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Abstract. From 19 to 22 December 1979, a deep cycloneBalearics, with many trees uprooted, and some seashore
evolved over the Western Mediterranean. Gusty winds ofbuildings affected. The meteorological station at Palma de
more than 30 m/s, as well as a strong pressure decrease Mallorca recorded sustained winds stronger than 10 m/s dur-
about 990 hPa were recorded in Palma de Mallorca (Balearitng more than 78 hours and some gusts exceeding 30 m/s.
Islands, Spain). ECMWF analyses are used for a diagnosi& notable surface pressure fall was also recorded at Palma
and numerical study of the case. Sensitivity experiments usde Mallorca, with a decrease of 35hPa in 60 hours. The
ing the HIRLAM model are performed to assess the role of ECMWF reanalysis shows a strong, sudden deepening of the
the surface sensible heat flux, latent heat release and orograyclone over North Africa which moved northwards over the
phy on the genesis and evolution of the cyclone. At synopticMediterranean, to east of the Balearics.

scale, the situation is governed by the instability of an upper- Even if we consider the various and complex cyclogenetic
level short wave. The cyclone developed within a notablemechanisms which have been said to occur in the Mediter-
baroclinic environment, which resulted from a cold advec-ranean basin (e.g. Reiter, 1975; Alpert et al., 1990), such
tion from the northwest towards North Africa. The baro- rapidly deepening African cyclones moving northwards are
clinicity at first stages of the cyclogenesis is quantified by unusual (Conte et al., 1997). In the Western Mediterranean,
means of the Eady model. At latter stages, the evolution ofthe Alps, Pyrenees and Atlas ranges are well-known as cyclo-
the potential vorticity structures at high levels reveals a widegenetic systems when they interact with particular synoptic
tropopause fold over the cyclone, as well as the presence dfows. Buzzi and Tibaldi (1978) studied the role of the alpine
a strong anomaly associated with the low-level system. Senrange on the Genoa Gulf cyclogenesis; the role of the Pyre-
sitivity experiments reveal a notable cyclogenetic role of thenees on the genesis of a surface pressure dipole was pointed
latent heat release throughout the atmosphere in the deepeput by Bessemoulin et al. (1993); and the modification of the
ing of the low, whereas no significant effect of the surface mesoscale circulation by the Algerian Atlas range, favour-
sensible heat flux is obtained for the simulation interval. Oning the heavy precipitation events in Eastern Spain, has been
the other hand, an unusual cyclolytic role can be attributed tadiscussed by Romero et al. (1997) and Homar et al. (1999).
the northern ranges of the Mediterranean basin. Effectively, The effects of the upper-level dynamics on the surface cy-
the low enlargement and deepening is constrained by a “waltlogenesis has been widely studied and assessed from the po-
effect”, which is a consequence of the interaction of the cy-tential vorticity (PV) point of view. Although this approach

clonic flow and those northern mountainous systems. adds no physics to the traditional way of thinking, the PV
Key words. Meteorology and atmospheric dynamics (syn- framework makes the anglysis and interpretation Qf the syn-
optic-scale meteorology, Mesoscale meteorology) optic dynamics much easier (Raymond, 1992). High tropo-

spheric PV anomalies and their advection are known to influ-
ence low-level dynamics (Hoskins et al., 1985). In particular,

advection of positive PV anomalies at upper-levels forces cy-
clogenesis at low-levels.

A rapidly deepening cyclone caused strong gusty winds over Sanders and Gyakum (1980) performed a chmatploglcal
the eastern and northern coasts of the Balearic Islands (seS«%Udy frqm a Iarg_e number of very qwckly de?penlng” cy-

Fig. 1 for all the locations referred to in the text) between clones (inappropriately called meteorological *bombs™ by

20 and 22 December1979. Some damage occurred in thgle authors, in our opinion) .observed in the Northern Hemi-
sphere. They are characterized by a deepening of more than

Correspondence tov. Homar (victor.homar@uib.es) 1 Bergeron, defined as the deepening of the central pressure

1 Introduction
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following two fundamental types of development. The first
type is characterized by the interaction between a baroclinic
et ‘,\,?9’ open long wave and a short unstable wave at low-levels, usu-

‘ MASSIF ally initiated through orographic forcing. The second type of
M A f/\ development results from the interaction of an African sub-
E PYRENEgg ~ (OFLYoNs o ?J" synoptic low and a middle latitude synoptic depression at the

2 ( G,J»E‘“/ QE*/L surface. They note the special role of the baroclinicity re-
N /;‘7 IBERIAN é,s/ﬁ}” BALEARIC m{ > lated to the intense thermal contrast between the two sys-
4 PENINSULA i‘w\ Qj@ K74 > tems. The study shows that more than 60% of the rapidly
- ﬁ# j) N MEDITESI'\I'ERAANEAN developing cyclones over the Mediterranean are classified in
L = e the first type and 30% in the second, with about 10% not clas-

36 ATLANT|c\f—/M _NN"’/T;;S sifiable in any of the two described types. Conte et al. (1997)
OCEAN ,"’ﬂkmjw/eea\h“ w also refers to a calendar of the cyclones which includes the
M _:‘\' : 7 7 g“« - present case study (22 December 1979), which is not classi-

fied in any of the aforementioned two most typical types and

Fig. 1. Western Mediterranean Area. The map includes locations!t IS described as a “sudden development of a depression of

referred to in the text. African origin”.
The aim of this study is to analyse the role of the fac-
1030 tors identified in the aforementioned climatological studies

to favour very quick cyclogenesis on the Western Mediter-
ranean event of December1979. The evolution of the sur-
- face pressure observations as recorded at the Palma de Mal-
lorca station is analysed. Data from the ECMWF reanalysis
are used for a synoptic diagnosis of the event. A qualitative
- assessment of the upper-level influence through the interpre-
tation of the PV field is also done. Furthermore, numerical
experiments are performed using the HIRLAM model. The
- output fields from the model, with better spatial and tempo-
ral resolution than the analyses, are used for a quantitative
diagnosis of the baroclinic environment. Moreover, the sen-
sitivity of the cyclogenesis and evolution of the system to the
sensible heat flux from the surface, the latent heat release and
Fig. 2. Surface Pressure (hPa) evolution as recorded at the Palmte orography is investigated.
station for the period from 17 to 24 December 1979. Date labels are  The paper is organized as follows: Section 2 presents the
presented in DDHH format. Dashed lines show midnight times.  available observations and the synoptic situation as analysed
by the ECMWF. Numerical simulations and a diagnosis of
the cyclone are presented in Sect. 3. Moreover, the role of
of extra-tropical lows at a rate of 1hPahduring 24h at  surface sensible heat flux and latent heat release, as well as
60°N. At any other latitude, the Bergeron is redefined asthe influence of the orographic ranges surrounding the West-
its geostrophic equivalent, i.e. the critical rate corrected byern Mediterranean basin on the development is discussed.

the factor sirf /sin6C°. Thus, 1Bergeron at the Western Conclusions are summarized in Sect. 4, and suggestions for
Mediterranean latitudes, about*4Q corresponds to a deep- further work are given.

ening rate of 0.7 hPatt during 24 h. Sanders and Gyakum

(1980) concluded that rapid deepenings are more frequent

in winter and over strong sea surface temperature gradient® Qbservations

where vigorous changes in the sensible and latent heat fluxes

from the sea occur. They also found that surface heatingAlthough the episode occurred in 1979, enough observa-

which produces a weakening of the static stability at low- tional data can still be used to analyse the situation and di-

levels and favours the convective developments, is also amgnose the event using the current computational tools. Fig-

important contributor to rapid cyclogenesis. The predom-ure 2 depicts the surface pressure evolution as recorded by

inant role of the low-levels in the baroclinic developments the Instituto Nacional de Meteorol@gy(INM) barograph at

was also pointed out by Staley and Gall (1977) using a 4Palma de Mallorca, including the period from 12:00 UTC,

level baroclinic instability analytic model. 17 December to 00:00 UTC, 24 December 1979. A total de-
Referring to the Mediterranean basin, a climatology overcrease of nearly 35hPa in 60h was recorded. The low-

rapidly deepening cyclones was presented by Conte et akst pressure at Palma de Mallorca occurred at 21:00 UTC,

(1997). With a data base of 101 cyclones for the pe-21 December, with 990.6 hPa. In addition, sustained winds

riod 1965-1995, they concluded that most of them occuredbf 10-12m/s were also recorded in Palma de Mallorca
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Fig. 3. Synoptic situation from
the ECMWEF reanalysis at 12:00 UTC,
19 December 1979.(a) Surface pres-
sure (hPa, solid line) and tempera-
ture CC, dashed line) at 1000 hPa,
(b) Geopotential height (gpm, continu-
ous line) and temperaturé€(, dashed
line) at 500 hPa.

on 21 December, with some gusts exceeding 30 m/s in théeight, temperature, humidity and wind at 00:00, 06:00,
evening. 12:00 and 18:00 UTC were considered.

Two different periods of strong negative pressure tendency The synoptic situation at 12:00UTC, 19December

are(zj L(;I]entlﬂgd d'? F'gié_: OéhSngStz 32Dhoursbof Sglg?ggrS?Er(Fig. 3a) at low-levels was characterized by a low over cen-
and the period from Lo ' ecemberto Lo ‘tral Europe and the Western Mediterranean, together with

21 Decsm?eréwth %hand hO.tZ]hPaJhave[jaggd detepenlngs, an anticyclone to the west of the British Isles. This pres-
respectively. Even thougn hose records do not correspong, configuration produced northerly cold advection over
to the center of the low, both time intervals present tenden-Western Europe. At mid levels (500 hPa in Fig. 3b), a wide
cies of 1 Bergeron. As it_ is shown later, these two pe_riods arqrough was present over Europe and the Western,Mediter-
c_losely related to two different stages of the synoptic eVOlu'ranean with an incipient cold short wave over the north-
tion. west Iberian Peninsula. This secondary wave had a notable
ECMWEF reanalyses released in 1996 from the T106 specvorticity nucleus produced by both important curvature and
tral model (T106 corresponds to 1.12Borizontal grid res-  shear. Note the strong temperature and geopotential height
olution) have been used. Surface pressure, geopotentigradient belt which covers the Iberian Peninsula, the Western
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Fig. 4. As in Fig. 3, but at 18:00 UTC,
20 December 1979.

Mediterranean and further east. Strong northerly winds werd~ig. 2. At mid levels, the evolution of the aforementioned
produced over the British Isles pointing to a notably high cur- secondary wave resulted in its enlargement southwards to
vature region over the Western Iberian Peninsula. This belfNorth Africa (Fig. 4b). The upper-level wave amplified and
is a clear signal of the polar front region. shortened its wavelength, taking the polar front to unusually
southern latitudes. This prominent development at mid and
During the following hours, the previously identified sur- high levels induced the decrease in surface pressure (Fig. 4a)
face low advanced northeastwards, and was still identifi-through the classical forcing associated with positive vortic-
able at 18:00UTC, 20 December to the top right corner ofity advection. Figure 5a shows an elongated area of high
Fig. 4a. On the other hand, a large-scale surface pressure dgalues of positive relative vorticity, and the forcing term of
crease occurred over the Western Mediterranean and Nortthe quasi-geostrophic omega equation expressed in terms of
Africa, with an already identifiable closed center low over the Q-vector (-2 V, - Q) at 400 hPa (Holton, 1992, p. 172).
continental north Africa with a central pressure lower than Upward motion above the surface low center can be deduced
1000hPa. The effect of the low identified in Fig.3a and from the positive values of forcing presented in Fig. 5b. This
the large-scale pressure decrease is reflected in the first pglynamic forcing, labeled as A in Fig. 5b, is positive through-
riod of deepening recorded at Palma de Mallorca, shown in
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Fig. 5. (a)Relative vorticity (10°s~1, non-shaded contours) am@vector forcing,—2 V) - Q, of the quasi-geostrophic omega equation
(10_18m kg_1 s~ 1 shaded contours) at 400 hPa; g¢by\Vertical cross section along the line depicted in the right bottom map, showing the
Q-vector forcing of the quasi-geostrophic omega equatiorm t#én kg1 s~1). A and B locations are indicated in the map for reference.

These fields are diagnosed from ECMWF reanalysis at 18:00 UTC, 20 December 1979. Dashed lines indicate negative values in both panels

out the troposphere with maximum values at 300 hPa, closevas weak and the location of the low center was uncer-
to the southern strong vorticity nucleus associated with thetain but irrelevant. The low moved northeastwards, with a
upper-level short wave identified in Fig.4b and shown in quick advance over land (about 1000 km in 12 h), and a no-
Fig. 5a. During the following hours, cold air from the north table speed decrease over the sea (about 500 km in 12 h).
was advected towards a warm air pool over North Africa atThe minimum pressure analysed by the ECMWF model was
low-levels. Thus, a strong baroclinic scenario, favouring the982 hPa, achieved at 00:00 UTC, 22 December, to the east
deepening of the low was generated. of the Balearics. In fact, the trajectory of the cyclone cen-
ter in the ECMWF analyses was at its closest point to Palma
de Mallorca some time in between 18:00 UTC, 21 December
and 00:00UTC, 22 December. This is in good agreement
with the observations at Palma de Mallorca (Fig.2). This

Figure 6 shows the evolution of the cyclone center
from the first time it was clearly identified over Africa
(18:00UTC, 20December) to 18:00UTC, 22 December.
During the first and last hours of this period, the system
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izontal wind, temperature, specific humidity and cloud wa-
Fig. 6. Position and value of the cyclone central surface pressurder fields, though several additional derived fields are also
(hPa) as located by the ECMWF reanalysis. Labels are presented iobtained from the model. Referring to the parameteriza-
DDHH (PPP) format. tions which directly account for the processes selected for
the sensitivity study, vertical turbulent fluxes are parame-
) terized following Louis (1979), accounting for the sensible
northerly movement of the cyclone is reflected as the S€Cheat, momentum and moisture fluxes. Surface boundary ef-
ond period of negative tendency in Fig. 2. In addition, the IR tacts on the atmosphere are calculated by a force-restore
NOAA satellite image (Fig. 7) shows the cyclone center nearysqel over land, which calculates the temperature and hu-
the North African coastline at 14:00 UTC, 21 December, thusigity in a 3 layer simplified soil model. A climatic constant
confirming the location of the low given by the analyses. Thegea surface temperature is used over the sea. Condensation
circular signatures of high clouds around the low center indi- 5, precipitation processes are calculated by the Sundquist
cate that at high levels, the cyclonic circu!atiqn was alreadyg 4. (1989) scheme, which includes large-scale precipita-
closed at 14:00 UTC, 21 December. During its northwardsijon convective precipitation (modified Kuo (1974) scheme)
advance, the low acquired a nearly-circular shape' (see Fig. 839 microphysics. The ECMWF reanalysis were used as ini-
for 00:00 UTC, 22 December). The temperature field at low-ti5 and boundary conditions, which are updated every six
levels clearly shows the presence of a warm pool to the eastqrs. A grid of 194« 100 points with 0.3 (about 30 km)
of the low, with a remarkable cold air entrance southwest of,,55 used, covering a domain of about 3608300 kn?. In
the cyclong. This configuration is maintained all along the the vertical, the same 31 hybrid levels used in the ECMWF
cyclone trajectory northwards. model are defined in our simulations.
At mid levels (Fig. 8b for 500 hPa), a three nuclei struc- . . . .
A first set of simulations was performed in order to ob-

I ith th i ith th - L .
tures developed, with the eastern one associated with the d){am higher resolution fields and to better diagnose the mecha-

namic forcing of low-level deepening. In fact, at 18:00 UTC, . : .
20 December (Fig. 4), the vorticity advection nucleus at mig'SMs which produced the cyclone of Decemt_)er 1979. Since
the event lasted for more than 5 days and periods longer than

levels was forcing negative pressure tendencies over the cyx . : .
clone, whereas at 00:00 UTC, 22 December (Fig. 8), that vor-2 days are not reliably simulated by the model, the most inter-

ticity nucleus was located rather eastwards of the lOW'levelteiztrllggfrzlrr:E[Jrinlgglrlr?;ecrj\éall\:ar:l?)\:ggzgtaiosﬁl:r?(t)(\a;\?e. thr\;\?OObes;?orzjlz-
cyclone center, therefore, not efficiently forcing any further P

deepening. of intense deepening (Fig. 2). As observed from the ECMWF
analyses, the most intense and focused deepening of the cy-
clone occurred during 21 December (Figs. 6 and 8). Keeping
3 Simulations in mind the spin-up time of the model, two simulations were
performed to correctly cover the pre-genesis scenario and the
Numerical simulations were performed using the short rangecyclone development itself. Thus, a first simulation from
mesoscale forecasting model HIRLAM &Kén, 1996). The 00:00 UTC, 20 December to 00:00 UTC, 22 December (here-
model is formulated on a Latitude-Longitude Arakawa-C after, C20—-22) and a second one from 00:00 UTC, 21 Decem-
grid in the horizontal and a p-hybrid staggered profile in  ber to 00:00UTC, 23 December (hereafter, C21-23) were
the vertical. It explicitly forecasts the surface pressure, hor-run (Table 1). The C20-22 simulation reveals the character-
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Fig. 8. As in Fig. 3, but at 00:00 UTC,
22 December 1979.

istics and the main features of the initial baroclinic scenariotion. The evolution shown by the ECMWF analyses is sim-
better, where strong deepening and northward progression dfar to that recorded by the INM station, but with a positive
the low occurred. The C21-23 simulation shows the lattershift of about 3hPa, on average, during the deepening pe-
baroclinic evolution, and the trajectory and shape of the cy-riod (until 18:00 UTC, 21 December). The ECMWF analy-

clone over the Western Mediterranean. ses fits well the actual evolution recorded by the barograph
o during 22 and 23 December. The positive offset present in
3.1 Validation runs the ECMWF analyses during the initial stages of the cyclonic

A ) b h del | d the ob development (i.e. 00:00 UTC, 20 December and 00:00 UTC,
) companjon .etvveden the mode rr]esu ts and t fer? ser\é 1 December) is introduced to the simulations through the
tions was done in order to assess the accuracy of the modghia| conditions. Despite the first 24 hours of C20-22 giv-

and its derived diagnosis. Figure 9 shows a comparison o ng values higher than the observed, the prominent deepening

the previous data sources and the simulations of the sury correctly simulated by the model. However, incorrect val-

face pressure at Palma de Mallorca for the complete SIMU,e5 of the surface pressure are obtained during the last hours

lation interval. Both the ECMWEF and the simulation values ¢ ~5q_55  This error results from the incorrect location

depicted in the graph were obtained by linear |nterpolat|onof the simulated low center, east of the observed position.

from the 4 nearest gridpoints to the Palma de Mallorca posi-
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physical character of the instability is assumed, but a simple
measure of the baroclinicity is obtained. In fact, by taking

into account the high-amplitude upper-level trough observed
in Fig.4b, non-normal growth modes are even more prob-
able in this baroclinic scenario. For normal or non-modal

growth, the time scale of the instability is given by the ver-

tical shear, and the e-folding time obtained with the Eady
model will give a significant measure of this time scale. The

e-folding time ¢,) for the most unstable wave was calculated

using the expression derived following the development of
Haltiner and Williams (1979):
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Fig. 9. Evolution of the surface pressure at Palma as recorded by H? g g 1
the INM station (strong black line), as analysed by the ECMWF " = = <c— + T 3ZT>
p

(crosses) and as simulated by the model (filled circles). Two simu-

lations are depicted, C20-22 and C21-23. whereV is the horizontal windy, is the Coriolis parameter,

I is a stability parameterH is the scale height (taken as

8km), g is the gravity,c, is the specific heat of dry air at
On the other hand, C21-23 starts during the main deepeningonstant pressure, T is the temperatdtés a mean vertical
and so the aforementioned positive offset in the initial con-temperature an@ = In(p/po) is the vertical coordinate.
ditions is not overcome in the simulation until the last hours | this case, it has been applied to the 1000300 hPa layer
of 21 December, when a similar evolution to that recorded atysing a linear shear between the actual winds at the top and
the Palma de Mallorca station is obtained. In fact, the deeppottom boundaries. It is notable that the lowest e-folding
est values simulated by C21-23 at Palma de Mallorca argimes for the normal modes associated with the system ap-
deeper than the observed ones. Nevertheless, the similaritieﬁiear all along the trajectory followed by the cyclone, in par-
between the actual and simulated curves at Paima de Maljcylar, over continental North Africa and to the north of the
lorca suggest that the model outputs can be trustworthy for tjas Mountains (Fig. 11). Minimum values of less than 25 h
further diagnosis. However, given the 2-3 hPa error margincorrespond quite well to the 24 h duration of the second pe-
of the simulated pressure at Palma de Mallorca with respectiog of intense deepening observed in Fig. 2. Arising from
to the observed, similar uncertainty exists for pressure valuegys, the baroclinic growth seems to be a relevant mechanism

over the sea, as inferred from the model. for the focused deepening of the cyclone.
. _ _ _ Moreover, the ECMWF analyses at mid levels, presented
3.2 Complete simulation diagnosis in Figs. 4 and 8, show the development of the trough which

is affecting the movement and the deepening of the surface
The scenario at low-levels in which the cyclone deep-cyclone. An overview of the PV field facilitates the explicit
ened was characterized by strong temperature gradients oversualization and interpretation of the direct influence of the
North Africa, created as a result of the cold air advected fromupper-levels on the baroclinic instability evolution. Figure 12
the Atlantic Ocean towards a subtropical air mass over contishows the PV field at 250 hPa as derived from the C21-
nental North Africa. Figure 10 depicts the fields of geopo- 23 simulation. At 12:00UTC, 21 December (Fig.12a), an
tential height and temperature at 925hPa at 00:00 UTCanomaly with values higher than 9 PVU is observed to the
21 December for the C20-22 simulation. It shows a no-south of the Iberian Peninsula, west of the surface low center.
table temperature gradient belt over North Africa, enhancedrlhe circulation associated with the trough produced positive
by the cyclone through the induced cold advection. ThisPV advection above the surface cyclone (Fig. 12b), therefore
temperature advection at low-levels, together without signif-inducing further pressure deepening at low levels. Six hours
icant advection at mid levels favours baroclinic instability, later, the PV anomaly had been advected eastwards, follow-
which has been described as a major triggering mechanisring the cyclonic flow associated with the main trough and
for the strong deepening of rapid developing lows (Sandersstarted to overlap the low-level cyclone, which was a less
and Gyakum, 1980). Looking for a simple quantitative eval- efficient configuration for a further development of the low.
uation of the environmental baroclinicity qualitatively ob- In fact, at 00:00 UTC, 22 December (Fig. 12c), the anomaly
served in Fig. 10, the e-folding time for a baroclinic wave completely overlapped the surface low and the mutual in-
was calculated using the one layer Eady (1949) linear modelteraction was not relevant. Later, there was no significant
It is based on the simplest baroclinic instability solution, ob- effect of the upper-levels on the deepening and driving of
tained using a continuous linear vertical wind profile over the surface low. This agrees with the analyses from the
a background state with a zonal flow, and a normal-modeECMWF, with the lowest pressure obtained at 00:00 UTC,
growth is assumed. By using this model, no hypothesis of the22 December in between the Balearic Islands and Corsica.
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Fig. 10. C20-22 simulation. Geopo-
tential height (solid line,A=20gpm)
and temperature (dashed linez=2°C)
fields at 925hPa, at 00:00UTC,
21 December (T+24 h). Shaded region
corresponds to temperatures between
4°Cand 6°C

Fig. 11. C20-22 Simulation. e-
folding time (hours) shorter than 50 h
for the most unstable wave, as diag-
nosed by the linear shear baroclinic in-
stability Eady model for 00:00 UTC,
21 December (T+24). Dashed line de-
picts the 1000 hPa isobar surrounding
the low center.
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Regarding the vertical structure of the anomaly, a verticalwas also described by Wirth and Egger (1999), in a study of
section of PV and potential temperature across the low rea particular case of a cutoff low over the Western Mediter-
veals a wide tropopause fold associated with the upper-levetanean. The warm column associated with the eastern intru-
trough (Fig. 13). The tropopause is clearly identified by ansion corresponds to the center of the low and shows the warm
inspection of the vertical gradient of potential temperature.core of the cyclone. Smaller scale lows over the Western
The two southern closed centers previously observed in thdlediterranean were previously identified by Delorme (1997)
geopotential height fields at mid levels (see Fig. 8b) are easas warm core cyclones.
ily identifiable at 10 W and & E in the PV field. Note that,
the general cold anomaly below and warm anomaly above3.3 No sensible heat flux and no latent heat release simula-
the tropopause fold, as described by Hoskins et al. (1985), tions
is also observed on a smaller scale in the region of the east-
ern intrusion. A similar situation with a lowered tropopause, The significant role of the heat fluxes on the cyclogenesis
a cold troposphere and a warm anomaly in the stratospheref deep cyclones was pointed out by Sanders and Gyakum

(1980). The heating at low-levels from the surface can
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Table 1. Description of numerical experiments. Dates are given
in HH/DD of December 1979 and correspond to initial and ending
times of the experiments

Experiment  Description

C20-22 Control Run (00/20 to 00/22)

C21-23 Control Run (00/21 to 00/23)
NSH20-22  No Sensible Heat Run (00/20 to 00/22)
NSH21-23  No Sensible Heat Run (00/21 to 00/23)
NLH20-22  No Latent Heat Run (00/20 to 00/22)
NLH21-23  No Latent Heat Run (00/21 to 00/23)
NT21-23 No Topography Run (00/21 to 00/23)

:: Vi ?_/
5.0 /

Fig. 12. C21-23 Simulation. Potential vorticity (PVU,
1PVU=10"8m2 51 K kg—1) greater than 5PVU at 250 hPa for
(a) 12:00 UTC, 21 Decembeth) 18:00 UTC, 21 December ar{d)

same configuration as the complete experiments but without
sensible heat flux from the surface (hereafter, experiments
NSH20-22 and NSH21-23) and another two, also with the
same configuration as the complete runs but without con-
densation processes (hereafter, experiments NLH20-22 and
NLH21-23). The NLH experiments keep all the surface pro-
cesses on but essentially do not release latent heat from the
condensation to the environment.

The evolution of the central pressure of the cyclone, as
simulated by C21-23, NSH21-23 and NLH21-23, is depict-
ed in Fig. 14. A first conclusion regarding sensible heat flux
is that its influence on the low development during the pe-
riod of simulation is negligible. This result reveals that the
warm pool over North Africa was already contained in the
initial conditions. Then, together with the cold advection
from the Atlantic, the model reproduced the development of
the cyclone with no significant influence from the sensible
heat flux. The results from the NSH20-22 simulation (not
shown) present the same behavior during the initial stages of
the low.

On the contrary, referring to the latent heat release, the
NLH21-23 experiment simulates a central surface pressure
notably higher than C21-23, therefore attributing an impor-
tant cyclogenetic role to the release of latent heat from the
condensation processes. In fact, a difference of 7 hPa in the
central pressure is obtained between the two simulations dur-
ing the maximum depth for the C21-23. This influence of
the latent heat release on the central pressure represents 44%
of the deepening obtained for the whole integration period.

00:00 UTC, 22 December. Dashed lines represent 999, 1000 aniior the NLH20-22 simulation (not shown), a cyclogenetic

1001 hPa surface pressure isolines surrounding the low center.

effect is also attributed to the latent heat release, but with
weaker differences than for the 21-23 period. An explicit ef-
fect of the latent heat release, in this case, indirectly reflected

substantially modify the temperature field, thereby enhancin Fig. 14 for the central surface pressure, can be observed
ing or destroying the baroclinic environment. On the otherthrough the potential temperature field. Figure 15 shows a
hand, the latent heat release, derived from the condensatiofertical section across the surface low, revealing a PV struc-
throughout the troposphere, can be a crucial factor for theyre at the tropopause for the NLS21-23 similar to that ob-

vertical extent of the intense deepening.

tained for the CS21-23 (Fig.13). However, a notable dif-

Four different numerical experiments were performed toference appears in the potential temperature distribution be-
study the influence of the aforementioned heat fluxes on thdéow the wide tropopause fold. In the NLH21-23 experiment,
evolution of the cyclone (Table 1): two simulations with the no warm column over the center of the low appears. It re-
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Fig. 13. C21-23 simulated PV (solid lines, PVU) and potential temperature (dashed 1i@gwertical section across the cyclone at
18:00UTC, 21 December. PV isolines from 1.5PVU to 5PVU with a 0.5PVU interval. Potential temperature isolines depicted with a
5°C interval. Left bottom map shows the vertical section position relative to the cyclone.
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Fig. 14. Central surface pressure
(hPa) for the cyclone as simulated
by the C21-23 (filled circles),
NT21-23  (squares), NSH21-23
(crosses) and NLH21-23 (empty
circles) simulations for the period
B r from 00:00UTC, 21December to
ore 16:00UTC, 22December1979. Date

2100 2104 2108 2112 2116 2120 2200 2204 2208 2212 2216 labels are presented in DDHH format.

sults in a wider cold area below the fold, without the warm interacting with cold fronts associated with Atlantic cyclones
core westwards of the eastern deeper PV intrusion. Thusg(Buzzi and Tibaldi, 1978). This cyclogenesis can be notably
the warm core described in Fig. 13 is produced by latent heatleep and local, favouring the development of strong winds
release from the cloud systems surrounding the low centerand severe weather in the area. On the other hand, the in-
previously observed on the NOAA satellite image (Fig. 7). teraction of the African Atlas Mountains with the mid-level
southerly flows produces a shallow cyclone at low-levels to
3.4 Non-orographic simulation the north of the range. This lee cyclogenesis, though usu-
ally weak, is described as crucial in some episodes of heavy
The orography plays a crucial role in the cyclogenetic pro-rainfall in Eastern Spain (Romero et al., 1997; Homar et al.,
cesses over the Western Mediterranean basin. The role df999). Thus, the ranges surrounding the Western Mediter-
the Alps and Atlas Mountains interacting with the mid- ranean basin might have had an important influence, likely
tropospheric flow has been described to a large extent (e.gyclonic, on the evolution of the cyclone of December 1979.
Reiter, 1975). The Alps range is described as a cycloge-
netic agent, by inducing the Alpine lee cyclogenesis when The analysis of the orographic role on the evolution of this
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Fig. 15. NLH21-23 simulated PV (solid lines, PVU) and potential temperature (dashed tiGgsertical section across the cyclone at
18:00 UTC, 21 December. PV isolines start at 1.5 PVU with a 0.5 PVU interval. Potential temperature isolines depicted @ithtergal.
Left bottom map shows the vertical section position relative to the cyclone.

cyclone, which was generated out of the Mediterranean basieastward shifting, thus confirming the crucial role of the At-
and it later moved into the area, is important since lee cyclodas Mountains. On the other hand, the cyclolytic effect de-
genesis events are usually studied in the basin. The effect afved from NT21-23 results is explained by a “wall effect”
the orography on the trajectory and deepening of the cyclonénduced by the Pyrenees, Central Massif and Western Alps.
was analysed by performing a simulation from 00:00 UTC, This effect is produced by both the action of the orographi-
21 December to 00:00 UTC, 23 December using flat topogra<ally induced pressure dipoles, which substantially modifies
phy over land (hereafter, NT21-23). This experiment con-the low-level circulation, and the mountain drag, which be-
tains no information on the orographic systems height ex-comes more effective as the strong winds located close to
cept that which was introduced through the initial and lateralthe low center approach the ranges. Figure 17 depicts the
boundary conditions. central region of the cyclone as simulated by C21-23 and
Figure 14 depicts the evolution of the surface central presNT21-23 for the period from 06:00 UTC, 21 December to
sure of the low, as simulated by the NT21-23 experiment.06:00 UTC, 22 December. The role of the different moun-
The simulations C21-23 and NT21-23 are quite similar dur-f&inous ranges on the surface pressure field clearly become
ing the first 12 hours, while the low center remains overMore notable as the low approaches the northern orographic
Africa. From this time, NT21-23 simulates an evolution Systéms. At 06:00UTC, 21 December (Fig.17a), both sim-
with lower pressures than C21-23, though very similar tim-ulations are very similar, with weak flow impinging to the
ing is obtained. The lowest pressure obtained in NT21-23Atlas. On 21 December, the low advanced northwards and
980 hPa, occurred during last hours of 21 December and firsg Slight influence of the northern mountains of the basin on
hours of 22 December. The 2 hPa difference between the tw1e €S21-23 surface pressure is detected (Fig. 17b). Later, at
simulations is quantitatively insignificant, although it con- 06:00UTC, 22December, the Pyrenees induce a clear rela-
tributes a weak, but cyclolytic role to the orography of this tive high to its north, which is reflected in Fig. 17c with anti-
event. cyclonic curvature. The Central Massif and Alps also induce

Regarding the location of the low center, Fig. 16 presentsS|gn|f|cant relative highs. The consequence of the high pres-

) . i sure poles was to restrict the advancing and enlargement of
the trajectory of both the C21-23 and NT21-23 5|mulat|ons.the main low towards those systems. The cyclonic flow it-

A first analysis reveals that both trajectories are similar, al-Self enhanced those dipoles by interacting with the northern

though the non-orograph_lc S|mglated Cydone evplyes WeSt'ranges of the basin. Thus, the deeper and closer to the ranges
wards of the complete simulation one. This shifting east-

e;he cyclone was, the stronger the winds were and the more ef-
. . : . . .~ fectively the windward orographic high pressure center was
action of the African Atlas, interacting with the cyclonic induced. Moreover, this enhancement of the wind speed also

circulation, in a similar way as the redirection southwards roduces an increase in the mountain drag effect. This mech-
was produced by the Rocky Mountains in the United StateéD 9 .

on the eastward progressing cyclones from the Pacific (e qz,atvnism is clearly identified over the Pyrenees in Fig. 17 and it
Bluestein, 1993). Moreover, an additional simulation with as also present over the Alps and Central Massif. On the

flat African orography (not presented) does not show thisother hand, the relative low pressure poles of the orographic



V. Homar et al.: A deep cyclone of African origin over the Western Mediterranean 105

46 2218[]
\ \ 4
A2218 -
44 A
e i [l N w»?@}@
/ A2212 (
42 5 7
e 22061 42206 |
y 10 10 15
40
\\ ng
ey - 15
38/
|~
367
34 210607 AT
IE 106 10 10 15
0 2 4 6 8

Fig. 16. Position of the cyclone centre as simulated by the C21-
23 (triangles) and NT21-23 (squares) experiments. Date labels are
presented in DDHH format.

dipoles are also identified in Fig.17. This local increase in
the cyclonic circulation to the lee of the mountains was less
influential for a further flow modification, since no effect
on the latter impinging flow which governs the orographic
dipole intensity is derived.

4 Conclusions Fig. 17. Surface pressure (hPa) lower than 1000 hPa as simulated by

) ) C21-23 (solid lines) and NT21-23 (dashed linegp206:00 UTC,
Afirst exploratory study of an African cyclone occurred from 21 pecember,(b) 18:00UTC, 21 December angt) 06:00 UTC,
19 to 22 December 1979, which moved northwards toward$2 pecember.

the Western Mediterranean, has been presented. The quick

African deepening and the northwards trajectory makes it an

unusual cyclone in the area. Barometer records from Palmayclone developed was characterized by a prominent mid-
de Mallorca present a nearly continuous decreasing of thand high-tropospheric trough which resulted in an unusually
surface pressure, about 35 hPain 60 h, with minimum recordsouthern location of the polar front. A wide area with low
ed pressure of 990.6 hPa. Simple calculations have revealeslurface pressure values over the Western Mediterranean is
that the deepening of the cyclone exceeded 1 Bergeron, fulebserved before the cyclone development, mainly related to
filing the quickly deepened cyclone definition of Sanders the evolution of the upper-level trough. A synoptic signa-
and Gyakum (1980). The ECMWEF analyses show an unusuture for upward motion is found around the cyclone center
ally rapid deepening low at quite low latitudes, formed over location, associated with the upper-level trough. Numeri-
North Africa. The cyclone moved northwards and achievedcal simulations revealed some significant subsynoptic struc-
its maximum depth during the night of 21 December, east oftures which contributed to the development and evolution of
the Iberian Peninsula. The synoptic situation in which thethe extraordinary cyclone. The cyclogenesis occurred in a
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of the PV field reveals that the advection of upper-level PV posium on cyclones and hazardous weather in the Mediterranean,
anomalies was an important mechanism for the surface pres- pp. 283-287, Instituto Nacional de MeteordiagApartado 285,
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