton)
concerning the American cyclones.
During the third phase of development (28th, 00 GVYT - 28th,
12 GMT), when both the surface and the cut-off low developed further,
the cold dome sank bodily with a maximum downward speed of 2.4 km
per 12 hours (4 cm

'1) at the 600 nib level. This suggests that

the deve1oient at this stage is in accord with Margules's ideas.
Furthermore, this phase of the bodily sinking of the cold dome is in
accord with the Palmen and Newton description of the later stage of
cyclogenesis which was outlined in Chapter 1.
Figures 4a-d show that the temperature gradient was stronger to
the left of the initiated cyclone; then, as cyclogenesis progressed
the baroclinicity increased remarkably on the right side, and by
the 28th, 00 GMT, it was stronger than that on the left side (Fig. 4c).

Frontogenesis and cyclogenesis took place. : This behaviour is similar to that observed in American bycloñes, and differs from Atlantic
cyclones which usually occur in a baroclinic zone which is uniform
to the left and right of the initiated cyclone (Palrrn and Newton
1969).
3..5 The.

structure as seen on the METEOSAT water
vapour pictures

We investigate here the structure of the high tropospheric
wind as a possible factor in the cyclogenesis, using pictures from
the European geostationary satellite to locate the position of the
jet core. This satellite was put into orbit in early 1978 at a
height of 36,000 km above the point where the Greenwich meridian
intersects the equator and provides pictures in the water vapour band
(5.1-7.2im). The dark (black) regions which appear on these
pictures indicate particularly that the upper troposphere is dry
(Houghton 1979), and the bright (white) regions indicate high humidity in the middle and upper troposphere, 5-10 km (Morgan 1979).
It is widely mentioned in the literature that the dry stratospheric air descends in the troposphere either through the tropopause breaks, or where the tropopause folds to the west and south
of major cyclones. The concept of the tropopause "breaks" (e.g.
Defant and Taba 1959) is mainly based on tropopause levels coded
from radiosonde ascents according to the WMO definition, which states
that the temperature lapse rate should be 0.5°K per one kilometer for a layer of depth equal or greater than two kilarneters.
The tropopause break occurs in the vicinity of the jet stream core,
and its width is .approximately .100-200 km asmeasured-en---var-iousrrls.. It is situated slightly to the north of the jet core.
The idea of tropopause "folding" (Danielsen 1968) is based on the

potential vorticity definition of. the tropopause;. the dry stratospheric air with its high potential vorticity moves downwards and
southwards (slantwise) from high latitudes to low latitudes, as the
tropopause folds along the axis of confluence between direct and
indirect cells beneath the jet core. Furthermore, when the tropopause folds and descends in the middle and lower troposphere there
is a local increase in kinetic energy, which was shown by Buzzi
and Rizzi (1975) to be a factor in the mid-level cyclogenesis over
the western Mediterranean.
In accordance with these ideas concerning the descent of dry
stratospheric air into the troposphere, either. through the tropopause break or where the tropopause folds, one should find narrow
black lines on the water vapour pictures coinciding with the dry'
stratospheric air, descending in the upper troposphere, and the
core of the jet stream. Furthermore, if the tropopause were to
fold, one would expect to see the width of these lines increase
in successive pictures. This method of locating the core of jet
streams is a more powerful tool in the hands of routine weather
forecasters then the subjective methods based on cirrus cloud
shields and their dark line shadows on the visible satellite pictures.
This method of using the water vapour pictures to locate jet cores
will help aviation forecasters to provide precise information concerning both the high tropospheric winds and the CAT regions, especially during flights in the subtropical jet stream .region where data
are scarce or unavailable.
On the 26th, 00 GMT, prior to the cyclogenesis over the central
Mediterranean, the IvE'rEAT water vapour picture (Fig. 5.1a) shows
clearly a narrow thin black line circulating around the Scandinavian
trough and the Atlantic ridge in a NW-SE direction, coinciding with

is'
.1

I

(

\

Fig. 5.1: a) METEOSAT water vaour picture for 26th, 00 (Tf.
26th, 18 GMT
b
ci Maximum wind and tropjpause temperature chart tor 27th, 00 GMT.
-5°C (dashed dot), and -62 0 c (continuous).
if

U

Isotherms are for -50°C (dashed),

the stronger winds indicated on figure 3.1a. This black line runs
parallel to the polar front drawn on the synoptic surface chart of
figure 2.1a. Furthermore, the bright cloud band which appeared on
the METEOSAT IR imagery of figure 2.1b appears here again, and it is
clearly shown that this cloud band is disrupted in the region where
the jet stream core changes its curvature to anticyclonic. This
indicates that the Scandinavian trough is either relaxing westwards
or a new small trough is entering its southern flank. Eighteen
hours later, the ME'1EOSAT water vapour picture (Fig. 5.1b) shows
clearly the deformation in the jet stream structure: the jet stream
over northern Europe propagated eastwards and increased its anticyclonic curvature, developing cyclonic curvature further downstream,
which coincides with the minor trough drawn on the 300 mb chart of
figure 3.1b. These two features are interrelated as stressed by
Bjerknes (1951) and were discussed in section 3. The ME'FEOSAT
picture (Fig. 5.1b) shows also the increase of the cyclonic curvature of the jet stream core in the interior of the southern flank of
the Scandinavian trough, in the region where it combined with the
?.'diterranean trough. The maximum wind and tropopause temperature
chart for the 27th, 00 (MI' (Fig. 5.1c), shows clearly how the reported maximum winds coincide with the core of the jet stream and
especially the change in the direction of the reported maximum
winds from southwesterly to northwesterly over northern Greece, and
then from northwesterly to northerly over northern Italy and the
Adriatic. Furthermore, the tropopause isotherms indicate a small
distance of separation between the -50°C isotherm and -62°C (polar
troposphere and tropical troposphere according to Defant and Taba
1959) in the two regions to the north of the Black Sea, the Adriatic
and northern Italy, unlike the central Mediterranean where the two

isotherms. are widely separated and the maximum winds are weaker.
On the 27th, 12 G"Y1', the IETEAT water vapour picture
(Fig. 5.2a) shows a further deformation in the jet stream structure:
the appearance of anticyclonic curvature to the north of the bright
(white) cloud band over the Balkans, between the two troughs which
appeared on the picture presented in figure 5.1b. Furthermore, the
jet core is circulating around a deeper trough over central Italy.
The maximum wind and tropopause temperature for the same time
(Fig. 5.2b) shows a clear deformation in the isotherms -56°C and
-62°C (middle and tropical air according to Defant and Taba 1959)
in the form of a bulge extending from the central Mediterranean
northwards. This bulge (warm tropospheric air moved northwards)
occurred simultaneously as the tropospheric polar air moved southwards and downwards as indicated by the decrease in the area surrounded by the -50°C (polar air). This is in accord with the descent
of the cold dome as discussed in the previous section. The comparison between the two figures (5.2b and 5.1c) and also the two
IYETEOSAT pictures (Fig. 5.2a and 5.1b) shows clearly how the cyclogenesis process was associated with the descent of the cold dome and
the northwards displacement and ascent of the warm air. The isentropic analysis of the 300°K surface (Fig. 5.2c) for the same time
(27th, 12

v)

shows that the cyclogenesis occurred simultaneously

at the surface and in the middle troposphere (500-400 mb as indicated by the isobars in the region of the closed contour of the Montgomery stream function). The cyclone on the 300°K isentropic
surface is initiated in the region of the descending cold dome shown
on Fig. 5.2b. The isentropic trajectories (drawn by using the
actual wind velocity of the isentropic surface for the 27th, 00 GMT,
for the first six hours, and the observed wind velocities of. this
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Fig. 5.2: a) METEOSAT water vapour picture for 27th, 12 GMT
b) Maximum wind and tropDpause temperature for 27th,
12 GMT (isotherms are as Fig. 5.1c).
C) Contours of Montgomery stream function (continuous)
and isobars (dashed) for 27th, 12 GMT.
Trajectories are shown (continuous - descent; dashed ascent) and vertical velocities (mb (12hr)') at each
mid-time of each trajectory are also shown.

isentropic surface for the next six hours), are shown also in Fig.
5.2c. It indicates the descent of the cold air to the north and
west of the initiated cyclone on this iseritropic surface with speeds
varying from 60-1.60 mb per 12 hours • It also shows the ascent of
the warm air with speeds between .10-50 mb per 12 hours over the
region occupied by the bright (white') cloud band on the ME'TEOSAT
picture (Fig. 5.2a). Both the increase of the black line width
in the interior of the trough (Fig. 5.

2a)

and the descent of the

cold air from the region of the jet stream core (Fig. 5.2c) at
levels below 300 mb could possibly suggest that the tropopause
"folding" mechanism is taking place to the west of the initiated
cyclone. It follows that one may attribute the development partly
to the suggested increase locally of the kinetic energy (Danielsen
1968), although it is evident from the discussion that the development is a baroclinic one.
On the 28th, 12 GMT, the MEYIEOSAT water vapour picture
presented in figure 5.3a (which corresponds to the visible and IR of
figures 2.4d and c) shows clearly the split in the jet stream with
one branch entering the central Mediterranean from the northeast
and the other branch (to the north of the occlusion) circulating
from southwesterly direction around the main polar air to the north
of the Black Sea. It is evident that this is the beginning of the
stage of the cutoff of' a branch of the polar front jet stream from
the main jet stream. Furthermore, the width of the black line
increased to the south of the cloud band suggesting that the tropopause "folding" mechanism is possibly taking place. The subtropical jet stream is clearly shown extending from W-E, and it is
also evident that the remnant of the polar front jet is approaching
it. The maximum wind and tropopause temperature chart for the same
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Fig.5.3: a) MFTh'EOSAT water vapour
picture for 28th, 12 (W.
b) Maximum wind and tropopause
temperature chart for 28th, 12 GMT.
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AIF

-

-

1_
•1

time (Fig. 5.3b) shows that the cold dome of the polar air moved
southeast and descended (as indicated by the small area surrounded
by isotherm -50°C in coirarison with figure 5.2b).

It further

shows the approach of the tropical air from the west and east (-62°C
isotherm) in the region to the north of the polar air. This phase
of development corresponds to the bodily sinking of the cold dome, as
discussed in the previous section.
3.6

Concluding remarks. on. the. valuer ofw..v....imagery
The METEOSAT water vapour pictures proved valuable in locating

the core of the polar front jet stream and the subtropical jet stream
for aviation purposes and for cyclogenesis studies. The availability
of these pictures, almost every hour, provides information about the
regions of upper trough and ridge development (increase of cyclonic
or anticyclonic curvature of the jet core) in the Mediterranean,
which is characterized by the fast cyclogenesis process, when it
occurs.

This is an alternative to the total dependency on the

radiosonde reports which are available for plotting once or twice a
day. A change of cyclonic or anticyclonic curvature of the jet
core without any change in the width of the black lines is an indicator that the nature of the upper development is connected with other
instability mechanisms rather than with the baroclinic instability
theory. This is the case in the development of the minor troughridge perturbations on the picture presented in figure 5.1b and was
discussed in section 3 to be connected with Bjerknes's ideas or
the barotropic instability. On the other hand, a change of the
curvature of the jet core with an increase in the width of the black
line is an indicator that drier air is descending in the upper and
middle troposphere in association with the cyclogenesis. The
decrease of the baroclinicity of the troposphere in the region of the

Iv'.

descending motion and increase in the width of the black lines
(strength of jet core) is then an indicator that the cyclogenesis
is a baroclinic one. Furthermore, one can locate the clouds'
enhancement relative to the jet core (warm or cold side) and conclude whether the warm air or the cold air is ascending, as is the
case for the main and secondary cyclone clouds, which are located in
figures 5.2a and 5.3a in the warm and cold sides, respectively.

PROPOSED €CHANISPOFCYCLOGENES.IS.
4.1 East Mediterranean cyclones
In all cases presented in chapter 2, the synoptic surface charts
have revealed that the eastern Mediterranean cyclones are relatively
small in comparison to the cyclones over the Atlantic and U.K. The
study also revealed that these cyclones develop quickly so that they
do not give tine to the routine weather forecasters to predict them.
These points have long been observed by the British forecasters in the region (Weather in the Mediterranean 1962). The synoptic surface charts of the two cases of January 1967 and November 1969 revealed that the cyclone over the east Mediterranean decayed when
another cyclone appeared further west over Italy. This is also known
to the experienced forecasters in the region. The distance between
the region of Cyprus and Italy is about 3000 km; this suggests that
the distance of separation between the Mediterranean depressions is
of this order which is less than that over the Atlantic and U.K.,
which is typically about 4000 km. Accordingly it is of interest
to see if these differences can be accounted for by the usual theories
of cyclone growth.
The basic state over the Atlantic and the U.K., as indicated
by the normal 500 mb contours (Fig. 1 . 2d, Chapter 1) shows a basic
zonal current, but in contrast an upper cold trough is over the
Mediterranean. Furthermore, the region of the Mediterranean is
characterized by the presence of the semi-permanent subtropical jet
stream which lies along 30 degrees latitude, while the region of the
Atlantic and U.K. is characterized by the presence of the .migrating
polar front jet stream. The typical mid-latitude Richardson number
is 100, while the average Richardson number over the eastern

Mediterranean, evaluated from average data for Nicosia for the cold
season, is about 15. The Mediterranean, also is bounded by mountains in the north which will block the cold air from entering at low

levels. The above mentioned fact should be taken into consideration when comparison between the cyclones over the Mediterranean and
the U.K. is made.
The ratio of the Coriolis parameter between the two regions

(latitudes 60 and 30 degrees) is about 1.7; the value of the average
static stability over the eastern Mediterranean, as taken from
Nicosia average data, is 1.4 x which is similar to that over
the mid latitudes. Upon inserting these values in the Eady (1947)
expression for the wave of maximum growth (0.31 x f x (Ri.)) one
obtains a value for the maximum growth of the east Mediterranean
depressions 1.5 times that of the depressions over the U.K. and the
Atlantic. Thus the Eady theory is capable of explaining the growth
rate correctly. Furthermore, the length of the wave of maximum
= (4 x H x (gB)½)/f) is about
growth over the Mediterranean (1 ~max

6000 km because of the Coriolis parameter. Accordingly, the Eady.
theory does not account for the scale of the Mediterranean cyclones.
It is natural to consider the questions: are the Mediterranean cyclones baroclinic disturbances?
confined to the lower troposphere?

Are they shallow baroclinic waves
DD

these depressions develop

on already perturbed large-scale states rather than on uniform zonal

flow? The answers to these questions and others will be dealt with
below.
In a typical baroclinic .wave there is a westward tilt with

height. The amplitude of the pressure for the wave of maximum
growth in an incompressible basic state .(Eady) decreases rapidly with
height to the middle of the troposphere (steering level) then increases

rapidly; its magnitude is slightly larger near the lower boundary
than the upper boundary. In a .barotroplc wave there is no westward
tilt with height. The variation Of the.geopotential fluctuations
with height can be of value in diagnosing these aspects of the east
Mediterranean cyclones. Following Reed (1979) the deviation of the
geopotential height from average values at each pressure level for
Nicosia, the nearest radiosonde station to the cyclone, was calculated
for the three cases of cyclogenesis presented in Chapter 2. Figures
la-c show, in time section, the character of the fluctuation accompanying the passage of the three cyclones at Nicosia. Values given
are departures from the average for the period at each height. The
most striking feature on these figures is the preference for the
perturbations to be stronger at upper levels. The ratio between the
upper (300 mb) level and low level maximum perturbations in the
three figures, la-c, is about 5,3,2, respectively. For the purpose
of comparison with the amplitude structure of the Eady wave (incompressible case) one should multiply these obtained ratios by the
square root of the density at the upper level (approx. 0.6). It
follows that the ratios are 3,1.8,1.2, respectively. Accordingly
these ratios indicate that the perturbation aloft is greater than at
the surface, unlike the Eady wave of maximum growth. This test is
only' alid provided the Eady theory really is capable of explaining
similar details of the structure of extratropical cyclones over the
Atlantic and the U.K., so that one would expect to find a lower
boundary and upper boundary perturbation consistent with the Eady
theory in the majority of the cyclones passing through the radiosonde
station in the U.K. Accordingly, to demonstrate that it is valid,
a case was picked at random and is presented in figure id. The
ratio between the maxirnum;perturbatiorlSat the upper 000 nib) - level
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and the low. level, boundary is about 1, and upon changing it to the
incompressible case one obtains a ratio of 0.6. This is in good
agreement with the Eady theory for a case with a stratosphere,
though the closeness of the ratio to the theoretical result may be
fortuitous. The stronger perturbation in the upper troposphere,
in the eastern Mediterranean cases, could possibly be attributed to
the passage of the long wave trough in the region, especially as
the normal 500 mb contour chart (Fig. 1 . 2d, Chapter 1) has a long
wave trough over the Mediterranean to the east of Cyprus. The
fourier. analysis of the wave numbers and amplitudes fOr the central
Mediterranean case study (next section), which has a similar perturbation structure, showed that the observed perturabtions in the region
of the mid-level cyclone was brought about by the superposition of
the various scales, mainly wave numbers 3,4,7,8.. Accordingly one may
conclude that the Mediterranean cyclones develop on already large
scale perturbed basic state rather than on uniform zonal current.
The second important feature on figures '1 a-c is the westward
tilt with height of the perturbations implied by the time lag at
higher levels (although in the third figure, ic, the time lag at
higher level is not evident). This tilt is typical of baroclinic
waves, and together with the fact that the perturbations extend
through the entire troposphere, indicates that the eastern Mediterranean cyclones (in these three cases) are baroclinic type of waves.
It is possible that the smaller fluctuations at low levels is due
to the presence of the mountains which prevented the cold air from
entering at low levels (1000-700 mb) into the region of the surface
cyclone, thus the baroclinicity of the lower troposphere in the
domain of the cyclone at low levels was weaker. Furthermore, since
the perturbations are not confined to the lower troposphere, one can

exclude the idea that these depressions of smaller scale can be
accounted for as shallow baroclinic waves as studied by Mansfield
(1974). He used the Eady model on a uniform zonal Ourrent with
the baroclinicity confined below a lid set at 1.6 1cm, and achieved
the proper growth rate and scale of the polar lows.
Gall (1976) suggested that the small scale may become more
unstable than the 4000 km wave if the Richardson number in the lower
300 mb or so of the atmosphere were significantly lower than the
Richardson number in the middle and upper troposphere. This is
because the short wave lengths are essentially confined to below
500 mb. The growth rate of a baroclinic wave generally increases
with decreasing static stability and increasing wind shear, and it is.
to be expected that changes in these quantities will have their
greatest effect when they occur in the region of the troposphere,
where the wave is most active. Thus short baroclinic waves should
display more of a response to changes in low-level static stability
and wind shear than the intermediate-scale waves. The static
stability and wind shears were calculated for the various standard
isobaric layers (1000-850 mb, 850-700 mb, etc.) for various radiosonde stations over the east Mediterranean for the three case studies
presented in Chapter 2. The results were similar, so only one case
is displayed here. Fig. 2 shows the calculations for 16th January
1967, 00 G'!T, prior to the cyclogenesis. The vertical shears are
much stronger at the middle and upper troposphere, so large that the
Richardson numbers for these levels is much less than the Richardson
number in the lower 300 mb of the troposphere, although the static
stability in the lower troposphere is smaller than that in the middle
and upper troposphere. The smaller Richardson number in the middle
and upper troposphere is evident also from synoptic climatology,
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because the semipermanent subtropical jet stream (whose-vertical
shear is confined to the layer-5007'200 nib) is present in the region.
Accordingly one can exclude the idea; that the observed scale of the
Mediterranean depressions can be accounted for-by the smaller values
of Richardson nunbers in the' lower troposphere; on the contrary one
should expect a larger dominant wave length than those really observed.
Duncan (1975) solved the Eady problem under conditions different
from those used by Mansfield, raising the upper boundary to 300 mb
level and allowing a vertical change in the static stability (increase)
and a horizontal wind shear. Utilizing this more realistic basic
state in 'a quasi-geostrophic model he investigated the most unstable cases of shallow hydrodynamically unstable waves (polar lows). His
conclusions were that small static stability at low levels favours
the short wavelengths as the waves of maximum growth. The effect of
the horizontal shear (cyclonic or anticyclonic) is to danp slightly
the growth of the baroclinic waves without altering the wave of
maximum growth. Gall's (1976) findings mentioned above are similar
to Duncan's, because in the latter the static stability is allowed
to increase vertically while the vertical wind shear is linear
(0.05 m s mb 1 ) which implies the ircçease of Richardson number
vertically. Accordingly, one can alsojexclude the idea that Duncan's
proposal could account for the Mediterranean cyclones.
Staley and Gall (1977) used a four level quasi-geostrophic
model to examine the instability of short baroclinic waves; they
found (like Duncan) that a slight decrease in low level static
stability or increase in the low level wind shear relative to the
static stability and wind shear in middle and upper troposphere can
mean the difference between maximum growth rate occurring at 4000 km

and 2000 kin. Furthermore, similar changes in the upper troposphere relative, to the middle and lower, troposphere can have little
effect on the growth spectrum. Accordingly, one should find a
growth spectrum in the Mediterranean similar to the Eady theory,
although the vertical wind shear is larger in the upper troposphere
(Fig. 2).
Recently, Rasmussen (1979) suggested that the polar lows (short
waves of about 1000 kin) can be accounted for by the CISK (Charney
and Eliassen 1964) theory of the tropical hurricane. The CISK
mechanism (Conditional Instability of the Second Kind - to differentiate it from the normal conditional instability) is a co-operative
interaction between a nesoscale (cumnulonirnbus) feature and the large
scale disturbance in a conditionally unstable atmosphere (troposphere). The large scale disturbance provides the low-level, largescale convergence which lifts the moist air particles to their
condensation level; this then gives rise to cumulonimbus clouds
because of the conditional instability. The clouds provide the
energy (condensational heating) essential for the growth of the largescale disturbance which will provide again the initiation of new
cumulonimbus clouds and so on. The result will be the enhancement
of the mes5scale system and its organisation on a larger scale. All
this happens in a basic barotropic state which is barotropically
stable. The fact that the Mediterranean depressions showed a westward tilt with height typical of a baroclinic wave excludes the
idea that the CISK mechanism could account for the Mediterranean
depressions. Moreover, the tephigram of Fig. 3 shows that the conditionally unstable atmosphere in the middle and upper troposphere
occurred after the cyclone was formed. •
We turn now.to the question of whether the barotropicaily
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unstable mode existed together with the baroclinic instability mode.
A necessary condition for. barotropic instability is that the gradient
of absolute vorticity must possess a reversal of sign. This condition
was met prior to the cyclogenesis of November 1.96 9 as shown by Figs.
2.3.2f and g (p.55, Chapter 2). The figures indicate.an axis of
minimum absolute vorticity, across which the gradient changes sign at
both the 850 mb and 300 mb levels over the east Mediterranean (the
region where cyclogenesis took place twelve hours later). The figures
also indicate an axis of maximum absolute vorticity in the central
Mediterranean (the region where the secondary cyclone formed).
Furthermore, from the normal 500 mb contours (Fig. 1 . 2d, p.6) one can
conclude that such a condition of the barotropic instability is met
over the Mediterranean, due to the presence of upper long wave
trough over the region. The barotropic instability condition is
always present in the Mediterranean, either in association with the
long wave trough or with the strong subtropical jet stream or when
the two jets approach each other. If the barotropic instability
alone is responsible for the Mediterranean depressions, then one
would expect to see more of these cyclones over the eastern Mediterranean. This is not in accord with evidence that the frequency of the
eastern and central Mediterranean cyclogenesis is about 3 per year.
Furthermore, the westward tilt of the perturbations with height
(Fig. la-c) excludes the idea that these cyclones are purely barotropic disturbances. The modelling of the cyclogenesis problem over
the Mediterranean should utilize a basic state where the troposphere
is baroclinic and also possess a barotropically unstable jet stream,
or the baroclinic basic state is distorted by the presence of long
waves. This, in fact, would provide the growth spectrum in a more
realistic basic state for the Mediterranean region. The wave of

maximum growth in a baroclinic basic state alone is about 4000 kin
(Eady problem), while the wave, length of maximum instability for, a
sinusoidal jet profile is about 2000 km (four times of the half width
of the jet). The distance of separation between the Mediterranean
depressions is about 3000 km, the average of the wavelengths of the
two instability irixles.
The effect of the two modes (barotropic and baroclinic) existing
together has been studied by various authors (for references, see
Duncan 1975, Gall 1976, or Haltiner 1971); it has been shown that
when the two modes of instability exist together some wavelengths
are unstable which are not unstable through either mode separately.
Furthermore, it has been shown that the dominant wavelength is less
than the typical. length of the dominant baroclinic wave and the observed mid-latitude cyclones (see Gall 1976). Accordingly, this may
explain both the relatively smaller scale of the Mediterranean depressions in comparison , with those observed over the U.K., and the
rarity of the east Mediterranean cyclones.
Figure 4 shows a plot of the natural logarithm of the deviation
of the pressure at Nicosia (centre of cyclone) from the pressure
reported twelve hours before the initiation of cyclogenesis, against
time. The quantity (np) represents approximately the amplitude of
the pressure perturbation, and the slope of the curve (1np) represents approximately the growth rate. The same technique was
used by Buzzi and Tibaldi (following Mansfield 1974) though in a more
sophisticated way by constructing subjectively every six hours maps
of the basic state without the secondary orographic cyclone and the
mountain effect. The figure indicates two phases of development
(A and B) similar to what was observed by Buzzi and Tibaldi in their
case study of the lee cyclogenesis. The "e" folding time of the

2. 0
Alp

000or

a- 1. 0-

Ian

I

GMT

16

12

B
Ob
17

I

12
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pressure at centre of cyclone (Nicosia)
for 16-18 January 1967.

first phase "Afl is about 8 hours which is 2 hours more than what
occurred in the Buzzi and Tibaldi phase "A" of cyclogenesis. The
"e" folding time of phase "B" is much larger than phase "A" and it
is about 18 hours or about 48 hours (on the assumption that the
dashed line is more representative due to the experimental error or
to the simplification of the basic state assumption). The "e"
folding time of the Buzzi and Tibaldi phase "B" is 25-30 hours. The
Richardson number average value for Nicosia at the beginning of each
phase was calculated to be about 2.5 and 4.5, respectively. If one
assumes a basic zonal baroclinic basic state (Eady problem) with
Richardson number of 2.5 (Eady (1947) found that errors in the quasigeostrophic approximation do not become serious until R.C 3 becomes
fairly close to unity) then one would have obtained an "e" folding
time of about 16 hours assuming that the coliolis parameter is
0.8 x 10 s. Similarly, for the second phase one obtains a
value of about 22 hours, which is surprisingly similar to what was
obtained from figure 4. Accordingly one may conclude that the Eady
theory does not account for the first phase of development, while it
accounts for the second phase of development. This is similar to
what Buzzi and Tibaldi found in their case study.
More recently Simmons and Hoskins (1979) examined the response
of a baroclinically unstable atmosphere to a localized initial
perturbation by the use of various models. In a nonlinerg ir primitiveequation model with spherical geometry new disturbances grew regularly
downstream every 2½ days with a spacing of 550 and 60° longitude,
while upstream smaller scale disturbances develop at intervals of 4
days at the same longitude. The later downstream disturbances have
upper level amplitudes significantly larger than 'found in nonlinear
integrations using normal-mode initial conditions (the relative

vorticity maximum for the fourth downstream development is 1.64. and
1.32 for the .300 mb and .900 mb, respectively; while for the initial
disturbance it is 0.7 and 1.17, respectively).

In an initial-

value problem for the Eady model it was found that new disturbances
appear first with a small horizontal length scale which expands towards that of the most unstable normal mode (Eady wave of maximum
growth); the downstream disturbances first appear at a position on
the upper surface. The significant differences from the normalmode form is in the growth rate and wave structure. For comparison,
the most unstable normal mode (Eady) has a half-wavelength of 21.00 kin,
equal surface and upper maxima in relative vorticity, a growth rate
of 0.74 day, and a phase speed of 15 rn ; while for the latest
downstream development the zonal extent and the growth rate were
initially (upper surface) 1400 kin and 2.2 day 1 ("e" folding time 9
hours). Later, after 5 days, the zonal extent and the growth rate
were 1700 km (wavelength 3400 kin) and 0.9 day -1 ("e" folding time
27 hours). The ratio of the upper surface amplitude (vorticity
maximum) to the surface amplitude became 4.3. Simmons and Hoskins
mentioned in their concluding remarks that the rapid initial growth
rates found by Buzzi and Tibaldi ("e" = 6 hours) do not necessarily
rule out the possibility that the baroclinic instability played an
important role in the development. Accordingly on these grounds of
the downstream development one can explain the observed larger upper
perturbations (Figs. la-c) and the two growth rates obtained in
figure 4. Furthermore, one may explain the relative smallness of
the east Mediterranean depressions in comparison to the typical Eady
cyclone. Moreover, Fig. 5 shciws a vertical vorticity pattern greater
at the upper surface than at the lower surface for the case study of
November 1969.
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Descriptions of cyclogenesis in association with the approach
of two jet streams (as observed in the present work) are rare in the
literature, but Defant (1959) gives a case study of intense cyclogenesis (pressure fall of 61 mb in 24 hours) over the northern
Atlantic where a branch of the subtropical jet stream approached
the polar front in that region. He plotted a cross-section of
potential temperature and winds across the region where the cyclogenesis was initiated. The cross-section was for the time six
hours before the initiation of the cyclone. He calculated from
the cross section, the Van Mieghem (1951) criteria of the hydrodynamical instability of the geostrophic "simple notion" shown
below, and concluded that the approach of the subtropical jet stream
branch provided an extra region of hydrodynamical instability which
accounts for the intense cyclogenesis. The Van Mieghein "hydronamical instability" is based on the approximation that the atmosper ic state prior to the onset of the cyclone represents the geostrophic "simple notion". The geostrophic simple notion is a
basic state current (straight or curved) the velocity of which does
not change in the direction of the flow, but is assumed to be variable in the oy-axis and the oz-axis (the velocity components of the
geostrophic current are u

u(y,z), u

u = 0, whêre.the ox-axis

directed parallel to the geostrophic current). He showed that this
basic geostrophic current "simple notion" is stable for all particle
displacements in a transverse direction (oz and oy) with the exception of isentropic displacements when:
(f -.

i
s negative
(E!).'(* +•)]
[
au
where (.)is the shear of the wind in isentropic surface, and
ay 0
au au
- are the horizontal and vertical shear, respectively.
-,

(1)

Since the last term of the above expression is always positive, it
follows that the criteria for hydrodynamical instability is:
2

1.: .a1
[f..] >[f(f - au
.) j1 L

i

(2)

(or one can deduce the condition for hydrodynamical instability
fi
Ri <
- au j which is less than one in the two regions just south

1

of the polar jet core and in the middle and upper part of the polar
front). The expression (1.) contains the inertial instability for
horizontal motion, and upon neglecting it one finds that the remaining-term is always positive which satisfies the condition that a
baroclinic atmosphere is unstable. Defant (upon calculating the
terms of expression (2)) found that due to the approach of the two
jets there was an extra region of hydrodynamical instability in his
cross section. This extra region lies between the steeply inclined
tropopause (i.e. a strong decline to the north from 180 mb to 350 mb,
which possesses the character of a warm front sloping in the opposite
direction of the tropospheric cold front) and the cores of the two
jet streams, which came close togerher. This region of reversed
baroclinicity at great heights is generated by the approach of the
two jets which resulted, in his case study, in a deep layer of the
atmosphere becoming hydrodynamically unstable. Furthermore,
because observations show strong cyclogenesis just at these places,
the additional upper region of hydrodynamic instability must be
basic for cyclogenesis.
Defant mentioned that a similar structure appears if the polar
front jet stream moves southwards and comes close to the subtropical
jet stream near latitude 30°. Here the same operative mechanism
should exist; but since the polar system has undergone an airmass
transformation during the north-south movement, only cyclogenesis of

the normal size occurs. It was shown in Chapter 2 that a precursor
of the eastern Mediterranean cyclogenesis is the strong upper winds
which resulted from the approach of the polar front jet into the
region occupied by the subtropical jet stream; a similar structure
concerning the strong decline of the troppause from .160 mb to .400
mb was discussed in figure 2.2.3a (p.38),. Furthermore, the Richardson number (Defant found, as one might expect from the above discussion, that Ri less than unity coincided with regions of hydrodynamical instability) was calculated for the case study of November
1969, across the region where cyclogenesis was initiated six hours
later; the results are shown in Fig. 6. The figure indicates that
the region of the atmosphere over Izmir (17/220) possesses the
deepest hydrodynamically unstable layer (and even deeper than any
other station in the area, although calculations are not shown)
which explains why the cyclone was initiated 6 hours later in that
region. The above discussion provides' an answer concerning the
importance of the approach of the two jets in the eastern Mediterranean cyclogenesis. Furthermore, it explains to some extent
why the eastern Mediterranean cyclogenesis is rare, and why one
single jet stream is not sufficient for the cyclogenesis to ensue.
4.2 Central Mediterranean cyclones
Figure 7a shows the growth in intensity of the main cyclone of
the central Mediterranean case study presented in Chapter 3. This
growth was calculated on the assumption that the state prior to
the onset of cyclogenesis approximates the basic state surface
pressure. The value of the pressure at the centre of the initiated
cyclone was subtracted from the basic state pressure every six hours,
and the natural logarithm was calculated and plotted in Fig. 7a.
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Figure 7: (a) Plot of natural logarithm of the
difference between basic state pressure
and the actual pressure at centre of
cyclone versus time for 27-28 October
1978.
(b) Average Richardson number, in brackets,
and static stability (10 4 s2) for 27
October 1978, 00 arT.
The position of the later development of
surface cyclone (*) and upper cyclone
are also shown

('k)

The outstanding feature of this figure is that during the greater
part of the cyclone development, the intensity of growth is uniform. This suggests that the same operative: mechanism was enhancing the development of the surface cyclone during this phase
("A"). The growth rate during phase "A" as determined from the
figure is 2.26 day 1 , with an "e"-folding time of 12 hours. This
fast rate of growth does not give time to forecasters to predict
the development. The riformity of growth intensity of the surface
cyclone during phase "A" seems to contradict the argument presented
in Chapter 3, concerning the sinking of the cold dome at an early
stage and its ascending at a later stage of this phase. The contradiction is removed if the development of the cyclone above the
mountain level is connected with the sinking and ascending of the
cold dome; while the development of the surface cyclone is connected
with a single mechanism, namely vorticity advection at the level of
non-divergence ahead of the developing upper trough at that level.
By this proposed mechanism one also explains the observed small
distance of separation between the surface and mid-level cyclone
(400 km which is less than with normal baroclinic wave). The proposed mechanism whereby surface cyclone development is controlled by
upper vorticity advection rather than by Laplacian of thickness advection is referred to as "B" type of cyclones according to Petterssen and Srrebye (1971), to distinguish it from the normal type "A"
baroclinic development. The kinetic energy of this "B" type cyclone
is transferred from the upper levels, where the development is
baroclinic.
Figure 7a shows the second phase of the surface development "B"
which is essentially produced by a different mechanism from phase "A"..
The growth rate and "e"-folding time are 0.96 day -1 aird 25 hours,

respectively. Phase "B" occurred when the cold dome sank bodily
and the cyclone moved northeast in a manner which is typical of a
baroclinic wave, steered by the mid-level winds. The Simmons and
Hoskins downstream baroclinic development discussed in the previous
section accounts for the Phase "A" large growth rate, thus suggesting that the baroclinicity in the region was triggered by a cyclone
to the west.
The average static stability and Richardson number were calculated for each individual station in the region up to the tropopause,
and are presented in Fig. 7b. Upon inserting the average value for
these stations of Richardson number (11) and static stability
(1.2 x 10-s ") in the Eady expressions, one obtains a value for the
"e"-folding time of 33 hours and a wave length of maximum growth of
4500 km (f is taken at latitude 40°). Accordingly Eady's theory
is capable of explaining the phase "B" growth rate, but not the wave
length which was measured subjectively to be 3000 km
The Fourier wave analysis (Fig. 8) around 400 latitude was
performed for the 27th, 00 GMT, and 28th, 00 GMT.

The values of

the heights on the 500 mb hemispheric chart of the "European Meteorological Bulletin" were read at 20° longitude intervals. The result
for the 28th, 00 avTT, (at the end of phase "A" when the cut-off low
was pronounced at all levels and centred at 20 1E longitude near
Brindizi) are presented in Fig. 8, which reveals the following:
1) The amplitude of the wave numbers 7 and 8 are 6.5 and 3.5
decameters, respectively. This is larger than the calculated
amplitude for the 27th, 00 G1v!T, which was 4.5 and 3.0 dm., respectively. Accordingly, these growing waves 7, 8 (41.00, 3600 km at
latitude .40°) are slightly less than what was predicted earlier from
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Figure 8: Results of a fourier wave analysis of 500 mb surface
at latitude 40 0N, showing the position of the troughs
and amplitudes (din) of waves 2,3,4,7 and 8 for 28
The position of th e surface cyclone (I)
October, 00 GMT.
and 500 mb low () are also shown

the ,Eady theory (4500. kin),, calculated using a limited.. area, .average
static stability. This may suggest that the existence of the barotropic instability mode (the .160 kt wind over Rome, the ascending
of the cold dame, and the absolute vorticity maximum in fig. 3 • 1 .c,
p.80) together with the baroclinic instability mode, led to a growth
spectrum in which the dominant wave is shorter than if the baroclinic instability were alone.
2) The observed cut-off low at the .500 mb, with its lowest height
deviation of -320 m from the 40°N mean value, is essentially
brought about by the superposition of various wave scales, notably
wave numbers 3,4,7,8, which have wavelengths 9600, 7200, 4100,
3600 kin, respectively. The nearest troughs of wave numbers 7,8,
to the Mediterranean ire located a day earlier (27th, 00 GYT) over
11 0 and 15°E longitudes, respectively; 'while the nearest trough
of wave number 3 was situated, to the east over 25°E longitude.
The wave numbers 7,8, progressed eastwards while wave number 3
retrogressed westwards • Thus the stronger perturbations observed
in the upper troposphere and presented below (also the stronger
perturbation observed in the previous section) could be explained'
by the long wave which has an amplitude increasing with height.
Figure 9a implies that the main cyclone wave has a westward
tilt; the deviations are stronger in the upper levels than in
lower levels, similar to what was observed in the eastern Mediterranean cyclones. Figure 9b for the station Brindizi, slightly to
the rear of the initiated secondary (cold air) cyclone, shows coherency in time between the upper deviations at 700 mb and the
above layers, while an eastward tilt existed between the low level
deviations and the upper ones. This suggests that although the
secondary development took place about .1.00-200 km to the southeast
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level for
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of Brindizi, it extended upstream of the upper perturbations which
are, associated with the main cyclone and appeared 24 hours later
(29th,. 00 GMT) in Fig. •9a, over Athens to the east. The following
comments in relation to the secondary cyclone are made below.
The secondary cyclone was initiated to the south of the
mid-level cut-off low (Fig. 4c, p.89) and to the south of the 300 mb
cut-off low and vorticity maximum, in a region of large values of
positive vorticity advection (Fig. 3 • id, p.81 . ). This upper positive
vorticity advection and the sensible heat flux of 1.40 W m 2 (calculated
for a similar condition in chapter 2, p.45) accounts for such development.
The initiation of this secondary cyclone occurred when the
cold daiE ascended, and developed further when the cold dome sank
bodily, suggesting that the same proposed mechanism in connection
with the main frontal cyclone developoent are operating here.
Furthermore, the secondary cyclone developed upstream of the main
frontal cyclone at a distance of about 400 km, in the same position
where the main cyclone was initiated. This may possibly be the
upstream type of baroclinic development mentioned by Simmons and
Hoskins (1979), based on their theoretical findings that such developments occur at the same longitude and the baroclinicity is
triggered by the cyclone to the east.
The tephigram for Brindizi (Fig. 10) indicates that for the
28th, 00 GMT, the time the cyclone appeared on the surface map, the
lapse rate below the 850 mb level, near the earth surface, is close
to the dry adiabatic lapse rate with a wind shear of about 25 kt
(1000-850 mb). This, according to Duncan (1975), favours the
growth of very shortwaves.
The vertical velocity over Brindizi was calculated from the
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1978, 00 GT. The wind direction
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vorticity method. (Eliassen 1953) for the 27th, 18. G1"TT, the time when
the cold dome ascended, and the following values in microbars per
second were obtained:
850 mb = -0.5;,700 mb = -1.6;.500 mb-3.3; 300 mb = -2.6.
The minus sign denotes here ascending motion. The ascending motion
took place in the region of both the cold dare and the cut-off
mid-level cyclone. These figures indicate a value of upper divergence at 400 mb of 0.35 x 10 s 1 , which is important in initiating
the secondary cyclone.
The tephigram of Athens (Fig. 11) for the 27th, 12

(Y!T,

six hours before the thunderstorms were reported in the warm air
near the centre of the main cyclone, indicates the presence of a
temperature inversion between the 770 and 700 mb with a conditionally
unstable layer above and below. The approach of the main cyclone
into the region with its associated low level convergence destroyed
the inversion and resulted in the enhanced convection and thundery
activity which was observed on the satellite pictures of chapter 3.
The severity of the storm which hit Greece was a result of the combined effect of the main cyclone, with its warm sector thunderstorm,
and its interaction with the secondary cold cyclone. Finally,
Fig. 11 shows 'a double maximum in upper winds at 287 mb (270/86 kt)
and 205 mb (270/90 kt). This resulted in a Richardson number of
0.5 below the first maximum (400-300 mb layer), 0.86 between 250-300
mb, and about unity below the second maximum (250-215 mb). Thus the
condition for hydrodynamical instability was met before the movement
of the cyclone towards Athens and its further development.
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COMPARISON OF ME'I'HODS. FOR DIAGNOSING THE LCER TRO POSPHERIC
DIVERGEN CE
In this Chapter we investigate the applicability of the available expressions for diagnosing the lower tropospheric divergence
including the recent work of Hoskins et al. (1978). The derivation
of the two available expressions, Sutcliffe (1947) and Petterssen
(1956), will be shown with the intention of pointing out that the
series of approximations made may be important for Mediterranean
depressions. The numerical values for these two expressions and
for the recent expression of Hoskiris et al. will be calculated for
the main two case studies. A comparison between the three results
will be made in order to assess the possibility of introducing the
Hoskins method as a new forecasting practice in the eastern Mediterranean.
The bench forecaster is interested to know the regions of
divergence in the lower troposphere, in order to move cyclones
according to the known dynamical empirical rules, e.g. a cyclone
with circular isobars moves along the vector from the centre of a
divergence area to the centre of a convergence area, in the lower
troposphere. This rule is equivalent to the kinematic rules:
namely, a cyclone with circular isobars moves along the vector joining the centre of the pressure rise or the vorticity fall to the
centre of the pressure fall or vorticity rise. The Sütcliffe and
Petterssen expressions provide subjective quantitiative information
about lower tropospheric divergence and vorticity tendency, respectively. This information is based on the geometry of the thickness
and contour lines of routinely analysed charts. The subjective
interpretation of these charts is difficult, especially for

I .J2

.

inexperienced weather forecasters. An alternative approach is to
calculate numerically the values of these expressions over a limited
number of grid points in the region of interest. This could provide
objective quantitative information, and the forecaster will have a
knowledge of the development and speed of movement of depressions,
to canpare with extrapolated values.
Hoskins et al. provide qualitative information about the
region of ascending and descending motion at any level in the troposphere for the purpose of interpreting lower tropospheric divergence
and hence vorticity prodüctión. This method requires the analyses
of contours and isotherms, which are routinely performed on the
various constant pressure charts.
5.1 The derivation of the Sutcliffe and Petterssen expressions
The quasi-geostrophic vorticity equation can be written:
f div V
f div

=

5g V(C sg + f) - g/f -

v 2 h 5 ... (1)

V,, =-v og .v(r og + f) - g/f -at,v 2 h 0 ... (2)

where subscripts 5, 0 refer to the 500 mb, 1000 rrib levels, respectively.
V = wind velocity
= geostrophic wind velocity
C g = geostrophic relative vorticity ( . v 2 h
h = geopotential height
f = Coriolis parameter
Upon subtracting Eq. (2) from Eq. (1) one obtains:
f(divV5 - dlv V 0 ) = -V5 g .v( 5g + f) +V og.•V(C:
og + f) -

f at V2hI
... (3)

where h' = h 5 - h 0 is the thickness of the layer.
The thermodynamic equation can be written:

7t TF

+7g••

+ w -RH/P

c

•.. (4)

where H = the diabatic heat source per unit mass per unit time..
Upon assuming that the thermal wind() does not change
its direction with height (i.e. straight hodograph) and substituting
for V the expression 3og + ( a)

where (a) is a scalar factor,

one obtains:
+ (og +

at)

+

u = -RH/gpc

1/

... (5)

Upon integrating Eq. (5) from 1000 mb to 500 mb and multiplying by
.V2) one obtains:
=

+

where

+ RIn(P 0 /P 5 )H/fc ... (6)

=
=
=
=
=

1000 mb - 500 mb
gas constant
static stability ( )
vertical velocity (dp/dt)
average over the pressure interval
1000-500 mb
= potential temperature

Ap

R
CY

e

From Eq. (6) and (3) one can write:
f(div

- div

) =

P. 5g •V(

sg +

f) +

- !•

og .V(

og

• (p )V 2

+ f) +

V2(V og Vht)

_RIn(P 0 /P 5 )H/fc
... (7)

Petterssen (1956) assumed that the level of nondivergence is at
about 500

m (div V, = 0), and upon substituting

og .V(

og+

f)

for -fdiv V og' Eqs. (3) and (7) . become:
=

=

) .5g.*V(

Sg

+
v ft g + f) f

+ f) - 9. TEV2h'
V2

pg. vh') -

... (8)

. ( hp) Vaw - Rin (Po/

'fc

... (9)
The last two terms of Eq.(9) are not readily available in roütine'subjective weather forecasting; accordingly, the Petterssents expression
(1956) can be written:

3g/3t

=

Ysg.*V(C:qg + f) +

.V2

... (10)

(Vog. Vh')

Similarly, Eq.(7) can be written:
f(div

-dy
v 0

V g..VU g + f) +

V2 (

0g.• VhI)

...

11 )

Sutcliffe (1947) approximated the last term of Eq. (11) by
(V
vog..v)' g- (V' .v)r
thus neglecting the terms
3U--

3V'

g
ax ax

2(,o g

3U
3V
- Pg.
g

+

ax ax
f(div V')
e%j

=

g 3V_ay ay

U

V g..•V(

°g
By

g),

and obtained:

ay

+ f) - 2V g.•V

og

... (12)

where V' is the wind shear in the layer.
Both the Sutcliffe and Petterssen expressions, as applicable
to routine weather forecasting, do not contain the adiabatic and
diabatic terms. Furthermore, the difference between the r.h.s.
of the,twe expressions, (Petterssen minus Sutcliffe), is the
following
2 (og .:. - 3Vog

± au-09

BV;g

- V 0g • V ( og

+ f).

In the discussion of the results obtained for the r.h.s. of
Eqs. (10) and (12), it will be shown that the two expressions are
essentially the same and that the difference between them is very
small. The first term in (Petterssen minus Sutcliffe) refers to
the deformation of the thermal wind by the surface geostrophic wind.
Hoskins et al mentioned that "if the direction of the thermal wind
is almost independent of height then the advection of the thermal
pattern may be determined from the surface flow and, even in regions
of large deformation, the deformation of the thermal wind by the
surface geostrophic wind is negligible". Thus the two expressions
(Sutcliffe and Petterssen), as they stand, do not in fact include

the terms which are important in the process of frontogenesis
and froritolysis. by deformation. This could be a serious. approximation if it were proved that the inclusion of such terms would
alter the position rather than the magnitude of the lower tropospheric divergence (convergence) centres. It was shown in Chapters
2 and 3 that one of the aspects of Mediterranean cyclogenesis is
frontogenesis; thus the deformation function may probably be important in diagnosing the vertical velocity in the region.
The omission of the sensible heat flux,-which enters the
), as a factor in the cyclodiabatic heating term ( R'' ln
fc
/
genesis is probably justified since the main cyclones in the two
main case studies were shown to have occurred in association with
the polar front and not in the rear in the cold air • Moreover, the
effect of sensible heat flux was shown to be unimportant in the discussion in Chapter 2.
The omission of the adiabatic cooling or warming term
(-. !• (P) V 2 aw), would-be serious if the CISK mechanism were responsible for Mediterranean cyclogenesis. In CISK-mechanism
cyclones, the actual lapse rate is greater than the moist adiabatic
lapse rate and the omitted term contributes positively to the further
development of the cyclone. It was, however, shown in Chapter 4
that the CISK mechanism is not responsible for Mediterranean cyclogenesis. The observed westward tilt with height in the main
cyclones of the case studies indicates positive static stability

(CT)

and hence the negative contribution of this term in the region of
the initiated cyclone. Its magnitude depends on

V 2 w,

which is

dependent on the length scale of the cyclone. Although this term
can be usually ignored when considering the extratropical cyclones
of the Eady type, its omission when considering the relatively
/
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smaller scale Mediterranean depressions may not be justified, and
it could possibly alter the diagnosed position of the lower tropospheric divergence and the vorticity tendency in the Sutcliffe and
Petterssen methods.
5.2

Hoskins et al. (1978)expression
Hoskins et al. combined the two forcing terms (differential

vorticity advection, and the Laplacian of thickness advection) of
the vertical velocity in the omega equation into one term, in a
manner applicable to routine weather forecasting. It differs from
the previous two expressions by retaining the geostrophic deformation
terms which are important in frontal regions, and also the adiabatic
cooling or warming term. Their equation is:N2V.2wff2f4 = 2v.

... (13)

where
N

= buoyancy frequency (=
E) 0'
3Z
() (z) = standard potential temperature distribution
W
= vertical velocity in a p-type vertical
coordinate Z, = (Rg/e 0 ) ( 1-(p/p0) it).
e 0 ,p 0 = standard values of potential temperature
and pressure
= vector with two components (Q 1 ,Q 2 )
Q
Q

=

e

= -( e0
= R/c

aV ).ve
.9).ve
ay

If the x-axis were chosen tangential to the isotherms and the y-axis
pointing towards the cold air, then the two vectors will be reduced
to:
Q1 =-•g!. ,
ax ay

Q2

e

By

ay

Since By is negative by definition, it follows that Q2 is
negative and large when both the distance between the isotherms is

I

small and when yUg decreases rapidly from high to low values of the
isotherms. Similarly, --one would expect Q to be positive and large
when av
ax is positive, i.e. in the region of troughs (maximum vorticity).
For the simplicity of visualizing, subjectively, the two vectors
(Q 1

1

Q2 )1 and also for the purpose of minimizing the errors in the

calculation which results from the analysis errors, one tends to
choose a level where the cross angle between the contours and the
isotherms is well pronounced. It is for this reason the calculations of the r.h,-of Hoskins et al. were performed at the 700 mb
level rather than at the 500 mb level. Furthermore, if the stability term in Eq. (13) were neglected, and the equation integrated
from z = 0 to z = 6000 m (approx. 500 mb), one would obtain a similar 1. h . s • to that of the Sutcliffe theory which would allow a
comparison between the two methods in magnitude. The resulting
equation will be:
f div V = -(2V).6000 irVf

... (14)

where:
= the average over the layer 0-6000 rn, and
taken as the value of this quantity at
700 mb.
div V = the relative divergence between the layer
6000 in and m.s.l. (which is approx.
1000-500 mb layer)
The l.h.s. of Hoskins et al. equation (13) may be interpreted
for qualitative application as the vertical velocity (w) multiplied
by a negative coefficient. This assumption is valid at the level
of nondivergence (where w is maximum), and might be questionable at
other levels concerning the vertical derivative of the vertical
velocity. It is acknowledged in the literature that the level of
noridivergence is at about the 600 mb level (4.2 kin) and it is not
unreasonable to aroxiinate it by the 700 mb level (3 1cm) rather

than the usual approximation at the .500 mb level (5.6 cm). Accordingly, the use of the .700 mb level for performing the calculations
is justified in preference to the 500 mb and other levels. Furthermore, Trenberth (1978) showed that the assumption of the l.h.s. of
the omega equation as omega multiplied by a negative coefficient is
slightly less valid at levels other than the middle troposphere
(400 and 600 mb). Accordingly, if Hoskins et al. expression (r .h.

5.

of Eq. 13) is negative (Q vector is . convergent), it corresponds to
ascent and this implies lower tropospheric convergence and the
creation of cyclonic vorticity. For routine weather forecasting
the Q vectors are fairly easily diagnosed over a limited number of
grid points in the region of interest by using a simple calculator,
from which the lower tropospheric divergence can be inferred.
5.3 The discussion of the results .f the three methods
5.3.1 The case study of November 1969
The synoptic situation and the aspects of the cyclogenesis of
thie case study were discussed in Chapter 2 • The calculations were
per formed at the time, 06 Qv!T 28 November, which corresponds to the
initiation of the eastern rvditerranean cyclogenesis. The actual
1000 mb vorticity tendency (Fig. la) was calculated for this time as
the difference between the 12 GMT and 00 GMT geostrophic relative
vorticity. The thickness (1000-500 mb), 500 mb, and 1000 mb contours were constructed for 06 GMT by taking the average of the 00 Gvir
and 12 av!T heights. Similarly, the 700 mb contours and isotherms
were constructed from the 00 GMT and 12 GMT fields. The thermal
wind vorticity

= v2

) was also calculated for that time

as the difference between the thermal wind vorticity for 12 GMT and
00 (NT.

The result of this plus the vorticity advection at the

500 mb (r .h. s. Eq. (8)) is shown in Fig. lb.

The Petterssen expression

/
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Figure 1: a) Actual local vorticity change at 1000 mb
(units 10 0s 2 )
b) Actual laplacian of thickness tendency
plus 500 mb vorticity advection (10 1 0s2)
r.h.s. of Eq.(8) in text.
C) r.h.s. of Petterssen expression (1010s2),
Eq. (10) in text for 06 (NT, 28 November 1969.

-
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Figure 1: d) r.h.s. of Sutcliffe expression (10 10s 2 ),
Eq.(12) in text.
e) r.h.s. of Hoskins et al. expression
(.. 10 9nr1s3), Eq. (13) in text; or
r.h.s. of Eq.(14) (10 10s 2 ).
06 GMT, 28 November 1969

(r.h.s. Ej. (10)),.. and the Sutcliffe expression (r.h.s. Eq.(12)) are
presented in Figs. lc and id, respectively. The Hoskins et al.
expression (r .h.s. Eq. (13)) is presented in Fig. le, the units
being -

10m s 3 , or they may be taken to represent the r.h.s.

of Eq. (14) with units 1010 s. Fig. 2a and b represents the Q
vectors for the 00

GMT

and 12

GMT

superimposed on the routinely

analysed 700 mb chart. The figure also shows the divergence of
-3
8 -1
in
s
the Q vectors in units 10
-

The above mentioned figures reveal the following points:
Both the Sutcliffe and Petterssen expressions (Fig. id and lc)
gave exactly the same position, and almost the same magnitude, as
the centres of. the lower tropospheric convergence and vorticity
tendency, respectively. This shows that the difference between
the expressions is small, and that both expressions are essentially
the sane, because of the assumption that the thermal wind direction
is independent of height (straight hodograph).
Both expressions (Sutcliffe and Petterssen) failed to diagnose
the position of the cyclogenesis as indicated by the cyclonic vorticity tendency over the east Mediterranean in Fig. la.
The calculation of each term in the rh.s. of the Petterssen
expression (not shown) showed that the vorticity advection at 500 nib
alone, without the Laplacian of the thickness advection, coincided
with the region of cyclonic vorticity tendency over the eastern
Mediterranean (Fig. la). This suggests that the thermal term with
its series of approximations could possibly be responsible for the
failure of the Petterssen and Sutcliffe expressions in this particular case study. The actual Laplacian of the thickness tendency
plus the vorticity advection (r .h.s. Eq. (8)) accounts for the cyclonic vorticity over the eastern Mediterranean (Fig. lb).
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Figure 2: 700 mb contours and isotherms; superimposed are the
Q vectors (arrows, scale 1:2.10 -11 s-3) and the
r.h.s. of Hoskins et al., Eq. (i3)in text (iO18s 3nr 1 )
for a) 00 Gr,28 November 1969
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The computed r.h.s. of the Hoskins et al. expression (Fig.le)
in comparison with the actual vorticity tendency (Fig. la), is seen
to be successful, in this particular case study, in positioning the
regions of cyclonic and anticyclonic vorticity tendency over both
the east Mediterranean and the Black Sea, respectively. Furthermore,
the results suggest the unimportance of the diabatic heating term
in determining the centre of the region of ascending notion over the
east Mediterranean, since this term has not been included.
The Q vectors are drawn on Fig. 2a and b for 00 GMT and 12 GMT
for 28 November 1969. The convergence of the Q vectors is clearly
indicated in the region of ascending notion in the vicinity of the
initiated cyclone; these vectors are readily drawn using routinely
analysed quantities. The above results suggest that this is a
technique which could be applied with great. effect by east Mediterranean forecasters.
5.3.2 The case study of October 1978
A similar comparison between the three methods will now be
made for the case of October 1978.
The synoptic situation and aspects of the cyclogenesis were
discussed in chapter 3. The calculations were performed at 12hourly intervals from the period 00 GTT, 27 October, (prior to the
cyclogenesis) to 00 2vTT, 29 October, (when the cyclone occluded).
All the figures presented show the computed r .h. s. of the Hoskins
et al. and Sutcliffe expressions; in Fig. 3b the computed values of
Petterssen are also shown. The dotted areas on the figures present
the region where the Hoskins et al expression diagnoses ascending
notion and hence lower tropospheric convergence. The position of
the fronts and the cyclone are. also indicated on successive figures.

14b.

Figs. 3a-e reveal the following:
At 00 GMr on the 27th (Fig..3a) the computed r.h.s. of the
Hoskins et al. expression 'indicated lower tropospheric convergence
in the layer below 700 mb over central Turkey, ahead of the occluding
depression centred in the region, and lower tropospheric divergence
behind it over the central Mediterranean. The values are relatively
small for both the Sutcliffe r.h.s. expression and the Hoskins et al.
expression, suggesting that the canparison at this stage may be unrealistic. Both expressions diagnose the region of lower tropospheric divergence over the central Mediterranean, and the region of
lower tropospheric convergence behind the surface front.
At 12 GMT 'on the 27th (Fig.3b) the three expressions diagnosed
successfully the regions of lower tropospheric convergence and
ascending motion at the centre of the initiated cyclone, in the warm
sector ahead of the surface cold front, and in the region of continuous precipitation ahead of the surface warm front. The computed Q
vectors show clearly the region of ascending notion ahaed of the warm
front, over the region where snow was observed on the synoptic weather
map 12 hours later. lvbreoever, the Q vectors indicate the descending motion, and hence the lower tropospheric divergence and the
creation of anticyclonic vorticity in the layer below 700 mb over
the Adriatic, to the northwest of the initiated cyclone. It is of
importance to recall the vorticity equation in the form

= -D,

Q2 = Q1e -Dat ( where Q1, Q2 are the absolute vorticity at the beginning and end of the period, respectively), and to stress the fact
that change in vorticity is not only a function of the mean converg ence over a certain period, but is a function also of the initial
value of vorticity. Moreover, the cyclone will be initiated in the
region where the initial vorticity is cyclonic and large, i.e.the
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Figure 3: Top figures are r.h.s. of Sutcliffe's expression
(1010s-2); bottom figures are Hoskins et al. r.h.s.
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The centre of the cyclone and fronts are indicated.
Dotted areas indicate ascending motion at 700 mb
according to Hoskins et al. expression.
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presence of the lower tropospheric convergence over, a region occupied
by a surface front or trough.
Fig.3b shows, again, in this case study that —the r.h.s. of
both Sutcliffe and Petterssen are essentially the same. Furthermore,
by comparing this figure with that for the 12 hours previously
(Fig .3(a)), one can see that the fast development, in terms of
lower tropospheric convergence and rising motion, occurred ahead of
the warm front rather than at the centre of the initiated cyclone.
At 00 Gv?r on the 28th, (Fig.3c), when the cyclone deepened by
7 mb from the previous figure and hence increased its cyclonic
vorticity, it is clearly seen both from the carputed values and
from the Q vectors that this was brought about by the large increase
in both the vertical ascending motion and the lower tropospheric
convergence at the centre of the cyclone and in the warm sector.
Both expressions succeeded in identifying the ascending motion in
the warm sector, which is one of the usual aspects of Mediterranean
depressions. It is particularly important for the weather forecasters in the east Mediterranean at this stage that the problem of
direction of motion of the cyclone is solved. It is evident from
the numerical calculation of the Hoskins—and Sutcliffe expressions
that the cyclone will be steered towards the northeast and intensify.
It is an interesting observed feature (Figs. 3b and c, and
Fig. 4 of Hoskins et al.) that the surface cyclone moved during the
next twelve hours along the Q vector passing through its centre. It
is doubtful that such observation has a physical meaning, and what
happened is that both Q vector ahead and behind the centre were converging and diverging, respectively, with the Q vector at the centre
of the cyclone.
At 12 GMT on the 28th (Fig. 3d), although the cyclone appeared

I
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to have deepened by three millibars, it is indicated from the decrease
in magnitude of the numerical calculation of the Hoskin expression
(rather than from the Sutcliffe expression) that the growth in the
cyclone intensity had ceased. The occlusion process proceeded and
at 00

av!r on the 29th, (Fig.3e), the calculated values decreased

rapidly in the region of the cyclone. The Hoskins:càicülatéd
values showed an ascending notion in the cold air behind the cold
front in association with the secondary cold cyclone.
The above description shows that both the Stucliffe and
Hoskins et al. expressions successfully explained the phases of the
cyclone developnent in this case study, but that the latter was
superior at certain stages of the cyclone's evolution and may be of
more help to the weather forecasters in the region.
In view of the results obtained in the two case studies one
may conclude that it is of great advantage to introduce the Hoskins
method as a new forecasting practice together with the numerical
calculation of Sutcliffe in this region where numerical modelling has
not yet been introduced. This will not only help an understanding
of the phases of cyclone dévelonent and decay in the eastMediterranean and Jordan but may possibly be used in a prognostic nature as
shown. The calculations over a limited number of grid points in
the region of interest can be easily performed with a good programmed
calculator.

cacrijsis-The study defined a problem of 'cyclogenesis 'in the eastern
and central Iditerranean, and revealed the points below which
provide both additional forecasting practices and the basis for
future research work regarding this problem.
The Mediterranean cyclones are of a relatively smaller size
in comparison to extra-tropical-cyclones over the Atlantic.
Unlike the Atlantic cyclone, they do not form on a uniform baroclinic zone, but in a region where the baroclinic zone is stronger
upstream. The difference between the upper and lower level per turbation is far greater in the Mediterranean cyclones. Furthermore, they grow faster in the early period of cyclogenesis.
The approach of the polar front jet stream into the region
()P1OSi0.

%

occupied by the semipermanent sub-tropical jet stream is Jn
essential-precursor for the cyclogenesis to ensue. The region
with the strongest upper winds resulting from such-an approach
should be looked upon as the region where the cyclone will be initiated.
The upper positive vorticity advection ahead of an upper
trough is important in the cyclone's further development; the
position of the upper trough axis relative to the initiated cyclone
should be taken into account when issuing the 24-hour forecast.
The heating of the cold air mass upon entering the diterrat M €lst.L.J

nean is dismissed as a lone factor in cyclogenesis, but together
with upper positive vorticity advection it initiates secondary
"polar" cyclones. Upon the approach of the secondary system into
the region of the initiated frontal cyclone, the "instant occlusion"
occurs and further develorent follows • This is unlike the

classical occlusion which signals the beginning of the decay of
the cyclone..
. The loôalization of cyclogenesis should be sought in the
upper levels (approach of the two jets or upper vorticity advection relative to surface front) rather than depending totally on
the mountains which bound the Nbditerranean from almost every
direction. The presence of an upper cold low followed by an
elongated upper trough could also be used as a precursor to cyclogenesis.
The strong northerly jet stream is important in both the
upper trough development and in permitting the cold date to trove
southwards without subsiding bodily; thus baroclinicity is retained
to be triggered over the 1'diterranean.
The advantages of the unique water vapour pictures of the
METEOSAT in locating the core of jet streams for both aviation and
cyclogenes is forecasting.
The advantages of the numerical calculation of the Hoskins
et al. method in diagnosing the lower tropospheric divergence
together with the Sutcliffe method for determining future movements and develonent of cyclones.
The existence of the double instability nodes (baroclinic and
barotropic) explains sane of the features of the 1vditerranean
cyclones. The recent work of Sirrmons and Hoskins on osbream
develonent probably explains the stronger upper perturbation
and accounts for the early fast development of the cyclone.
The study provides the basis of future work such as the use
of the w.v. and IR imagery in studying both the steadiness of the
sub-tropical jet stream and its transverse cloud structure in the
region over Arabia and the Middle East where data are scarce.

It also indicates that any attempt to model such cyclones requires
the representation of both. the baroclinic and ,barotropic instability
rrcdés. One can attempt to model. the problem with, actual data
by the use of the British Meteorological Office .1 0-level model
upon extending the fine-mesh grid (1.00 kin) to cover the whole
Mediterranean. A study of the energetic structure requires case
studies with a wide coverage of data at frequent intervals.
Finally, further case studies are needed for further understanding
of these cyclones and these may reveal other features peculiar to
them.
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