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SUMMARY 
The development and track of a surface cyclone that produced heavy precipitation in the western Mediter- 

ranean region on 28-29 September 1994 is numerically simulated using a mesoscale model. Diagnostic calcula- 
tions reveal that surface-pressure falls-and upward motion-cccur in response to a well-defined pattern of up- 
ward quasi-geostrophic forcing at all tropospheric levels. In addition, convective instability and low-tropospheric 
water vapour flux convergence are significant over the western Mediterranean, and therefore the environment is 
highly supportive for convection development. 

The appreciable dynamical forcing at upper levels appears to be associated with two positive potential- 
vorticity (PV) anomalies that are embedded within the large-scale trough and rotate about each other. Motivated 
by the fact that the small-scale features of the PV field are more prone to analysis or forecast error than the large- 
scale components, a sensitivity study is conducted in order to analyse the dependence of the mesoscale forecast 
on the initial intensity and position of the two embedded PV centres. This is accomplished by first applying a 
piecewise PV-inversion technique which allows the balanced flow associated with each PV centre to be calculated, 
and then the inverted mass and wind fields are used to modify the model initial conditions. Eight simulations are 
run after doubling or removing one or both anomalies (sensitivity to intensity), and eight other simulations after 
displacing the anomalies towards or away from the Iberian peninsula (sensitivity to position). 

The results exhibit a clear dependence of the track and shape of the surface cyclone and its associated pattern 
of low-tropospheric warm air advection on the characteristics of the PV anomalies. Therefore, spatial details of 
the mesoscale forecast are shown to be highly sensitive to the precise structure of the upper-level dynamic forcing. 
Nevertheless, for the full set of arbitrarily defined initial conditions, one or several low pressure systems develop 
in the western Mediterranean area and heavy precipitation always occurs. On the other hand, there is an overall 
tendency of the simulations to favour cyclone development leeward of the Atlas mountain range and local rainfall 
enhancements over the exposed mountains of eastern Spain. The relative roles of the orography and sea surface 
latent-heat flux versus the action of the upper-level PV centres are examined by means of additional simulations. 

KEYWORDS: Heavy rain Potential-vorticity inversion 

1. INTRODUCTION 

The genesis of heavy precipitation is a major meteorological threat in the western 
Mediterranean region (depicted in Fig. l), especially during the late summer and 
autumn as a consequence of intense latent- and sensible-heat fluxes into the boundary 
layer from the warm Mediterranean sea. Resulting flash floods are relatively common, 
and catastrophic events for human life and property are recorded almost every year 
somewhere in eastern Spain, southern France, Italy or northern Africa. Some notable 
examples are the floods in Piedmont (Italy) on 5-6 November 1994 (maximum rainfall 
exceeded 300 mm in 24 h; Lionetti 1996), the flash flood in Vaison-La-Romaine 
(France) on 22 September 1992 (300 mm in 24 h; SCndsi et al. 1996) and the Spanish 
flash floods in central Valencia on 3-4 November 1987 (800 mm in 24 h; Riosalido et al. 
1988) and in south Catalonia on 9-10 October 1994 (up to 450 mm during the whole 
event; Wheeler 1995). 

The strong social and economic impact of these events has motivated numerous 
observational, diagnostic and numerical modelling research efforts during the last two 
decades (e.g. the Mesoscale Alpine Programme; Binder and Schiir 1998). Observations 
suggest that most of the flash flood events are associated with mesoscale convective 
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Figure. 1.  Depiction of the western Meditemean region, with an indication of geographical locations and 
mountain systems mentioned in the text. Smoothed orography is contoured at 250 m intervals, starting at 250 m. 

systems (e.g. Riosalido 1990), many of them triggered or enhanced by the coastal oro- 
graphic features. Diagnostic studies (e.g. Garcia-Dana et al. 1982; Ramis et al. 1994 
and Doswell et af. 1998) have evaluated synoptic-scale processes and environmental 
parameters associated with the development of deep, moist convection, such as quasi- 
geostrophic forcing for upward motion, low-level moisture convergence and convective 
or latent instabilities (Doswell 1987). They have also inferred mesoscale lifting mecha- 
nisms responsible for the convection release and localization, typically associated with 
the interaction of the synoptic-scale flow with the complex orography of the region (see 
Fig. 1). Numerical modelling studies have been carried out to assess the predictability of 
these events (e.g. Ferniindez et al. 1995; S6n6si et al. 1996) and, very importantly, have 
explored in detail the synoptic and mesoscale processes associated with the development 
and organization of the convection. 

In particular, several authors have taken advantage of the potential offered by 
mesoscale models, and have isolated the role played by different physical factors by 
means of sensitivity or factor-separation techniques (Stein and Alpert 1993). Factors 
typically considered include the so-called boundary factors, such as local and remote 
orographies, surface characteristics and surface heat fluxes (e.g. Ferniindez et al. 1997; 
Ramis et al. 1998), together with others associated with the model physics, such as 
latent-heat exchanges in the parametrized moist processes (Buzzi et al. 1998; Romero 
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et al. 2000). Comparatively less attention, however, has been paid to the effects of 
internal features of the flow dynamics (jet streaks, troughs, fronts, etc.) probably 
because, unlike the external or parametrization factors, modifying or switching off these 
elements in the simulations is not straightforward. The three-dimensional nature, and the 
mutual dependence of pressure, temperature and wind fields pose serious constraints 
on the ways these fields can be altered without compromising the delicate dynamical 
balances that govern both the model and the actual fields. 

A relatively simple approach to deal with internal dynamical features is based on the 
concept of potential vorticity (PV) and its invertibility principle (Hoskins et al. 1985 and 
references therein). According to this principle, given some balanced-flow constraints 
and proper boundary conditions for the meteorological fields (pressure, temperature 
and wind), the knowledge of the three-dimensional distribution of PV can be used 
to infer the balanced meteorological fields. Application of piecewise PV inversion is 
particularly useful since, once identified, any PV element of interest as well as its 
associated mass and wind fields can be isolated in a consistent way for diagnostic or 
prognostic purposes. Numerous studies have applied piecewise PV-inversion methods 
to diagnose, for example, the contributions and interactions of different PV anomalies 
for cases of surface cyclogenesis (e.g. Davis 1992a; Hakim et al. 1996; Huo et al. 1999a; 
Fehlmann and Davies 1999) and frontogenesis (e.g. Morgan 1999). But piecewise 
inversion schemes have also been applied for initial-value problems, where the effects 
on the subsequent forecast of incorporating, modifying or removing PV perturbations 
(i.e. a certain amount of balanced flow) in the model initial conditions are investigated. 
For example, Fehlmann et al. (2000) i denm distinct mesoscale elements of the upper- 
level PV filament responsible for an Alpine rainstorm, and study the sensitivity of the 
forecast rainfall to these elements. Huo et al. (1999b) investigate the influence of the 
PV anomalies associated with two upper-level short-wave troughs on the numerical 
prediction of the March 1993 superstorm in the eastern USA. Huo et al. (1998) show 
that the forecast of that same explosive cyclogenesis event would have been improved 
by incorporating in the model initial conditions the PV anomaly associated with the 
surface temperature errors observed over oceanic regions. 

In this work, the PV approach is used to investigate the sensitivity of a western 
Mediterranean cyclone, that produced heavy rain in eastern Spain, to the structure of the 
upper-level flow. The event took place on 28-29 September 1994, and was characterized 
by the development of several mesoscale convective systems (MCSs) over the western 
Mediterranean waters and the eastern part of Spain (Fig. 2). The MCSs affected mainly 
the southern and central parts of these areas during 28 September (Fig. 2(a)) but, as the 
low pressure system moved and expanded northwards the most important convection 
during 29 September developed in the northern part of the region (Fig. 2(b)). An analysis 
of the observed rainfall in eastern Spain during the episode (Fig. 3) exhibits significant 
amounts near the coasts, with the most important maxima in Valencia north of the Sierra 
de Aitana, the Balearic Islands, and north-eastern Catalonia. Serious damage in some 
agricultural and tourist areas was produced as a consequence of local floods. 

Homar et al. (1999) present a diagnostic study and numerical simulation of this 
heavy precipitation event. They conclude that the evolution of the low pressure system 
and the associated convection was largely controlled, at synoptic scale, by a combination 
of warm and moist easterly advection at low tropospheric levels, typically observed in 
the flash flood events of the region, with less common strong and well-defined upper- 
level dynamical forcing (see also next section). The fact that the most intense convection 
evolved over the sea (Fig. 2) suggests, indeed, that quasi-geostrophic forcing for upward 
motion was particularly strong. 
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Figure 2. Infrared Meteosat pictures at (a) 12 UTC 28 September 1994, (b) 12 UTC 29 September 1994. Enhanced 
grey scales indicate cloud-top temperatures (“C) according to the key. 

The focus of the present study is to investigate in more detail the role played by 
the upper-tropospheric disturbance, as described by its PV field, in the evolution of 
the event. Motivation for the study derives from a control numerical simulation and 
diagnostic products presented in next section, which show that the upper-level PV field 
upstream of the western Mediterranean was dominated by two PV centres rotating 
cyclonically about each other. Using a piecewise PV-inversion methodology, section 3 
examines the sensitivity of the simulation to these PV centres by varying their intensity 
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Figure 3. Analysis of the observed 48 h rainfall (mm) in Mediterranean Spain (dark shaded region in Fig. 1)  
from 07 UTC 28 September 1994 to 07 UTC 30 September 1994. 

and position in the model initial conditions. The conclusions from this sensitivity study 
and implications for forecasting this type of situation are contained in section 4. 

2. NUMERICAL SIMULATION OF THE EVENT AND DISCUSSION 

The 28-29 September 1994 heavy-precipitation event was numerically simulated 
using the non-hydrostatic version of the Pennsylvania State University-National Center 
for Atmospheric Research mesoscale model (Dudhia 1993; Grell et al. 1995). The 
model is formulated using the terrain-following sigma coordinate system, with enhanced 
vertical resolution in the boundary layer to better represent the turbulent processes. The 
model allows multiple-nest simulations with two-way interaction between successive 
nesting levels following the procedure devised by Zhang et al. (1986). In the present 
case, two interacting domains were used (those shown in Fig. 4). The coarse- and fine- 
grid domains are both centred at the same point on the coast of Valencia (OOW, 39"N) 
under a Lambert conformal map projection, and comprise 31 vertical sigma levels. In 
the horizontal, they have the same number of grid points (82 x 82), and resolutions of 
60 and 20 km, respectively. The simulation presented covers 48 h, starting at 00 UTC 28 
September 1994. 

Initial and boundary conditions for the coarse-grid domain were based on a first 
guess provided by the global analyses fiom the National Centers for Environmental 
Prediction (NCEP) available at 00 and 12 UTC on standard isobaric surfaces. These 
meteorological analyses were interpolated horizontally to the model grid points, and 
improved using surface and upper-air observations with a successive-correction objec- 
tive analysis technique (Benjamin and Seaman 1985). The resulting fields were then 
interpolated to the model sigma levels from the isobaric surfaces. Imbalances present 
in the data, generated during the interpolation process, were reduced by removing the 
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Figure 4. Control simulation S. (a) kpotent ia l  height at 300 hpa at 06 UTC 28 September 1994 (dashed line; 
dam); Ertel's potential vorticity on the 330 K isentropic surface at 00 UTC 30 September 1994 (continuous line; 
PVU), with an indication of trajectories at 6 h intervals of several maxima pnsent at that time (circles); and 
maximum value of the Iow tropospheric (1000-700 hPa) temperature advection observed during the simulation 
(shaded, for values exceeding 0.2,0.4 and 0.6 K h-'). (b) Mean-sea-level pressure at 00 UTC 30 September 1994 
(continuous line; hpa but without the leading l), with an indication of back trajectories at 3 h intervals of several 
minima (circles. with open circles for minima dissipated before that time); and total precipitation (shaded, for 

values exceeding 10,40,70,100 and 130 mm). 
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vertical integral of the horizontal wind divergence at each model grid point (Washington 
and Baumhefner 1975). The initialization process was completed with horizontal inter- 
polation of the coarse-grid fields to the fine grid. The tendencies along the model coarse- 
domain boundaries, expressed by differences of the boundary data at 12 h intervals, were 
applied using a Newtonian relaxation approach (Grell et al. 1995). 

The Betts-Miller parametrization scheme (Betts 1986; Betts and Miller 1986) 
was chosen to calculate moist convection effects on the coarse-grid domain, whereas 
parametrized convection for the fine-grid domain followed the Kain-Fritsch scheme 
(Kain and Fritsch 1990). All the other physical parametrization schemes were identical 
for both domains. Explicit microphysics was represented, with predictive equations 
for cloud water and rainwater below the freezing level and cloud ice and snow above 
the freezing level (Dudhia 1989), including the effects of hydrostatic water loading, 
condensation, evaporation, melting, freezing, deposition and sublimation (Zhang 1989). 
The parametrization scheme used to represent the planetary boundary-layer physics was 
a modified version of the Blackadar (1979) scheme (Zhang and Anthes 1982; Zhang and 
Fritsch 1986). Surface temperature over land was calculated using a force-restore slab 
model (Blackadar 1979; Zhang and Anthes 1982), and over the sea remained constant 
during the simulation. Surface fluxes, as well as atmospheric temperature tendencies 
caused by long-wave and short-wave radiation components, were calculated taking into 
account the cloud cover (Benjamin 1983). 

For the sake of brevity, the most relevant results of this simulation, referred to as 
control simulation S, are summarized in a single composite chart for both the synoptic 
scale (Fig. 4(a)) and mesoscale (Fig. 4(b)). As shown in Fig. 4(a), the upper-level flow at 
the beginning of the event was characterized by a positively tilted long-wave trough with 
its axis crossing the Iberian Peninsula. The induced flow over the western Mediterranean 
area at upper levels was thus from the south-west. Note, however, the complex structure 
of the upper-level wave, since, embedded within the large-scale trough there are two 
geopotential height minima, centred near the Gulf of Vizcaya and the Moroccan Atlantic 
coast (refer to Fig. 1 for locations). Calculation of Ertel's PV (Rossby 1940; Ertel1942), 
defined as 

1 

q = :q ' vo, 
P 

where p is the density, 1 the absolute vorticity vector and 0 the potential temperature, re- 
veals that the two embedded lows are each associated with a PV maximum, as expected. 
Figure 4(a)* displays the trajectories of these PV centres on the 330 K isentropic surface 
during the simulation, as well as their structure and position at the end of the period. 
Since both diffusion and diabatic effects are active in the model, neither the PV nor the 
potential temperature are conserved, but the use of isentropic-and even isobaric-PV 
charts aloft, where the above processes are relatively weak, allows an easy identification 
and tracking of any PV structure. Observe that, while rotating about each other, the 
PV centres initially located in the Gulf of Vizcaya and off the Moroccan coast migrate 
toward southern Portugal and the western Mediterranean, respectively. This movement 
implies high values of PV advection at upper levels over the western Mediterranean and 
eastern part of Spain, progressing from south to north (not shown). The overall cyclonic 
rotation and lifting of the upper-level trough is also reflected in the trajectories of other 
secondary PV structures, some of which are included in Fig. 4(a); for example, the 
PV centre associated with a short-wave trough initially located west of Ireland, which 

* In this and subsequent figures PV is given in Potential Vorticity Units (PW); 1 P W  = K rn*kg-ls-l. 
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Figure 5. Time sequence for the control simulation S showin mid-up r tropospheric (7W200 hw) upward 
quasi-geostrophic forcing (continuous line, starting at 2 x 10- * m lcg-C-I every 4 x m kg-'sC1); low 
tropospheric (1000-700 hPa) upward quasi-geostrophic forcing (dashed line, starting at 1 x 10- m kg-'s-' 
every 2 x m kg-'s-'); and water vapour flux convergence in the layer 1000-700 hpa (shaded, for values 
exceeding 0.1,0.5, 1 and 1.5 g m-*s-'): (a) at 12 UTC 28 September 1994, (b) at 00 UTC 29 September 1994, 
(c) at 12 UTC 29 September 1994, (d) at 00 UTC 30 September 1994. The quasi-geostrophic forcing is calculated 

following the Q vector formulation (Hoskins and Pedder 1980). 
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Figure 5. Continued. 
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progresses very rapidly southwards over the Atlantic and ends up in Morocco, or another 
centre first identified over northern France which moves eastwards. The latter is, in fact, 
the result of the split of the aforementioned main PV centre of the Gulf of Vizcaya after 
strong stretching deformation along the south-west to north-east direction. 

Associated with the evolution at upper-levels, warm air advection in the lower tropo- 
sphere during the simulation is maximized over the western Mediterranean and eastern 
Spain (see shaded field in Fig. 4(a)), again with the maximum of this field progressing 
from south to north. Calculation of quasi-geostrophic forcing for vertical motion (Fig. 5 )  
reveals that the evolution of the upper-level PV and the low-level temperature advection 
fields are associated with important centres of dynamic forcing for upward motion in the 
mid-upper and lower troposphere, respectively. These areas of positive forcing tend to 
overlap the western Mediterranean and eastern Spain, and the overlapping zone moves 
northwards during 28-29 September, approximately following a cyclonic path along the 
Spanish Mediterranean coast (Fig. S(at(d)). The model-predicted vertical velocity field 
(not shown) nearly replicates the structure found for the forcing, although the magnitude 
of the upward motion at low levels along the eastern coast of Spain is increasingly dom- 
inated by the orographic action (not included in the quasi-geostrophic formulation). In 
addition to a vertically coherent dynamic-forcing field, the model forecasts large values 
of water vapour flux convergence at low levels in the same areas (shaded field in Fig. 5) .  
Since convective instability, characteristic of the Mediterranean air mass during the 
warm season (Meteorological Office 1962; Ramis 1995), was also present (not shown), 
the synoptic environment was highly supportive for the development and maintenance 
of convection (Doswell et al. 1996). 

In response to the dynamical forcing pattern described previously, an intense cy- 
clonic development is forecast over the western Mediterranean and Iberian peninsula 
(Fig. 4(b)). Back trajectories for several mean-sea-level pressure minima identified dur- 
ing the simulation have been incorporated into the figure to illustrate the evolution of the 
surface disturbance. It is interesting to note that, unlike many cases of flash flood events 
in eastern Spain which are characterized by relatively stationary surface lows near the 
Algerian coast, in this case the disturbance is mobile and progresses northwards from 
that genesis area to the coast of Valencia. This behaviour appears to be associated with 
the strong and evolving dynamic forcing identified aloft, whereas the former situations 
occur in dynamically weaker synoptic contexts, normally under a relatively stationary 
upper-level trough or cut-off low with its downstream section lying across the north 
African Atlas mountain range, thus favouring lee cyclogenesis along the Algerian coast 
(Romero et al. 2000). 

Although the two embedded upper-level PV centres identified in Fig. 4(a) seem to 
be playing an important role in the evolution, intensity and areal extent of the surface 
cyclone, there is no practical way with a single control simulation of quantifying the 
degree of dependence of the mesoscale forecast on the specific structure of the upper- 
level flow. Despite the excellence of current numerical weather prediction systems in 
capturing many synoptic-scale structures of the flow up to several days in advance, the 
representation of the smaller large-scale components, such as the two embedded PV 
centres, may be subject to more uncertainty as a consequence of analysis and/or model 
errors. It would be interesting to learn how such uncertainty might affect a mesoscale 
forecast. With this aim, a sensitivity analysis of our case-study based on additional 
numerical simulations with perturbed initial conditions is carried out in the next section, 
similar to the strategy followed in Fehlmann et al. (2000). The object is to ascertain if 
the development and track of the surface cyclone, as well as its associated rainfall, are 
sensitive to the intensity and position of the upper-level PV centres. 
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Figure 6. National Centers for Environmental Prediction analyses derived products: Ertel’s potential vorticity 
on the 330 K isentropic surface at 00 UTC 30 September 1994 (continuous line; P W ,  with an indication 
of trajectories at 12 h intervals of several maxima present at that time (circles); maximum value of the low 
tropospheric (1000-700 hPa) temperature advection observed during 00 UTC 28 September to 00 UTC 30 
September 1994 (shaded, for values exceeding 0.2,0.4 and 0.6 K h-I); and mean-sea-level pressure at 00 UTC 30 

September 1994 (dashed line; hpa but without the leading 10). 

The forecast total precipitation by the control simulation S is displayed in Fig. 4(b). 
Though forecast accuracy is not necessary for the proposed sensitivity study, the skill 
of the model in capturing spatial and quantitative details of the rainfall field over 
Mediterranean Spain appears to be relatively high (compare with Fig. 3). The major 
deficiencies seem to occur over the sea; for example, the heavy precipitation centre 
predicted east of the Gibraltar strait is probably too strong, and the model seems to be 
incapable of developing the intense convection that occurred in the northern part of the 
Mediterranean (Fig. 2(b)) (a problem also observed in the simulation of the same event 
by Homar et al. (1999) for which a different model and initialization data were used). 
On the other hand, the dynamical evolution as simulated by the control experiment 
appears to be supported, in its gross features, by the information contained in the NCEP 
improved analyses (Fig. 6). Nevertheless, the rotation rate and intensity of the analysed 
upper-level PV anomalies are stronger than for the simulated anomalies, and there are 
other discrepancies in the structure of the mean-sea-level pressure and thermal advection 
fields (compare with Fig. 4). 

3. SENSITIVITY TO THE UPPER-LEVEL Pv CENTRES 

The method used to explore the sensitivity of the mesoscale simulation to the upper- 
level PV centres, for convenience hereinafter referred to as SW PV and NE PV centres 
according to their initial geographical location (Fig. 4(a)), requires the calculation of a 



2570 R. ROMERO 

balanced flow associated with each anomaly that can be used to alter the model initial 
conditions in a physically consistent way without introducing any significant noise. 
The piecewise PV-inversion technique of Davis and Emanuel(l991) was used for such 
purpose. The method starts with the calculation of the balanced flow, described by 4 
(geopotential) and + (stream function), from the total or instantaneous distribution of 
Ertel's PV q,  given by (1). The balance assumption made herein follows the Charney 
(1955) nonlinear balance equation: 

where f is the Conolis parameter and m denotes the map-scale factor of the particular 
(x, y) projection used. The other diagnostic relation necessary for the inversion of 4 and + is given by the approximate form of (1) resulting from the hydrostatic assumption and 
the same scale analysis used to derive (2), namely, that the irrotational component of the 
wind is very small relative to the nondivergent wind: 

where p is the pressure, g the acceleration due to gravity, K = Rd/C,, and the vertical 
coordinate 7t is the Exner function C,(p/po)". (C, is the specific heat of air at constant 
pressure, and Rd the gas constant for dry air.) 

The finite-difference form of the closed system described by (2) and (3) is solved 
for the unknowns 4 and $ given q,  using an iterative technique until convergence 
of the solutions is reached (see Davis and Emanuel 1991 for details). Neumann-type 
conditions (a4/an = f a+/an = -0) are applied on the top and bottom boundaries, 
and Dirichlet conditions on the lateral boundaries. The latter are supplied by the 
observed geopotential, and the stream function calculated by matching its gradient along 
the edge of each isobaric surface to the observed normal wind component, which is 
first slightly modified to force no net divergence in the domain. Because of the balance 
condition used, the inverted fields are very accurate even for meteorological systems 
characterized by large Rossby numbers (Davis and Emanuell991; Davis 1992b). 

Next, a reference state must be found from which to define perturbations. As in 
Davis and Emanuel(1991), this reference - -  state is defined as a time average. Given q, 
the time mean of q ,  a balanced mean flow (4,  9)  is inverted from identical equations to 
(2) and (3), except that all  dependent variables are mean values, and the mean potential 
temperature, 3, is used for the top and bottom boundary conditions. The perturbation 
fields (q', 4', +') are given by the definitions: 

Finally, we can consider that the PV perturbation field q' is partitioned into N 
portions or anomalies, q' = c,"=, qn. We are interested in obtaining that part of the 
flow (&, +nilassociated with each PV portion qn, and we also require 4' = C,"=, r$n 
and +' = En=, +n. As discussed in Davis (1992b), there is no unique way to define a 
relationship between (&, +J and qn because of the nonlinearities $resent in (2) and 
(3). Here, we adopt the linear method of Davis and Emanuel (1991), derived after 
substitution of (4) and the above summations in (2) and (3) and equal partitioning of 
the nonlinear term among the other two linear terms that result from each nonlinearity 
in the above equations (see Davis and Emanuel 1991 for details). The resulting linear 
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closed system for the nth perturbation is: 

a2#* a2+,, a2#* a2+,,) 2( a2+* a2#,, a2+* a2+, 
-m2(-- axanaxan +-- a y a n a y a n  - m  -- axan axan + --)I ayan ayan I 

(6)  

where ()* = 0 + 4 0’. 
The system (5)-(6) is solved for each PV anomaly of interest. A portion 0, of 

the perturbation potential temperature can be used for the top and bottom boundary 
conditions, whereas homogeneous boundary conditions for #n and +n are normally 
assumed at the lateral boundaries for interior PV anomalies such as the ones considered. 

(a )  Piecewise PV-inversion results and design of the simulations 
The piecewise PV-inversion scheme was applied to invert the SW and NE PV 

anomalies at 00 UTC 28 September 1994, the simulation start time. The inversion was 
performed using the NCEP-based isobaric analyses that were created for the model 
coarse domain (see section 2), placing the top and bottom boundaries at 100 and 
1000 hPa, respectively. The perturbation PV field was defined as the departure from the 
six-day time average about 00 UTC 28 September, and the pieces representing the two 
anomalies were identified as the volumes of positive PV perturbation above 500 hPa 
present to the south-west and north-east of the Gulf of CBdiz. Figure 7(a) shows the 
structure of the SW and NE PV anomalies at 250 hPa, as well as the remainder of 
the total PV field at the same level without the anomalies. Deliberately, the selected 
reference or mean state is such that, even without the anomalies, the PV field is still 
characterized by the intrusion of a tongue of high PV towards the Iberian peninsula and 
lower latitudes. This is because we are interested in manipulating the two embedded 
upper-level lows that are shaping the large-scale trough (Fig. 4(a)), not the trough itself 
(represented by the high-PV tongue). 

A plan view at 250 hPa of the inverted circulations is included in Fig. 7(b). 
The remainder of the flow without the balanced circulations of the anomalies, or 
background flow, is also shown in vector form. Clearly, the effect of the background 
flow is mainly to advect the SW PV anomaly towards the western Mediterranean 
and to stretch the NE PV anomaly along the south-west to north-east direction. The 
circulations associated with the anomalies are contributing to their self-rotation and to 
the cyclonic rotation-or negative tilting-of the main trough. To a lesser extent the 
anomalies are also contributing to advect each other along a cyclonic path. All these 
lateral interactions are consistent with the evolution of the upper-level flow observed 
in the control simulation (Fig. 4(a)), although the individual contributions displayed in 
Fig. 7(b) are only representative of the initial stage of the episode, and therefore, PV 
inversions for later times would be needed for a complete diagnosis of these evolving 
interactions . 

A vertical cross-section of the inverted balanced fields (Fig. 8) illustrates that the 
localized PV anomalies are felt throughout the entire atmospheric column, a natural 
consequence of the Laplacian operators involved in the system of equations (5)-(6). 
Although the response, in the form of geopotential deficit, cyclonic circulation, and 
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Figure 7. Piecewise potential vorticity (PV) inversion at 00 UTC 28 September 1994 (a) Ertel's PV at 250 hpa 
corresponding to the south-west (SW) and north-east (NE) anomalies (continuous line, starting at 0.5 PW every 
1 P W )  and the total field without the anomalies (dashed line, starting at 0.5 P W  every 1 PVIJ). (b) Stream 
function at 250 hPa of the balanced flow derived from the SW and NE PV anomalies (dashed and continuous 
line respectively, starting at -20 x 1 6  m2s-' every -20 x 1 6  m2s-'); and vector wind field at 250 hpa 
corresponding to the total flow without the balanced components associated with the anomalies (a reference 

vector is shown in the upper-left corner). 
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Figure 8. Vertical cross section along the line AB shown in Fig. 7(a) of the potential-vorticity (PV)-inverted 
fields from the south-west (SW) and north-east (NE) anomalies at 00 UTC 28 September 1994. (a) Geopotential 
height (dashed and continuous contours for the SW and NE anomalies, respectively, starting at -30 m every 
-30 m); (b) temperature (continuous line for positive values and dashed line for negative values, in 1 degC 
intervals starting at 1 and -1 "C, respectively); and (c) section-normal winds (continuous line for flow into the 
page and dashed line for flow out of the page, at 4 m s-l intervals starting at 2 and -2 m s-', respectively). The 

SW and NE PV anomalies are shaded for values exceeding 0.5, 1.5,2.5,3.5 and 4.5 P W .  
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TABLE 1. SUMMARY OF THE NUMERICAL EXPERIMENTS 
PERFORMED IN ORDER TO INVESTIGATE THE SENSITIVITY 
OF THE SIMULATION TO THE INTENSITY OF THE UPPER- 

LEVEL Pv ANOMALIES 

Experiment South-west anomaly North-east anomaly 

Removed 
Doubled 

Unchanged 
Doubled 
Removed 
Removed 
Doubled 

Unchanged 

Removed 
Doubled 
Removed 
Removed 

Unchanged 
Doubled 

Unchanged 
Doubled 

TABLE 2. SUMMARY OF THE NUMERICAL EXPERIMENTS 
PERFORMED IN ORDER TO INVESTIGATE THE SENSITIVITY 

LEVEL P v  ANOMALIES 
OF THE SIMULATION TO THE POSITION OF THE UPPER- 

Experiment South-west anomaly North-east anomaly 

SI Moved inwards Moved inwards 
s+' Moved outwards Moved outwards 
S= Unchanged Moved inwards 
s; Moved outwards Moved inwards 
S_= Moved inwards Unchanged 

Moved inwards Moved outwards S- 
S+= Moved outwards Unchanged 
S=+ Unchanged Moved outwards 

f 

cooling under the anomalies or warming above, is stronger at mid-upper levels, these 
effects are also felt in the lower troposphere. This emphasizes that a potential error in 
resolving the upper-level PV centres would be reflected not only at the anomaly level, 
but throughout the troposphere down to the surface, affecting key fields for surface 
cyclogenesis and forcing of vertical motion such as the temperature advection pattern. 

The sensitivity experiments were designed by adding and/or subtracting the PV- 
inverted balanced fields (geopotential, temperature and wind) into the model initial 
conditions on the isobaric surfaces, previous to vertical interpolation to the model sigma 
levels. The relative-humidity field was kept unaltered. l b o  sets of simulations were 
designed to study separately the sensitivity of the forecast to the intensity and position 
of the anomalies (Tables 1 and 2, respectively). In the first set, the SW and NE PV 
anomalies are either doubled (adding the inverted fields), removed (subtracting the 
fields) or kept unchanged, entailing eight simulations in addition to the control run from 
all the possible combinations (summarized in Table 1). In the second set, the intensity 
of the anomalies is not changed but the position is shifted along the AB axis shown in 
Fig. 7(a). The anomalies are either moved outwards (by subtracting the associated fields 
and adding them 425 km farther from the Iberian peninsula), moved inwards (in the 
same way except 425 km closer to the Iberian peninsula) or kept in the original position, 
implying again eight additional simulations (Table 2). All these modified experiments 
were run with identical boundary conditions and physics options as the control run and 
for the same 48 h period. 
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Obviously, the above-mentioned ensemble of experiments is arbitrarily defined. 
On the other hand, no experiments were done with modified intensities and modified 
positions of the anomalies at the same time, in order to keep the number of simulations 
small. Nevertheless, as we will see in the next sections, the designed experiments 
appear to embrace a wide range of synoptic scenarios; these look similar from a 
broad perspective (since all share the presence of a well-defined trough upstream from 
the Mediterranean in agreement with the climatology of these situations), but contain 
differences that turn to be crucial for the mesoscale forecast and, therefore, peculiarities 
of the synoptic wave aloft cannot in general be ignored. The results of the 16 simulations 
are presented below. 

(b)  Sensitivity to the intensity of the PV anomalies 
Experiment S: represents the null or basic case in which the anomalies have simply 

been eliminated. For easy comparison, the results (Fig. 9) are presented in the same 
format as the control experiment (Fig. 4). Note that in this case the upper-level flow 
pattern is evolving more slowly about the Iberian peninsula without the spinning PV 
centres (Fig. 9(a)). This is reflected in a nearly stationary trough that remains positively 
tilted during the whole episode. Quasi-geostrophic forcing for upward motion (not 
shown) is weaker at all levels over the area of interest and is mainly confined to the 
southern part of the Mediterranean. Observe, for example, that low-tropospheric warm 
advection is weaker than in the control simulation, and is only significant to the south 
of the Balearic Islands (compare Figs. 9(a) and 4(a)). The resulting surface low pressure 
area is not a mobile one and is less intense, remaining near the Algerian coast without 
exhibiting any significant northward extension throughout the episode (Fig. 9(b)). This 
scenario resembles many other situations (e.g. the ‘Gandia’ case in Romero et al. 2000) 
in which the lack of strong and evolving upper-level dynamic forcing implies near- 
stationary disturbances leeward of the Atlas mountains that locally enhance the easterly 
moist flow towards eastern Spain. Despite the ‘weakness’ of the $ situation, heavy 
precipitation is still produced, although mainly confined to southern Mediterranean 
waters (Fig. 9(b)). 

Doubling the intensity of both PV centres (experiment Sz) amounts to increasing the 
rotation rate of the anomalies about each other, as clearly illustrated in the trajectories 
included in Fig. 10(a). Dynamic forcing for upward motion is also stronger and more 
mobile than in the control run. Intense warm advection at low levels is not restricted 
to the western Mediterranean region but also affects most of the central and northern 
Iberian peninsula. The strength of the Sg pattern is reflected in a very broad low pressure 
area, with the main centre now located over western Spain at the end of the simulation, 
and the axis of the heavy precipitation is somewhat displaced inland (Fig. 10(b)). 

Without the NE PV anomaly (experiment Sy), the SW PV anomaly is not advected 
as far into the western Mediterranean region, indicated by the fact that its path length 
(Fig. 1 1 (a)) is approximately half of that in the control run. As a consequence, significant 
values of dynamic forcing and low-level warm advection occur in the southern and 
central parts of the region but not in its northern part. Consistently, the surface low- 
pressure area is not very mobile and does not embrace the northern part of the region; 
Catalonia and the northern Mediterranean are free of any significant rainfall (Fig. 1 1 (b)). 

If the SW PV anomaly is doubled (S,”), its self-rotation is increased and the centre 
of the anomaly now moves into southern Spain during the episode (not shown). Owing 
to the enhanced intensity of the upper-level southern low, quasi-geostrophic upward 
forcing aloft is more intense than in the previous case, and low-tropospheric warm 
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Figure 9. As Fig. 4, but for experiment $. 
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Figure 10. As Fig. 4, but for experiment S:. 
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Figure 1 1. As Fig. 4, but for experiment Sy . 
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advection values are also a bit higher. Interestingly, both the surface pressure pattern 
and the rainfall distribution (not shown) are very similar to the previous result, although 
the surface depressions are somewhat deeper and the precipitation more widespread in 
this case. 

As expected, the lack of the SW PV anomaly (simulation Sd) is noted in reduced 
translation of the NE PV anomaly compared with the control run (Fig. 12(a)). The SA 
case is qualitatively different to the previous ones in that the pattern of warm advection 
in the lower troposphere is concentrated to the east and north of the Balearic Islands (see 
shaded field in Fig. 12(a)). The greatest surface pressure falls occur along the western 
part of this pattern, where there is also a contribution from the upper-level forcing 
induced downstream of the NE PV anomaly. The resulting low pressure centre is intense 
and exhibits a long track over the Mediterranean, with most of the heavy rainfall being 
produced over oceanic areas and north-east Spain (Fig. 12(b)). 

When the NE PV anomaly is doubled (experiment S,”), the dynamic-forcing field is 
stronger, especially at upper levels, and evolves more rapidly. The pattern of appreciable 
warm air advection at low levels describes a cyclonic trajectory during the episode and, 
in contrast with the previous case, progresses well into northern Spain (Fig. 13(a)). The 
surface disturbance follows a similar trajectory to the previous situation, SA, but, since it 
moves faster, by the end of the period the pressure minimum is located over central Spain 
and the area of relative low pressure is very broad, encompassing the whole western 
Mediterranean and most of the Iberian peninsula (Fig. 13(b)). Following the track of the 
surface disturbance, the forecast precipitation field is similar to the previous one, except 
it is generally less intense and more spread over the sea and extends farther into northern 
Spain. 

The evolution of the upper-level PV field and the corresponding dynamic forcing 
for upward motion are also intensified by maintaining the NE PV anomaly but doubling 
the SW PV anomaly (experiment Sj). The structure of the low-tropospheric warm air 
advection-and therefore of the quasi-geostrophic dynamic forcing at low levels- 
during the simulation is similar to the control run, but with higher values in the west 
of the region around Gibraltar strait. In fact, the surface pressure pattern and the 
accumulated rainfall field are relatively similar in both runs. However, in the present 
case more rainfall is generated in western regions of Spain and the main low pressure 
minimum evolves near Gibraltar strait (not shown). 

The outcome of the reverse situation, S;, in which the SW PV anomaly is unchanged 
and the NE PV anomaly is doubled, turns out to be very similar to the forecast by 
experiment Si, although the precipitation is generally greater in the present case. 

(c)  Sensitivity to the position of the PV anomalies 
The effect of bringing the SW and NE PV anomalies together (experiment SI) can 

be seen as a situation in which the upper-level PV field is characterized by a single, big 
PV centre. While rotating very quickly about itself, this centre describes a cyclonic tra- 
jectory around the Gibraltar strait during the simulation period (Fig. 14(a)). The meso- 
scale forecast in this situation (Fig. 14(b)) is almost identical to the results of experiment 
S;. This is interesting, since the initial upper-level flow patterns differ substantially. 
Calculation of quasi-geostrophic forcing for upward motion reveals, however, that the 
magnitude and spatial pattern of the forcing field at low and mid-upper levels are similar 
in both cases (not shown). 

When the two PV anomalies are moved away from the Iberian peninsula (experiment 
S:), the coupling between the SW and NE disturbances is weakened. The result is 
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Figure 12. As Fig. 4, but for experiment SA . 
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Figure 13. As Fig. 4, but for experiment S:. 
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Figure 14. As Fig. 4, but for experiment SI. 
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a weaker, slow-evolving situation, not very different from the basic experiment S:. 
Dynamic forcing for upward motion is not very strong at any level over the area of 
interest. The surface disturbance and associated precipitation activity are quite stationary 
and restricted to the southern Mediterranean near the Algerian coast, very similar to the 
result of experiment S: (see Figs. 15(b) and 9(b)). 

The effect of moving only the NE PV anomaly inward (experiment S z )  produces a 
geopotential-height wave resembling the previous case, SI , except that the geopotential 
minimum is farther north (Fig. 16(a)). The evolution of the upper-level PV field is 
similar in both cases, although dynamic forcing for upward motion from those levels 
is somewhat weaker in the present case, owing to the smaller magnitude of the PV 
centre (compare Figs. 16(a) and 14(a)). In contrast, the low-level forcing induced by the 
warm air advection is similar in these cases, both in spatial distribution and intensity. 
Then, as expected from these considerations, the forecast surface pressure patterns and 
rainfall distributions are very similar in both situations (compare Figs. 16(b) and 14(b)). 

When the above scenario is modified by moving the SW PV anomaly outward 
(experiment S; ; not shown), the upper-level PV field recovers a structure of two centres, 
and the evolution of the PV field around the Iberian peninsula is different. However, the 
pattern of low-tropospheric warm advection and its evolution is similar in both cases. 
The resulting surface disturbance and precipitation field are generally less intense but 
relatively similar in spatial pattern to the previous case S:. 

Even though experiment Sr (not shown) appears to produce an upper-level trough 
significantly different than S z  (in particular, a structure with two lows becomes evident), 
the evolution of the PV field upstream of the western Mediterranean is similar, as well 
as the structure and intensity of the low-tropospheric warm advection. Consequently, the 
evolution at the surface is similar in both cases, though in the present case the main low 
pressure centre and the rainfall along the Spanish coast are somewhat stronger. 

When the SW PV anomaly is moved towards the Iberian peninsula but the NE 
PV anomaly is moved away (experiment S?; not shown), the results do not differ 
significantly from the previous case Sr. The structure and evolution of both the upper- 
level PV field and the low-tropospheric pattern of warm advection are similar in both 
cases. The centre of the surface disturbance now appears displaced more towards south- 
eastern Spain, but the precipitation developed during the episode is quite similar. 

Observe that all the previous experiments designed to study the impact of the posi- 
tion of the anomalies, with the exception of S$ in which the anomalies are largely de- 
coupled, produce very similar results. The structure and track of the surface disturbance 
differ slightly among the experiments, but the precipitation field appears to be relatively 
insensitive to the position of the anomalies and quite similar to the control forecast. It 
would appear that changes in the position of the PV anomalies as here defined have 
generally little impact on the forecast. However, such generalizations are inadvisable 
for nonlinear problems; consider the results of experiment ST (Fig. 17). In this case, the 
evolution of dynamic forcing at all tropospheric levels is qualitatively different from the 
previous experiments (compare for example the pattern of warm advection at low lev- 
els). This results in a different surface pressure pattern, with the minimum now located 
near the Catalonia coast, and the precipitation signature is also substantially different 
(Fig. 17(b)). Curiously, this forecast turns out to be very similar to the results of exper- 
iment S t  in section 2 (compare Figs. 17(b) and 12(b)). This is a consequence of both 
experiments having similar initial large-scale flow patterns upstream of the Mediter- 
ranean, in one case realized by removing the SW PV anomaly, and in the other case by 
moving it away from the region of interest. 
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Figure 15. As Fig. 4, but for experiment S+'. 
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Figure 16. As Fig. 4, but for experiment Sz.  
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Figure 17. As Fig. 4, but for experiment ST. 
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Finally, in experiment SL (Fig. 18), the model forecast again departs significantly 
from most of the previous simulations, but it shares many similarities with experiment 
ST. For example, the shape and position of the predicted surface low pressure area 
(rather stationary in both scenarios) and the general structure of the induced precipita- 
tion, although in the present case these fields appear more displaced toward the north- 
west (compare Figs. 18(b) and 15(b)). As expected, the structure and evolution of the 
large-scale flow is not very different (Figs. 18(a) and 15(a)), but quasi-geostrophic forc- 
ing for upward motion is somewhat stronger at all tropospheric levels in the present case 
(not shown). 

( d )  Discussion 
Focusing on the gross features of the flow only, the previous sensitivity experiments 

appear to embrace three main situations. The first group, consisting of experiments 
with the anomalies removed or moved away from each other (S,", Sy, S+' and SL) 
result in synoptically weak scenarios, characterized by stationary surface lows extended 
along the lee of the Atlas mountains and with most of the rainfall restricted to the 
southern Mediterranean areas. At the other extreme, a second group of experiments 
with enhanced PV structures aloft (S,", SI, Sz and ST) results in extensive and very 
mobile surface disturbances that also generate heavy rain in the northern Mediterranean 
zones. And the third group, in which the relative weight of the northern anomaly is 
enhanced ($, Si, S: and ST) tends to produce cyclones that evolve farther east and 
north of south-east Spain, thus inducing a concentration of most of the rainfall in 
northern Mediterranean areas. Of the remaining five experiments, S; produces a surface 
low and rainfall resembling those in the first group, and the other four members (5'; , ST, 
S? and the control simulation S)  would be classified in the second group. 

On the other hand, it would be interesting to judge the relevance of the upper-level 
PV anomalies relative to the action of other non-internal factors traditionally assumed- 
and also proved-to be very important in the western Mediterranean flash flood situa- 
tions, notably the orography and the sea-surface latent-heat flux. Note that for all the 
numerical experiments presented there is a tendency for low pressure developments in 
the lee of the Atlas mountains, as well as precipitation enhancement in the exposed 
areas of eastern Spain. This suggests that both local and remote orographies could also 
have played an important role in this case. On the other hand, the simulations reveal 
intense evaporation from the warm (-23 "C) Mediterranean waters during the episode 
(not shown). For comparison, the control experiment S and the basic experiment S: were 
repeated, but eliminating the previous boundary factors (Fig. 19). The first experiment 
(Fig. 19(a)) still develops a large cyclone, but less intense and more circular than in the 
full simulation (compare with Fig. 4(b)). Clearly, the effect of the Atlas mountains in 
modulating the mean-sea-level pressure field over the Mediterranean is considerable, 
which implies an enhancement of the impinging easterly moist flow. The general area 
of precipitation in this modified control experiment does not change strongly, but the 
amounts are reduced. The output of the modified S: experiment (Fig. 19(b)), to be com- 
pared with the results of Fig. 9(b), does not even contain any noticeable low pressure 
centre over the Mediterranean, and the produced precipitation is very weak. In conclu- 
sion, the external factors induced an appreciable modulation of the surface circulation 
and enhanced the efficiency of the system as a rainfall producer, but the cyclogenesis 
that took place over the southern Mediterranean and its progression to the north must be 
attributed mostly to the action of the upper-level PV anomalies. 
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Figure 18. As Fig. 4, but for experiment Sz. 
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Figure 19. As Fig. 4@), but for: (a) experiment S without orography and sea surface latent-heat flux; (b) exper- 
iment $ without orography and sea surface latent-heat flux. 
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Figure 20. Time sequence showing, for the indicated times, zones with precipitable water greater than 40 mm 
(shaded) and the axis of low-level wind maxima low-level jets, LLJs) as identified at 850 hPa (arrows): 
(a) experiment S, (b) experiment #. (c) experiment S,, 1 (d) experiment Si. The Lws are numbered in accordance 

with the four times shown. 
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Figure 20. Continued. 
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Another interesting topic is the interrelation between dynamical and physical pro- 
cesses in connection with the heavy precipitation generation. Note that the addition or 
removal of an upper-level PV anomaly slightly modifies the near-surface stability and 
wind (recall Fig. 8), and therefore influences the initial values of the latent-heat flux. 
In addition, the relative humidity was left unchanged in the sensitivity experiments. 
Given the temperature changes, this implies changing the specific humidity among the 
different initial states. We argue that those initial aspects have only a secondary im- 
portance for both the spatial distribution and amounts of precipitation. First of all, the 
experiments exhibit similar evaporation rates over the Mediterranean during the first 
hours of simulation (not shown); secondly, the initial amount of precipitable water over 
the Meditemean basin does not appear to be significantly affected by our simplistic 
treatment of the relative humidity. For example, initial values of precipitable water over 
the Balearic Islands for control run, S, and experiments $, S; and Sg (representative 
of the three groups defined at the beginning of this section) are 27.8, 28.9, 26.4 and 
26.9 mm, respectively. This represents variations of less than 10% between the most 
extreme values. 

A close look at the control simulation outputs strongly suggests that the onset of 
heavy precipitation along the Mediterranean flank of Spain is associated with the intru- 
sion of a well-defined moist tongue, initially present over north Africa but maintained 
by evaporation from the Mediterranean, in conjunction with the impinging easterly low- 
level jet (LLJ) induced by the surface depression (Fig. 20(a)). As expected, the com- 
bination of these two structures and its northward progression with time (Fig. 20(a)) 
is consistent with the evolution of the low-tropospheric water-vapour flux convergence 
pattern (displayed in Fig. 5). Since the moisture-rich air and LLJ occur to the north and 
east of the surface low, its path during the event is marked by the low characteristics. 
Therefore, differences in the precipitation distribution among the sensitivity experiments 
would be mostly rooted in the diversity of dynamical-forcing patterns noted in last sec- 
tion, which ultimately control the low evolution. This is shown by the time sequences of 

displayed in Figs. 20(b), (c) and (d), respectively. For the weak scenario S:, the moist 
tongue remains over the Southern Mediterranean areas during all the period, and the LLJ 
is also nearly stationary. This implies confinement of the heavy precipitation around the 
southern Mediterranean because of the lack of propagation of these features (Fig. 9(b)). 
The strong scenario Si leads to an evolution of the moist tongue and LLJ similar to 
the control experiment (compare Figs. 20(a) and (c)), except that these structures enter 
farther into inland Spain and progress faster towards southern France in response to 
the quicker and more extensive surface disturbance. Again, the genesis of heavy pre- 
cipitation responds to the path followed by the combination of moist tongue and LLJ 
(Fig. lO(b)). Finally, for the third group of scenarios (represented by Sg; Fig. 20(d)), 
the moist tongue and LLJ evolve farther east and north of south-eastern Spain, owing to 
the aforementioned particularities of the surface disturbance. This implies a new mode 
of precipitation distribution, of the type shown in Fig. 13(b). Of course, the dynamical 
control of the heavy precipitation zones is realized not only through dry processes, but 
also through moist processes, since the moist tongue is far from being a purely advective 
property. In particular, once the characteristics of the simulated low pressure systems in 
the different scenarios start to diverge within the forecast period, the evaporation rates 
from the Mediterranean (especially intense in areas of strong surface winds) also differ 
among the different experiments. This affects, to some extent, the moisture distribution 
and thus the precipitation values. 

the moist tongue and the LLJ positions for the representative experiments So, 0 2  S, and 8; 
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4. CONCLUSIONS 

The western Mediterranean cyclogenesis event of 28-29 September 1994 represents 
a very interesting situation, owing to the presence of two interacting and fast-evolving 
upper-level PV centres upstream of the region. The role of these PV centres in the 
surface evolution of the cyclone and the associated heavy rain has been numerically 
assessed using diagnostic products and a piecewise PV-inversion method in conjunction 
with mesoscale model simulations. This and previous case-studies have shown that the 
diagnosis of quasi-geostrophic dynamic forcing for upward motion, and not for other 
parameters, such as low-tropospheric water vapour flux convergence and convective 
instability, generally offer an accurate picture of the cyclone evolution and the devel- 
opment of deep, moist convection, especially when the analysis is combined with con- 
ceptual models of mesoscale interaction between the large-scale flow and the complex 
orography of the region. In this sense, an analysis of this type of event in terms of PV, or 
the so-called ‘PV thinking’ approach, is merely an alternative to the capabilities of the 
more traditional quasi-geostrophic theory. 

However, the combined application of piecewise PV-inversion and numerical simu- 
lation offers a valuable framework from which the effects of dynamical features of the 
flow can be studied in a practical and physically consistent way. In this work, the ap- 
proach was used to generate an ensemble of mesoscale numerical simulations with per- 
turbed initial intensities or perturbed positions of the embedded upper-level PV centres. 
The set of hypothetical scenarios constructed in this way appears to be very useful for 
investigating the predictability of mesoscale details of the forecast, subject to potential 
errors in the initial representation of the upper-level disturbance. In this sense, the PV- 
based approach used in this and previous works (e.g. Fehlmann et al. 2000) is similar in 
scope to more classical adjoint techniques used in ensemble forecasting (e.g. Petrologis 
et al. 1996). However, they differ substantially from methodological considerations; 
note that we define perturbations based on selected finite-amplitude physical attributes 
of the precursor upper-level disturbance, but these features are not necessarily the most 
unstable aspects of the flow that an adjoint method would seek to determine. 

The designed experiments clearly illustrate the importance of the two embedded 
upper-level PV anomalies as regards the track, shape and intensity of the surface 
cyclone and the corresponding rainfall pattern. Interestingly, more distinct behaviours 
were found with perturbed intensities of the anomalies than with perturbed positions, 
although this may in part be related to the arbitrariness involved in the definition of 
the perturbations. On the other hand, the mean-sea-level pressure pattern generally 
exhibited higher sensitivity to the perturbed anomalies than did the rainfall distribution, 
probably because precipitation generation is largely controlled, under easterly regimes, 
by the interaction of the moist flow with the coastal topographic features. This result 
suggests that the forecast of important surface parameters, such as the wind speed and 
direction, can sometimes be as critical as the forecast of the Occurrence and amount of 
precipitation. 

As expected, the effects on the forecasts observed after perturbing the initial struc- 
ture of the upper-level disturbance could be directly explained in terms of the dynamic- 
forcing patterns associated with the evolution of the warm air advection and PV fields at 
low and mid-upper tropospheric levels, respectively. The resulting evolution of a well- 
defined Mediterranean moist tongue in combination with the onshore LLJ were shown 
to determine where and when, for each initial state, the heavy precipitation occurs. How- 
ever, these effects could not easily be anticipated prior to the model runs, certainly as a 
consequence of the nonlinear nature of the problem. 
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Figure 21. Standard deviations of the mean-sea-level pressure tendency during the forecast period (continuous 
line, in hPa/48 h starting at 1.8 W 4 8  h) and total precipitation (shaded, for values exceeding 10,20,30,40 and 

50 mm), calculated from the ensemble of 17 experiments performed. 

A synthesis for our case-study in terms of predictability is presented in Fig. 21, 
which contains an evaluation of the pressure tendency and precipitation variability 
within the full ensemble of forecasts. With respect to the amount of surface pressure 
fall, the most sensitive area to the considered uncertainties of the upper-level PV field 
appears to be southern Catalonia, though the predictive skill would in general be limited 
in all the western half of the Mediterranean basin under such a source of error. Prediction 
of the approximate amounts of rainfall in the coastal regions of Spain would be equally 
difficult, especially near the Gulf of Valencia, in Andalucia and Catalonia. These results 
stress the importance of minimizing any error in the analysed initial structure of the 
synoptic-scale flow for the successful forecasts of mesoscale detail, and show the 
value of ensemble forecasting (Brooks er al. 1995) when uncertainties are likely in the 
representation of the atmosphere. 
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