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Abstract

The HYDROPTIMET case studies (9-10/06/2000 Catalogne, 8-9/09/2002 Cévennes
and 24-26/11/2002 Piémont) appear to encompass a sort of prototype flash-flood situations in
the Western Mediterranean attending to the relevant synoptic and mesoscale signatures
identified on the meteorological charts. In Catalogne, the convective event was driven by a
low-pressure system of relatively small dimensions developed over the mediterranean coast of
Spain that moved into southern France. For Cévennes, the main circulation pattern was a
synoptic-scale Atlantic low which induced a persistent southerly low-level jet (LLJ) over the
Western Mediterranean, strengthened by the Alps along its western flank, which guaranteed
continuous moisture supply towards southern France where the long-lived, quasistationary
convective system developed. The long Piémont episode, very representative of the most
severe alpine flash flood events, shares some similarities with the Cévennes situation during
its first stage in that it was controlled by a southerly moist LLJ associated with a large-scale
disturbance located to the west. However, these circulation features were transient aspects and
during the second half of the episode the situation was dominated by a cyclogenesis process
over the Mediterranean which gave place to a mesoscale-size depression at surface that acted
to force new heavy rain over the slopes of the Alps and maritime areas. That is, the Piémont
episode can be catalogued as of mixed type with regard to the responsible surface disturbance,
evolving from a large-scale pattern with remote action (like Cévennes) to a mesoscale pattern

with local action (like Catalogne).

A prominent mid-tropospheric trough or cut-off low can be identified in all events
prior and during the period of heavy rain, which clearly served as the precursor agent for the
onset of the flash-flood conditions and the cyclogenesis at low-levels. Being aware of the

uncertainty in the representation of the upper-level disturbance and the necessity to cope with
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it within the operational context when attempting to issue short to mid-range numerical
weather predictions of these high impact weather events, a systematic exploration of the
predictability of the three selected case studies subject to uncertainties in the representation of
the upper-level precursor disturbance is carried out in this work.

The study is based on an ensemble of mesoscale numerical simulations of each event
with the MM5 non-hydrostatic model after perturbing in a systematic way the upper-level
disturbance, in the sense of displacing slightly this disturbance upstream/downstream along
the zonal direction and intensifying/weakening its amplitude. These perturbations are guided
by a previous application of the MMb5-adjoint model, which consistently shows high
sensitivities of the dynamical control of the heavy rain to the flow configuration about the
upper-level disturbance on the day before, thus confirming the precursor characteristics of this
agent. The perturbations are introduced to the initial conditions by applying a potential
vorticity (PV) inversion procedure to the positive PV anomaly associated with the upper-level
disturbance, and then using the inverted fields (wind, temperature and geopotential) to modify
under a physically consistent balance the model initial fields. The results generally show that
the events dominated by mesoscale low-level disturbances (Catalogne and last stage of the
Piémont episode) are very sensitive to the initial uncertainties, such that the heavy rain
location and magnitude are in some of the experiments strongly changed in response to the
“forecast errors’ of the cyclone trajectory, intensity, shape and translational speed. In contrast,
the other situations (Cévennes and initial stage of the Piémont episode), dominated by a larger
scale system wich basically acts to guarantee the establishment and persistence of the
southerly LLJ towards the southern France and north Italy orography, exhibit much higher
predictability. That is, the slight modifications in the LLJ direction and intensity encompassed
by the ensemble of perturbed forecasts are less critical with respect to the heavy precipitation

potential and affected area.

[2]
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Chapter 1
INTRODUCTION

The human life, society and property are essentially fragile elements, susceptible to
hazardous phenomena caused by the environment. Important densely populated areas can be
affected regularly by those natural episodes producing human fatalities and important
damages like substantial property losses and impacts on the communication systems and
landscape. These natural impacts are characterized by special features in regions of the world
with particular geomorphologic and climatological configurations. The Western
Mediterranean (see Fig. 1 for all locations referred to in the text) is a well known cyclogenetic
area where active cyclones regularly develop. When cyclogenesis is reinforced by other
mechanisms such as baroclinic growth or diabatic contributions, the resulting cyclone has
potential to become intense and produce severe weather such as heavy rain, torrential floods,
strong winds and hail storms. Several studies have established a connection between heavy
rainfall and cyclones over this region (Jansa et al., 2001), where extreme flooding events are
experienced in urban areas very frequently in time, but randomly in space, especially during
the fall season. A good knowledge of the Mediterranean cyclogenesis related to rain systems

is thus needed. Some examples of cyclones associated to heavy rain events are:

- shallow weak disturbances with a warm core over land masses of thermal origin
(Romero et al., 2001),

- shallow weak lows with a warm core over the sea at the lee of important mountain
ranges, linked to the orographic effect on the atmospheric flow (Romero et al.,
2000), and

[3]
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- baroclinic systems with great vertical amplitude (Homar et al, 2002), developed
along frontal zones under the intrusion in the Mediterranean region of an upper-

level trough.

Severe weather episodes occur typically in the region at the end of the summer (e.g.
Homar et al., 2003) and during autumn (e.g. Doswell 111 et al., 1998; Homar et al., 1999;
Ramis et al., 2001), although a few cases are also reported during winter and spring (e.g.
January-February, Doswell 111 et al., 1998; May, Riesco et al., 2002; December, Delitala et
al., 2002). Highly complex terrain surrounding a quasi-closed sea characterizes the Western
Mediterranean region. During late summer and autumn, the warm sea becomes the primary
source of heat and water vapor for heavy precipitating systems. The coastal mountain ranges
may not only produce direct action by lifting moist impinging air, but also alter the low-level
flow, favoring specific mesoscale processes prone to the development of convection and
heavy precipitating systems in the region (e.g. lee cyclones south of the Alps, Buzzi et al.,
1998; lee cyclones north of the Atlas, Homar et al., 2002). Typically, the presence of a mid-
level cold trough also provides synoptic-scale ascent and destabilization of the low-level
airstreams within the mesoscale systems. Many studies document this conceptual model,
describing evidences of the interaction of the evaporation from the sea and the uplifting over
the adjacent orography in high precipitating episodes: 800 mm in 24 h in Valencia on 03
November 1987 (Ferndndez et al., 1995), more than 400 mm in Catalonia on 10 October 1994
(Ramis et al., 1998), and more than 200 mm in Piedmont on 05 November 1994 (Doswell 111
etal., 1998).

[4]
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Figure 1: The Western Mediterranean Area. Dots indicate the affected
areas by the heavy rain in this study.

The core subject of Interreg IlIB-Medocc HYDROPTIMET  project
(http://hydroptimet.medocc.org) was the improvement of the hydro-meteorological tools used

in the Western Mediterranean for the surveillance and prediction of flash floods. Two
essential components are involved in the hydro-meteorological chain that must be taken into
account when attempting to produce and disseminate reliable warnings to the public with
sufficient lead times: the mesoscale atmospheric model and the rainfall-runoff model. Both
models become important sources of uncertainty for the hydro-meteorological chain, mainly
owing to the inherent uncertainty of the atmospheric initial state and to the typically small size
of Mediterranean catchments for which any error in the spatial and quantitative predicted
rainfall severely affects the hydrological simulation.

To overcome these limitations the hydro-meteorological research is rapidly advancing
towards a combination of methodologies within a probabilistic framework (e.g. Ferraris et al.
2002). First, in the field of numerical atmospheric modelling, ensemble prediction systems
(EPS) are used to estimate the forecast variance from a set of perturbations added to a
reference initial condition (Murphy 1988) in order to compute an ensemble of perturbed
forecasts useful to generate a range of reasonable rainfall scenarios. EPS methodologies have

long been used with relative success for synoptic-scale mid-range forecasting in the main

[5]
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world centres (e.g. ECMWF, NCEP, JMA), under diverse techniques for the generation of the
ensemble members such as singular vectors (Buizza and Palmer 1995) and breeding vectors
(Toth and Kalnay 1993). For the mesoscale short-range forecasting, where observed
atmospheric fields include relatively larger errors and some complex processes like moist
convection and turbulent mixing in the boundary layer play a major role, the generation and
interpretation of ensembles is more problematic (Hamill et al. 2000). Recent studies recognize
the role of model error and suggest constructing the mesoscale ensembles using multi-model,
multi-physics configurations in addition to the conventional perturbation of initial conditions
(Stensrud et al. 2000). Second, in order to generate precipitation fields coherent with
hydrologic scales, disaggregation techniques are being applied where the large-scale
meteorological predictions are disaggregated preserving the expected value of the rainfall at
the large scale while introducing appropriate second- and upper-order moments of the
probability distribution (Deidda et al. 1999; Deidda 2000; Ferraris et al. 2002). Nowadays, it
is clear that the implementation of probabilistic hydro-meteorological methods before
potentially dangerous meteorological situations allows better designed emergency procedures
than the traditional —deterministic— approaches.

Understanding the characteristic predictability of the flash-flood situations in the
Western Mediterranean appears as a basic task for assessing the value of incorporating the
meteorological uncertainty in the prediction system. Some studies have shown a relative
insensitivity of mesoscale model results to the precise structure of initial and boundary
conditions in areas with complex terrain (e.g. Mass and Kuo 1998). Particular case studies of
the Western Mediterranean have emphasized that the synoptic-scale structures associated with
the region’s heavy rainfall events and the strong topographic influences combine to provide
an opportunity for improved forecasting through the use of mesoscale model simulations,
especially over the Alpine region (Romero et al. 1998). The predictability value offered by the
complex topography would suggest a dedication of the increasing computational resources to
enhanced model grid resolutions rather than to the ensemble approach, but in fact a
combination of a very high resolution deterministic output with the lower-resolution ensemble
members seems to be the optimum approach for improving the quantitative precipitation
forecasts (Roebber et al. 2004). The dynamical control of the heavy precipitation episodes in

the Western Mediterranean region is typically exerted by the interaction of the moist low-
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level wind, such as a low-level jet (LLJ) possessing a long fetch over the sea, with the coastal
mountain systems (e.g. Doswell et al. 1998; Romero 2001). It could then be argued that flash-
flood situations controlled by large-scale features of the circulation (e.g. extensive surface
depressions), which basically act to provide the appropriate low-level moist flow relative to
the topography, have greater predictabilities than those other situations where the responsible
disturbance is smaller and faster evolving (e.g. a transient mesoscale size low pressure
centre). In the present work we explore this idea using the HYDROPTIMET flash flood

events.

Interestingly, the HYDROPTIMET events (described in detail in HYDROPTIMET
NHESS Special Issue, 2005) comprise different geographical zones (Catalogne, southern
France and Piémont areas) and still more important, were regulated by both synoptic-scale
and mesoscale disturbances depending on the case. In particular, we will analyse the so-called
Catalogne event (9-10 June 2000), the Cévennes event (8-9 September 2002) and one of the
two Piémont events of the project (24-26 November 2002). It will become evident when
presenting the control simulations of the three cases (section 2.2) that the first one was
dominated by a mesoscale cyclogenesis along the northeast coast of Spain, the second one
occurred under the influence of a southerly LLJ due to a large Atlantic low pressure area, and
the last one combined large-scale properties of the responsible circulation during its first
phase (Piémont-1) with the crucial role of a local cyclone developed over the Western
Mediterranean during the second phase of the episode (Piémont-1l). Thus the selected
HYDROPTIMET events become an ideal set of situations to investigate the predictability
issue as function of the spatial scale of the responsible circulation. Being aware that only four
cases are not enough to draw general conclusions, at least some basic hypothesis on the
predictability of prototype flash flood situations in the Western Mediterranean will become

apparent from the obtained results.

A key and unique aspect of the study is the methodology followed to analyse the
predictability of the case studies. It is based on a small ensemble of perturbed MM5 numerical
simulations constructed by means of a potential vorticity (PV) inversion technique and
supplementary information provided by the MM5 adjoint model. A full section is devoted to

explain the details of the followed methodology and also to present the reference or control

[7]
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simulations of the events (section 2). In section 3 the outputs of the perturbed numerical
simulations are compared against the control simulation for each event and the results are
discussed in terms of the predictability offered by each of the flash flood situations. Finally,

section 4 includes the main conclusions arisen from the study.

[8]
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Chapter 2
METHODOLOGY AND
CONTROL SIMULATIONS

One way of examining the predictability of a meteorological pattern by means of a
numerical model consists of perturbing the model initial conditions and display the spread of
the model forecasts, including as reference some control or standard forecast. Essentially, a
sensitivity analysis of the model output trajectory. Here we are assuming that a major source
of uncertainty in real-time forecasting is associated with a deficient knowledge of the initial
conditions ingested in the mesoscale model, either because of insufficient observational data
(a real problem in the data void Mediterranean latitudes) or as a result of using an already
imperfect lower-resolution model forecast to construct the initial conditions, or both. We are
not dealing in this methodology with the uncertainties of the mesoscale model itself arisen
from the numerical discretisation and the representation of the physical processes. This
exercise is also much simpler than standard ways of generating a representative collection of
members in EPS systems. We will indeed examine the sensitivity of flash flood simulations to
systematic perturbations of the upper-level precursor synoptic-scale trough, a feature of the
flow emphasized in the control simulations shown in section 2.2. Since these perturbations,
expressed in terms of the potential vorticity, will be arbitrarily defined without regard to the
actual climatology of analysis error variance of the PV field, our experiments will provide a
sensitivity analysis of the events rather than a test of operational ensemble generation

techniques, which should be designed in terms of the actual PV uncertainty.

[9]
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Many studies have analysed the sensitivity of numerical forecasts to different physical
factors. Boundary factors (e.g. orography, model boundary conditions and surface fluxes of
energy and momentum) or factors involved in the model physical parameterizations (e.g.
latent heat release in cloud masses and other microphysical processes) have been often
considered. Much less attention has been paid to the effects of internal features of the flow
dynamics (jet streaks, troughs, fronts, etc.). The three-dimensional nature and mutual
dependence of pressure, temperature and wind fields pose serious constraints on the ways
these fields can be altered without altering the delicate dynamical balances that govern both
the model equations and actual data. Since we intend to perturb the structure of an upper-level
trough, the powerful concept of potential vorticity and its invertibility principle (Hoskins et al.
1985) will be used to prevent artificial unbalances in the modified initial conditions.
According to the invertibility 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 and a clean
approach to manipulate the upper-level troughs in the present study. What it is necessary is a
simple identification of the PV signature of each trough and then the mass and wind fields
associated with that PV element can be used to alter the meteorological fields in a physically
consistent way (effectively, a change in the structure or position of the trough). Several
studies have applied piecewise PV inversion methods to investigate the role of dynamical
features of the flow, particularly for cyclogenesis events (e.g. Davis 1992; Hakim et al. 1996;
Huo et al. 1999; Morgan 1999; Fehlmann et al. 2000; Romero 2001; Homar et al. 2002). The

specific piecewise PV inversion scheme employed in this study is described in section 2.4.

The previous approach is used for the four flash flood events to generate an ensemble
of mesoscale numerical simulations with perturbed initial intensities or positions of the upper-
level trough PV signature. The PV-based approach is similar in the scope to more classical
adjoint techniques used in ensemble forecasting (e.g. Petroliagis et al. 1996). However, they
differ substantially from a methodological point of view, since we define the 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/singular vector method would seek to determine. To mitigate the arbitrariness that is

[10]
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involved in the definition of the perturbations, we first applied an adjoint model to locate the
main sensitivity areas at simulation start time. The adjoint model consistently exhibited high
sensitivities of the flash flood local environments within and around the upper-level trough
(see section 2.4.3), and therefore our choice of manipulating that trough for generating the

perturbed simulations appears to be justified.

2.1 MM5 mesoscale numerical model

The numerical experiments were performed using the fifth generation of the
Pennsylvania State University-National Center for Atmospheric Research mesoscale model
(MMS; Dudhia 1993; Grell et al. 1995). The MMS5 is a full non-hydrostatic model formulated
using the terrain-following -coordinate system in the vertical. The multiple-nest capability of
the model with two-way interaction between successive nesting levels was used in order to
get realistic terrain features and explicit representation of mesoscale processes (Zhang et al.

1986).
(a) Vertical and horizontal grids

The mesoscale model processes the data on pressure surfaces and this information has
to be interpolated to the vertical coordinate of the MMS5. The dimensionless vertical

coordinate (o) is defined as:

_pPP 2.1),
ps _pt

o)

where p is the pressure, p,is a constant top pressure, p; is the surface pressure and each model
level is defined by a value of ¢ (0 < ¢ < 1). This vertical coordinate is a terrain following
variable: the lower grid levels follow the terrain while the upper surface is flat (Fig.2a).Thus,
the model vertical resolution is defined by a list of values between 0 and 1, not necessarily
even spaced, and commonly, the resolution in the boundary layer is much finer than above.
The horizontal grid has an Arakawa-Lamb B-staggering of the velocity variables with respect

to the scalars (Fig. 2b). Therefore, the scalars are defined at the center of the grid square,

[11]
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while the eastward (u) and northward (v) velocity components are located at the corners. All
the variables are defined in the middle of each model vertical layer referred to as half-levels.

Vertical velocity is carried at the full levels including levels at 0 and 1.
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Figure 2: (a) Schematic representation of the vertical structure of the model. The example is for 15 vertical
layers. Dashed lines denote half-sigma levels, solid lines denote full-sigma levels; (b) Schematic
representation showing the horizontal Arakawa B-grid staggering of the dot and cross grid points. The
smaller inner box is a representative mesh staggering for a 3:1 coarse-grid distance to fine-grid distance
ratio.

(b) Nesting capability

The MM5 model contains a capability of multiple nesting with several domains
running at the same time and completely interacting (see Fig. 3 as a possible configuration).
Furthermore it permits a two-way interaction, thus the input data from a coarse to a fine
domain come via its boundaries, while the feedback to the coarser mesh occurs over the

interior nest.

[12]
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Each sub-domain has a 'mother domain’ in which is completely embedded. There are
three ways of doing a two-way nesting: (i) nest interpolation, where the nest is initialized by
interpolating the coarse-mesh fields; (ii) nest analysis input, which permits the inclusion of
high-resolution topography and initial analyses in the nest and (iii) nest terrain input, where
the meteorological fields are interpolated from the coarse mesh and vertically adjusted to a
new topography. It is also possible the one-way nesting in MMS5. The model is run to create
the output fields which are interpolated to the fine domain and an additional boundary field is
also created once the one-way nested domain location is specified. Therefore the one-way
nesting differs from the two-way nesting in having no feedback and a coarser temporal

resolution at the boundaries.

Figure 3: Example of a nesting configuration. The shading shows three different
levels of nestine.

(c) Lateral boundary conditions

The regional numerical weather prediction models require lateral boundary conditions
to run. In MMS5 all lateral boundaries have specified horizontal winds, temperature, pressure
and moisture fields and these can have specified microphysical fields (e.g clouds) whether are
available. Before to running a simulation, the boundary conditions have to be set in addition

to the initial values for these fields. The boundary and initial values can come from Global

[13]
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Climate Models (GCMs) at different spatial and temporal resolutions and also from analyses
which are generated from observations for a determined geographical region. From the
observations and by means of various numerical interpolation methods it can be generated
these tridimensional atmospheric fields in order to initialize the mesoscale model. The MM5
ingests these discrete-time analyses or forecasts by linearly interpolating them into its own
time-step. Then, the analyses or forecasts completely specify the behavior of the lateral
boundaries of the domain. Very close to the edge domain, the model is nudged towards the
boundary conditions and these are also smoothed, since the strength of this nudging decreases
linearly away from the boundaries. The 2-way nest boundaries are similar but are updated

every coarse-mesh time-step and have no relaxation zone.

(d) Non-hydrostatic dynamics

In the mesoscale models, the hydrostatic approximation can be applied when the
typical horizontal grid sizes are comparable with or greater than the vertical depth of features
of interest. Then, the pressure is completely determined by the overlying air’s mass, like the

hydrostatic relation shows:

dp=-p,gdz @2,

However, when the scale of resolved features in the model have aspect ratios nearer
unity, or when the horizontal scale becomes shorter than the vertical scale, non-hydrostatic
dynamics can not be neglected. The non-hydrostatic dynamic introduces an additional term,
the vertical acceleration that con-tributes to the vertical pressure gradient, so the hydrostatic

balance is no longer exact.

(e) The reference state in the non-hydrostatic model

The reference state is a idealized temperature profile in hydrostatic equilibrium, given

[14]
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T,=T, + Aln| L2 @3,
Poo

where Ty is specified by: sea-level pressure, poo, the reference temperature at pgo, 7559, and a
measure of lapse rate, 4, representing the temperature difference between poy and pooe.

Usually, just 7’sp needs to be selected based on a typical sounding in the domain.

The surface reference pressure, therefore, depends entirely upon the terrain height, and

can be derived from eq. (2.3), using the hydrostatic relation (2.2):

RA RT
nPo | 8ol Po (2.4),
2g Poo g Poo

and this quadratic can be solved for po(surface) given the terrain elevation, Z. Once this

is done, the heights of the model o levels are found from:

pO = psOU + pzap (2.5),

where,
Py = Po(surface)=p,, 2.6,

and then eq. (2.4) is used to find Z from py. It can be seen that since the reference state

is independent of time, the height of a given grid point is constant.

[15]
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(f) The four-dimensional data assimilation

The four-dimensional data assimilation (FDDA) allows to input data over an extended
time period to the model. Essentially FDDA allows the model to be run with forcing terms
that guide the model towards the observations or analyses. The benefit of this is that after a
period of nudging the model has been fit to some extent to all the data over that time interval
while also remaining close to a dynamical balance. This has advantages over just initializing
with analyses at a single synoptic time because adding data over a period effectively increases

the data resolution.

The two primary uses for FDDA are dynamical initialization and four dimensional
datasets. Dynamical initialization is where FDDA 1is used over a pre-forecast period to
optimize the initial conditions for a real-time forecast. The second application, four-
dimensional datasets, is a method of producing dynamically balanced analyses that have a
variety of uses from budget to tracer studies. The model maintains realistic continuity in the
flow and geostrophic and thermal-wind balances while nudging assimilates data over an

extended period.

(g) The land-use categories

The MMS provides three sets of land-use categorizations that are assigned along with
elevation. These have various categories like: type of vegetation, desert, urban, water, ice, and
others. Each grid cell of the model is assigned one of the categories, and this determines
surface properties such as albedo, roughness length, longwave emissivity, heat capacity and
moisture availability. Additionally, if a snow cover dataset is available, the surface properties
may be modified accordingly. These values are also variable according to summer or winter
season, for the northern hemisphere. It is important to note that the values are climatological

and may not be optimal for a particular case, especially moisture availability.

[16]
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(h) The map projections and map-scale factors

The modeling system has a choice of several map projections. Lambert Con-formal is
suitable for mid-latitudes, Polar Stereographic for high latitudes and Mercator for low
latitudes. These transformations are accounted for in the model pre-processors that provide

data on the model grid, and postprocessors.The map scale factor, m, is defined by:

m = distance on grid / actual distance on earth (2.7),

and its value is usually close to the one varying with latitude. The projections in the model
preserve the shape of small areas, but the grid length varies across the domain to allow a
representation of a spherical surface on a plane surface. Map scale factors need to be

accounted for in the model equations wherever horizontal gradients are used.

(i) The basic equations of the MM5 model

As expected, the MMS5 basic equations are non-hydrostatic and are given in terms of

terrain following coordinates (x,y,o). These equations without moisture terms are given by:

- The pressure equation:

' - 28),
op 5 5 oou, w9 T (
L pygmH V-V ==V -Vp' +| =4+2D
o P87 A

p

where p’ is the non-hydrostatic perturbed pressure, p is the hydrostatic pressure, py is the air
density, g is the gravity constant, w is the vertical velocity, y=C,/C,, where C, is the air
calorific heat at constant pressure and C, is at constant volume. V™ is the velocity vector, O

is the heat exchange with the environment, 7} is the temperature of the buoyancy term, 6, is

[17]



Chapter 2. Methodology and control simulations Final Thesis of Master in Physics A. Martin

the reference potential temperature and Dy is the heat loss owning to friction and turbulence.
This equation shows that pressure temporal variations are due to the rising and subsidence
fluid motions, variations produced by converge and divergence, pressure advection and

variations provided by heat exchanges.

- The momentum equations:

a) Component x:

ou m(dp'" o p op

—+— =—V-Vu
ot plox p* ox Oo (2.9),
+V f+ua—m—va—m —ewcosa—ﬂ+Du

ay a)C rearlh

where m is the map scale factor, p* = Psurface-Piop 18 the difference between pressure, fand e =
2Qcos/ are the Coriolis terms where 4 is the latitude, a = ¢-¢., ¢ is the longitude and ¢, is the
central longitude, u 0m/0Oy, v Om/Ox and 7., are the curvature effect terms, and D, is the heat
loss term due to the friction and turbulence in the component x direction. The component x
momentum temporal variations are due to spacial variations in the pressure field, u# velocity

advection and curvature and Coriolis effects.

b) Component y:

ov mfop _ 2 P XN iy (2.10).
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c¢) Component z:
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where R is the dry air universal constant.

- The thermodynamic equation:

oT . 1 (op' -

=V VT+—| 4TV -Vp' -

t pC (6t P pogw) 2.12),
) T

+2+ .D,

C
p 0

where the temperature temporal variations are due to thermal advection, density variations,

heat exchanges and heat loss owning to friction and turbulence.

(j) The cumulus parameterization (convection)

Several schemes are available within the model to describe the moist convective
effects. The MMS5 Group at NCEP center recommends the no inclusion of a cumulus
parameterization at grid sizes less then 5-10 km. Next, the scheme to parameterize the

convection for the present study is briefly summarized:

Kain-Fritsch and modified Kain-Fritsch: It is based on a relaxation to a profile owing

to up-downdraft and subsidence region properties. This parameterization uses a sophisticate
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cloud-mixing scheme to determine entrainment and detrainment, removing all the available

buoyant energy in the relaxation time. It also predicts both up and downdraft properties,
detrains cloud and precipitation and, as well as, accounts the shear effects on precipitation
efficiency (Kain and Fritsch, 1993). The modified Kain-Fritsch scheme is an improved

version of Kain-Fritsch that includes shallow convection (Kain, 2004).
(k) The planetary boundary layer parameterization

The Planetary Boundary Layer (PBL) physics can be formulated using varied surface

layer parameterizations (Fig. 4). The scheme used in this work is the well-known:

MRF': This parameterization is also known as the Hong-Pan scheme and it is suitable
for high-resolution discretizations in the PBL. It has an efficient scheme based on Trén and
Mahrt representation of the counter-gradient term and it includes an implicit vertical diffusion
scheme, assuming a k-profile in the well mixed PBL (Hong and Pan, 1996). The vertical

diffusion has an implicit scheme to allow longer time-steps.

Illustration of PBL Processes

stable layer/free atmosphere % vertical diffusion

entrainment

nonlocal mixing

local mixing

-

Figure 4: Tllustration of the PBL processes.
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(1) The explicit moisture scheme

The explicit microphysics are represented in MMS5 with varied prediction equations for
cloud and rainwater fields, cloud ice and snow allowing for slow melting of snow,
supercooled water, graupel and ice number concentration in all numerical domains used for

the simulations. The scheme used in this study is briefly described:

Reisner graupel (Reisner 2): Based on a mixed-phase scheme but including the
graupel and ice number concentration prediction equations. It is also suitable for cloud-

resolving models (Reisner et al., 1998).

(m) The radiation and surface schemes

The meteorological models also accounts for radiation and surface schemes (Fig. 5).
The radiation scheme parameterizes such processes as: (i) the reflection and absorption of
long-shortwave radiation by the clouds; (ii) the atmospheric scattering and absorption; and
(i11) the surface emissivity and albedo. The scheme used for the numerical experiments is the

RRTM longwave scheme (PSU/NCAR Mesoscale Modeling System, 2005).

The surface parameterization accounts for the interaction between the atmosphere and
the land-surface and outline processes such as: (i) the sensible and latent heat exchanges; (ii)
the net long-shortwave exchanges; (iii) the evaporation processes and the snow cover; and (iv)
the absorption processes, ground fluxes and soil diffusion among different soil layers. Surface
temperature over land was calculated using a force-restore slab model (Blackadar, 1979;
Zhang and Anthes, 1982), and over sea it remained constant during the simulations. Surface

fluxes were calculated taking into account the cloud cover (Benjamin, 1983).

Figure 6 shows the direct interactions among all the abovementioned

parameterizations.

[21]



Chapter 2. Methodology and control simulations Final Thesis of Master in Physics A. Martin

Shortwave

o Shortwave . . ¢loud detrainment
Longwave Longwave Microphysics 4 .

reflection scattering
/ cloud eftects
cloud fraction

_____ - ~ absorption

Cumulus

model_
layer

clear sky LW emission
. surface fluxes
Radiation T PBL
downward
SW, LW surface T,Q,,wind

surface surface -
emissivity albedo surtace .

emission/albed® Surface

Figure 5: Illustration of the radiation processes. Figure 6: Direct interactions of the parameterizations.

2.2 Numerical set-up

For all the runs, two interacting domains under a Lambert conformal map projection
were used, both of them with 82 x 82 x 24 grid points. The fine domain measures 1458 km x
1458 km (grid length 18 km) and the coarse domain 4374 km x 4374 km (grid length 54 km).
Both domains are centred at the region affected by the flash floods (Figs. 7 to 14). Time steps
for model integration were 54 s and 162 s, respectively. Global analyses on standard pressure
surfaces from the National Center for Environment Prediction (NCEP, available at 00 and 12
UTC with 2.5° horizontal resolution) and European Center for Medium-Range Weather
Forecast (ECMWEF, available at 00, 06, 12 and 18 UTC with 0.3° resolution) were available
to nest the mesoscale model. It was decided to check a control simulation performed with
each data set and use for the study the analyses that offered the best results in terms of
precipitation forecasts. Accordingly, initial and boundary conditions for the coarse domain
were constructed from the global analyses from NCEP for Catalogne and Cévennes events,
and from ECMWEF for Piémont-I and Piémont-II events. In all cases the reanalyses on the

MMS5 model grid were improved using surface and upper-air observations with a successive-
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correction objective analysis technique (Benjamin and Seaman 1985). The tendencies along
the model coarse domain boundaries, specified by differences of the fields between the 12 h
and 6 h apart analyses, respectively, were applied using a Newtonian relaxation approach

(Grell et al. 1995).

Simulations extend 36 hours for Catalogne (from 00 UTC 9 June 2000 to 12 UTC 10
June 2000), 54 hours for Cévennes (00 UTC 8 September 2002 - 06 UTC 10 September
2002), 36 hours for Piémont-1 (00 UTC 24 November 2002 - 12 UTC 25 November 2002),
and 36 hours for Piémont-11 (00 UTC 25 November 2002 - 12 UTC 26 November 2002). The
control simulations can be used to identify the main synoptic and mesoscale structures
responsible for the flash-flood environments and to assess the model capability for forecasting
spatial and quantitative details of the precipitation field. Additional experiments without
orography and evaporation from the Mediterranean (not included) were also performed to

reinforce some of the following interpretations.

2.3 Control runs

2.3.1 Catalogne event

Results for the Catalogne event are summarized in Figs. 7 and 8. This event was
associated with a relatively small scale baroclinic development. The synoptic situation at the
initial time exhibits an intense cold trough and the corresponding positive PV anomaly
northwest of the Iberian Peninsula at mid-tropospheric levels (Fig. 7a). This trough had a
relatively short wavelength and evolved very rapidly towards the eastern coast of Spain, such
that its meridionally oriented initial axis became negatively tilted by the time of the
convective developments over Catalogne (Fig. 7b). In response to the strong vorticity
advection occurring aloft over eastern Spain as the intense trough entered the Peninsula and
given the remarkable baroclinicity of the flow (note the thermal gradient in Figs. 7c and d), a
mesoscale size cyclone developed near the eastern coast of Spain (see Fig. 7d). A non-
orographic simulation of this event (not shown) confirms that a significant part of that

cyclogenesis was due to the Iberian topography and particularly to the Pyrenees mountain
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range, which acted focusing and anchoring the low pressure system to its south. This cyclone
exerted a major control of the flash flood event over Catalogne. It supplied warm and moist
Mediterranean air at low levels over the region, which combined with the intrusion of cold air
at upper levels to increase the convective instability of the environment. In fact, low level
convergence in Catalonia during the first hours of 10 June was enhanced by the combination
of three distinct airstreams: the abovementioned warm and moist southeasterly flow, a cold
flow turning anticyclonically around the eastern tip of the Pyrenees, and the NW winds
associated with the approaching cold front (Fig. 8a). Moreover, the impinging flow against
the pre-littoral mountains of Catalogne, attributed to the cyclone, was a key factor for
releasing the convective instability. In fact, the maximum rainfall was observed over the
interior mountains of Catalogne (Fig. 8b). Comparing the observed rainfall distribution with
the simulated one (Fig. 8a), it can be concluded that the MMS5 model simulates accurately the
synoptic and mesoscale processes since the forecast rainfall is reasonably good, both spatially
and quantitatively. This control experiment also suggests that an incorrect prediction of the
surface cyclone in terms of its genesis area, trajectory or speed, would negatively affect the
rainfall forecast over Catalogne, since the previous characteristics of the low-level flow
relative to the affected area would appreciably change owing to the small dimensions of the
cyclone. In fact, the end of the flash flood event was due to a change of the low-level flow
over Catalogne into cold, drier north-westerly winds as the cyclone progressed further north-

eastward into southern France, following the evolution of the upper-level trough (not shown).
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Figure 7: Control simulation of the Catalogne event for the coarse domain, showing geopotential height
at 500 hPa (continuous line, in gpm), temperature at 500 hPa (dashed line, in °C) and isentropic PV on
the 330 K surface (shaded, according to scale) at (a) 00 UTC 9 June 2000 and (b) 00 UTC 10 June 2000;
sea level pressure (continuous line, in hPa) and temperature at 950 hPa (dashed line, in °C) at (c) 00 UTC
9 June 2000 and (d) 00 UTC 10 June 2000. Main orographic systems are highlighted.
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Figure 8: (a) Control simulation of the Catalogne event for the fine domain, showing sea level pressure
(continuous line, in hPa), precipitable water (dashed line, in mm) and horizontal wind at 950 hPa (vectors) at 00
UTC 10 June 2000, and accumulated rainfall at the end of the simulation (shaded according to scale, with a
maximum value of 165 mm); (b) Rain gauge derived precipitation in eastern Catalogne, accumulated from 00
UTC 9 June to 12 UTC 10 June 2000 (courtesy of M. C. Llasat). Main orographic systems are highlighted in

(a).

2.3.2 Cévennes event

The synoptic setting of the Cévennes event was also characterized by a large-scale
trough at mid-upper tropospheric levels, although it was wider than in the previous case and
located during the full episode over the Atlantic Ocean, far from the affected area in southern
France (Figs. 9a and b). This trough and the corresponding positive PV anomaly tilted
negatively during the episode as in the Catalogne case, but the nature of the surface
circulation responsible for the flash flood producing convective system was remarkably
different. In first place, the surface cyclone was much larger (synoptic scale vs mesoscale
dimensions). In second place, it was not located over the Mediterranean basin but over
Atlantic, far from the affected area (Figs. 9c and d). However, it provided and essential
component for the genesis and maintenance of the quasistationary convective system that

affected during many hours the Cévennes region: a southerly low-level jet over the Western
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Mediterranean impinging over the topography of southern France (Fig. 9d). This LLJ
occurred ahead of the surface cyclone and associated cold front (the frontal trough is clearly

visible off the eastern coast of Spain in Fig. 9d), and brought warm and moist air towards
southern France during many hours. A key feature of the episode was the relative stagnancy
of the synoptic situation, which allowed a long persistence of the LLJ and therefore the
generation of convective instability and moisture flux convergence in the convective zone for
a long time. This explains the long-lasting and quasistationary character of both the simulated
and observed rainfall during the event (accumulated values are shown in Fig. 10). Comparing
Figs. 10a and b it can be concluded that the control simulation is reasonably good in this case
as well, except that the model tends to locate the precipitation centre about the inland
mountain slopes rather than over the low-land areas where it was actually observed. Such
misplacement has been observed in all other standard simulations of the event performed by
other partners of HYDROPTIMET, and it is only corrected by means of mesoscale data
assimilation schemes (see Ducrocq et al., 2004). From the low-level flow depicted in Fig. 10b
it can be appreciated, moreover, the notable role of the Alps mountains in the sense of
enhancing along its western flank the abovementioned LLJ. Given the large scale nature and
quasistationary character of the processes involved in the Cévennes episode compared to
Catalogne, it can be anticipated that uncertainties in the upper-level precursor disturbance

should not affect drastically the predictability of the event.

[27]



10 mis

Chapter 2. Methodology and control simulations

Final Thesis of Master in Physics

A. Martin

(PV Units)

L g - N
e pull N, W
ol SN S A
v ; Pt Cévennes - Control
LA N

Figure 9: Control simulation of the Cévennes event for the coarse domain, showing the same fields as in
Fig. 7 except that the horizontal wind at 950 hPa (vectors) is shown in (¢) and (d) instead of the temperature
field. The fields are shown at 00 UTC 8 September 2002 in (a) and (c), and 00 UTC 9 September 2002 in

(b) and (d).
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Figure 10: (a) Control simulation of the Cévennes event for the fine domain, showing the same fields as in Fig. 8a but at
00 UTC 9 September 2002 (accumulated rainfall corresponds to the end of the simulation, with a maximum value of 367
mm); (b) Rain gauge derived precipitation in the Cévennes region, accumulated during the period indicated in the figure

(courtesy of Meteo France).

2.3.3 Piemont-I event

The Piémont-I event shares many aspects of the Cévennes episode attending to the
relevant synoptic and mesoscale processes. The event was also linked to an upper-level
system of long wavelength with the trough located over the Atlantic Ocean (Figs. 11a and b).
However, unlike the Cévennes situation which evolved to a cutoff-low pattern (recall Fig.
11b), in this case the trough maintained an open wave pattern and the accompanying PV
anomaly did not become isolated from the high-latitude reservoir (Fig. 11b). At low levels the
situation resembles again the Cévennes situation in that the low-level circulation was also
regulated by an extensive low-pressure area lying over the Atlantic which induced a southerly
LLJ with a long fetch over the Mediterranean that impinged over the Alpine region. These
features can be appreciated on Figs. 11c¢ and d, but in comparison with Figs. 9c and d it can be
observed a more evident secondary trough/cyclone about the Iberian Peninsula which helped
to enhance the LLJ towards the end of the period. A similar function than in the previous

event can be attributed to this LLJ, in the sense of supplying moisture rich air from the
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Mediterranean into the affected area and forcing upward vertical motion through mechanical
lifting over the slopes of the Alps and its foothills. These processes are essentially well
captured by the MMS5 model since the forecast rainfall (Fig. 12a) reproduces many qualitative
and quantitative aspects of the observed precipitation (Figs. 12b, ¢ and d). The precipitation
forecast is particularly good inland, over the slopes of the Alps, as a clear example of the
predictability level added by the strong topographic forcing. It is unclear, however, what is the
effect on the predictability of perturbing the upper-level disturbance. A priori, it could be
expected also in this case a relatively high predictability given the large-scale nature of key

processes operating in the event.
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Figure 11: Control simulation of the Piémont-I event for the fine domain, showing the same fields as in
Fig. 7 except that the horizontal wind at 950 hPa (vectors) is shown in (c¢) and (d) instead of the temperature
field. The fields are shown at 00 UTC 24 November 2002 in (a) and (c), and 00 UTC 25 November 2002 in
(b) and (d).
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Figure 12: (a) Control simulation of the Piémont-I event for the fine domain, showing the same fields as
in Fig. 8a but at 00 UTC 25 November 2002 (accumulated rainfall corresponds to the end of the
simulation, with a maximum value of 157 mm); (b), (c) and (d) Rain gauge derived precipitation in the
Piémont region, accumulated during the periods indicated (courtesy of M. Milelli).
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2.3.4 Piemont-1I event

It is interesting the transition observed during the long Piémont episode towards
its second phase. The results of the control experiment of Piémont-II are shown in Figs.
13 and 14. As the upper-level trough intensified and advanced eastward into North
Africa and the Western Mediterranean (Figs. 13a and b), cyclogenesis occurred at
surface over the Western Mediterranean basin (Figs. 13¢ and d). [The resulting cyclone
can be classified as of mesoscale size, although it is much larger than the cyclone
developed in the Catalogne event (compare with Fig. 7d)]. The meridionally elongated
mesoscale cyclone conditioned the direction and strength of the moist LLJ along its
eastern flank. Specifically, while the cyclone moved farther east and tilted negatively,
the LLJ lost entity over the north Mediterranean coast and veered to a south-easterly
direction. By the end of the simulation period the wind over the Piémont region is not
longer onshore, but rather from the east (evolution not shown). This fact motivated the
cessation of the heavy precipitations over the region. Therefore, it is again interesting to
examine to which extent possible errors in the representation of the initial upper-level
trough would affect the heavy precipitation forecast, owing to a deficient prediction of
the surface cyclone characteristics. Consideration of this control simulation as a
reference point appears to be appropriate attending to the good skill of the model to

simulate many aspects of the precipitation field (Fig. 14).
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Figure 13: Control simulation of the Piémont-II event for the coarse domain, showing the same fields as in
Fig. 7 except that the horizontal wind at 950 hPa (vectors) is shown in (c¢) and (d) instead of the temperature
field. The fields are shown at 00 UTC 25 November 2002 in (a) and (c), and 00 UTC 26 November 2002 in
(b) and (d).
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Figure 14: (a) Control simulation of the Piémont-II event for the fine domain, showing the same fields
as in Fig. 8a but at 00 UTC 26 November 2002 (accumulated rainfall corresponds to the end of the
simulation, with a maximum value of 223 mm); (b), (c) and (d) Rain gauge derived precipitation in the
Piémont region, accumulated during the periods indicated (courtesy of M. Milelli).
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2.4 Piecewise PV inversion scheme

2.4.1 Potential vorticity thinking

Mainly owning to historical issues, the use of pressure as the vertical coordinate to
describe the atmosphere is the most common, but is not the only one. Other vertical
coordinates obtained combining various variables have more useful properties, but can be less
intuitive. The potential temperature, 6, is one of these variables and represents the temperature
that would acquire a parcel of air at pressure p if adiabatically brought to a standard reference
pressure py, usually 1000 hPa. Therefore, the potential temperature is conserved for all dry

adiabatic processes and is given by:

R

Cp
=T Lo (2.13),
P

where T is the current temperature of the parcel, R is the gas constant of air, and C, is the
specific heat capacity at a constant pressure. A coordinate system in which potential
temperature is used as vertical coordinate is referred to as an isentropic coordinate system,
because contours of equal potential temperature are characterized by equal amounts of
specific entropy. Isentropic coordinates are useful because as a first approximation the
atmospheric motion is adiabatic, the vertical motion can be shown explicitly in a quasi-
horizontal isentropic chart, and the isentropic flow represents a truer picture of the three-
dimensional air motion than isobaric surfaces. On the other hand, the atmosphere is not
completely adiabatic, especially in the boundary layer an in the vicinity of strong vertical
mixing or convection, the isentropic surfaces may intersect the ground, and the meteorologists

are unaccustomed to interpreting isentropic weather maps (Carlson, 1991).

The possible advantages of using isentropic coordinates instead of isobaric
coordinates lead to search a different approach in the atmosphere diagnostic framework: The

desire to develop formalism in terms of conserved quantities that carry relevant dynamical
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information of the system raises. The vorticity is a microscopic measure of rotation in a fluid
that can be conserved in some atmospheric situation. Thus, vorticity would be used as the first

guess to develop this new formalism.

In general, the dynamic meteorology is only concerned with the vertical components
of absolute and relativity vorticity, given by the curl of the absolute and relative velocity,

respectively:

(2.14).

The vertical component of relative vorticity { is highly correlated with synoptic scale
weather disturbances. In fact, large positive { tends to occur in association with cyclonic
storms in Northern Hemisphere. Furthermore, # tends to be conserved following the motion in
the middle troposphere (Holton, 1979). This physical interpretation of the { can be expressed
like the sum of two effects: the rate of change of wind speed normal to the direction of the
flow, called shared vorticity, and the turning of the wind along a streamline, called the

curvature vorticity.

The study of the vorticity in the isentropic coordinates leads to define a new variable
called Potential Vorticity (PV). For a hydrostatic atmosphere, the Ertel’s potential vorticity is
given by:

1
o,

- 5 (2.15),
qg=—nVao
which is conserved following three-dimensional, adiabatic, frictionless motion (Ertel, 1942).
Here, 7 is the absolute vorticity vector, € is the potential temperature and p is the density. In
essence, the PV is proportional to the product of vorticity and stratification that, following a

parcel of air, can only be changed by diabatic or frictional processes.
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The PV is an very used variable in modern dynamic meteorology basically because
of:

1. Conservation Principle: For adiabatic and frictionless motion the PV is
conserved, and is well known that a great number of meteorological
processes can be considered frictionless and adiabatic. An increase of
stability means a decrease of vorticity, and vice versa. The PV represents the
vorticity that would potentially manifest an air parcel if it was brought

adiabatically and without friction to a standard latitude and static stability.

2. Invertibility Principle: Given the proper boundary conditions and the balance
condition (it links the wind field to the temperature field) imposed on the
wind, it is possible to determine uniquely, the distribution of both vorticity
and static stability associated with a PV field. In other words, if the
distribution of PV is known, then the wind and temperature fields are also

known (Bluestein, 1993).

An abrupt folding or lowering of the dynamical tropopause can be called an upper
PV-anomaly. When this occurs, stratospheric air penetrates into the troposphere resulting in
high values of PV with respect to the surroundings, creating a positive PV-anomaly. In the
lower levels of the troposphere, strong baroclinic zones (a baroclinic atmosphere is one for
which the density depends on both the temperature and the pressure) often can be regarded as
low level PV-anomalies. Under the assumption of a three-dimensional balance between the
fields of mass (potential temperature), pressure and wind, positive PV-anomalies are
connected with cyclonic vorticity and negative PV anomalies with anticyclonic vorticity

(Hoskins et al., 1985).

In the case of positive PV-anomaly, the isentropes are characterized by higher values
than in the surrounding areas above the anomaly (indicating warmer air) and lower values
below (indicating colder air), leading the corresponding pressure and wind fields to an area
with low pressure and cyclonic circulation. The height of the tropopause has a local
minimum. In the case of negative PV-anomaly, the isentropes are characterized by lower

values than in the surrounding areas above the anomaly (indicating colder air) and higher
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values below (indicating warmer air), leading the corresponding pressure and wind fields to
an area with high pressure and anticyclonic circulation. The height of the tropopause has a

local maximum.

The material conservation, combined with the advantage of invertibility is very
useful to describe complex dynamic processes. For example, cyclogenesis can be explained
by an interaction between low and upper level PV-anomalies. When the phase difference
between two PV-anomalies has an optimum value, interaction followed by mutual

amplification take place. The opposite can also occur, in the case of decaying cyclones.

2.4.2 Potential vorticity inversion technique

The invertibility principle can be applied to develop a diagnostic system that obtains
the wind and temperature perturbations associated with a given PV perturbation distribution.
This application is called Potential Vorticity Inversion Technique and can be very useful in
order to discuss the relevance of the PV-anomalies in the atmospheric behaviour (Romero,
2001). For example, the PV inversion methodology allows to diagnose developments in
which the PV-anomalies are not growing, but are merely changing their relative positions or

their shapes.

The method used to investigate the sensitivity of the mesoscale simulations to
changes in the upper-level precursor trough requires the calculation of a balanced flow
associated with the trough-related PV anomaly at simulation start time. For that purpose the
piecewise PV inversion technique of Davis and Emanuel (1991) was used. The method begins
with the calculation of the total balance flow, described by ¢ (geopotential) and w
(streamfunction), from the instantaneous distribution of Ertel’s potential vorticity (¢), defined
as eq. 2.15. The balance assumption made herein follows the Charney (1955) nonlinear

balance equation:

V=V Ny +2m’

0w 0%y ( 0’y ]2
- (2.16),

ox* oy’ Ox0y
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where f is the Coriolis parameter and m is the map-scale factor of the Lambert conformal
projection (x,y) used to define the model domain. The other diagnostic relation necessary for
the inversion of ¢ and  is given by an approximate form of Eq. (2.15) resulting from the
hydrostatic condition and the same scale analysis used to derive (2.16), namely, that the

irotational component of the wind is negligible against the non-divergent wind:

2 2 2 2 ’
g=5"" (f+sz2:,y)a¢ 2| 0w 99 Oy 09 || @i

p o’n OxOm OxOr 0OyOm OyOrx

where p is the pressure, g is the gravity, k = R;/ C, and the vertical coordinate 7 is the Exner

function C,(p/py)".

Given ¢, the finite-difference form of the closed system described by (2.16) and
(2.17) is solved for the unknown ¢ and y, using an iterative technique until convergence of
the solutions is attained (refer to Davis and Emanuel 1991 for details). Neumann type
boundary conditions (0¢/ 07z = foy /0r = —0) are applied at the top and bottom boundaries,
and Dirichlet conditions at the lateral boundaries. The later are supplied by the observed
geopotential and a streamfunction 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. Owing to the balance condition used, the inverted
fields are very accurate even for meteorological systems characterised by large Rossby

numbers (Davis and Emanuel, 1991; Davis, 1992).

Later, a reference state must be found from which to define the PV anomalies. As in

Davis and Emanuel (1991), this reference state is defined as a time average. Given 5 (the
time mean of ¢), a balanced mean flow (Eﬁ, J) is inverted from identical equations to (2.16) and

(2.17), except all dependent variables are mean values and the mean potential temperature,é,
is used for the top and bottom boundary conditions. The total fields will differ from the time
averages by the perturbations (¢',¢',y") :
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(0,9.v)=(q,9,¥)+(q",¢".yv") (2.18).

The PV perturbation field ¢’ can be considered as a partition of N portions or

N
anomalies, ¢'= an . The piecewise inversion scheme determines that part of the balance

n=l1

N
flow (@,,w,) associated to each PV portion ¢,, requiring in that process that ¢'= Z(ﬁn and

n=1
N
w'= Zl//n . As discussed in Davis (1992), there is no unique way to define a relationship
n=1

between (¢,,y,) and ¢, owing to the nonlinearities present in egs. (2.16) and (2.17). The

linear method of Davis and Emanuel (1991) is here adopted, obtained after substituting (2.18)
and the above summations in egs. (2.16) and (2.17) 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 the details). The resulting closed linear system for

the n™ perturbation is:

621//* azwn + 6217[/* azl//n _ 2621'”* aZWn} (2.19),

Vg, =V- Ny, +2m’
Z Vy, +2m L ox* oy’ oy° ox’ Ox0y Oyox

(f+m2V2'// )6 7, )

+m’
orn’ orn’
2 % 2 2
) = 8K _ o[ @797 0% 979" 07Wn) | (b

P \ Ox07 OxOm ayaz oyor )
(82Y" 8¢ Lo 82gn )
\ OxOr Ox0x  OyOm 0yOr
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where ()’ :r)+%( ).

The system (2.19) - (2.20) was solved for the PV anomalies identified above 500 hPa

in relation with the upper-level synoptic troughs governing the flash-flood events, using

homogeneous boundary conditions for ¢, and y, at the top, bottom and lateral boundaries.

The shapes of these positive PV anomalies on the 330 K isentropic surface are displayed in

Fig. 15. In all cases the southern tip of the troughs is captured in the selected PV signature.

The balance flow (¢,,y,) associated with the anomalies can then be used to alter the model

initial conditions without introducing any significant unbalance to the fields.
2.4.3 Adjoint model and sensitivity fields

The PV inversion technique attributes components of the mass and wind fields to
structures of the PV field. This allows exploring the impact of PV features in the initial
conditions on the evolution of numerical simulations. Within this framework, a linear adjoint
model is a powerful tool that can provide direct guidance about the PV features that are most
likely influential for a particular aspect of interest in the forecast (Arbogast 1998). A usual
application of adjoint models is to compute sensitivities of forecast errors and detect regions
in the initial conditions that are most likely responsible for the errors (e.g. Errico 1997). Here,
the results of an adjoint model provide guidance to define initial perturbations where the four
episodes analyzed show large sensitivity and therefore where small errors would lead to major
errors in the forecast of the damaging rains, reducing its predictability. In order to confirm the
applicability of the tangent linear approximation under the perturbations defined for the four
episodes, we tested that symmetric perturbations to the initial conditions produce changes in

the MMS5 forecast fields of interest that are largely symmetric.

We use the MM5 Adjoint model (Zou et al., 1997, 1998) developed at NCAR, which
has already been applied and tested for a Mediterranean intense cyclone by Homar and
Stensrud (2004). The adjoint model includes a limited number of physical parameterization

scheme options that, together with the intrinsic tangent-linear approximation, limits the value
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of its results in the standard nonlinear context. As a result, using the adjoint system requires a
thoughtful set up of the runs, a test of the linear approximation and a careful interpretation of
the resulting sensitivities. The sensitivity calculations are run on the mother domain of each
control experiment for the three episodes. Moist processes are considered in the adjoint
integration. The explicit moisture, including ice concentration is parameterized using the
adjoint of the Dudhia (1989) microphysics scheme and the Grell et al. (1995) convective
scheme is also included. No boundary layer parameterization is available but radiation and
surface fluxes are considered. Using this configuration, we provide the model a response
function of interest at a certain sensitivity time and it traces back its sensitivity to the initial
conditions fields. In its current version, the model code does not allow defining response
functions based on fields other than the wind speed, temperature, pressure and specific

humidity.

It is well known that small scale details of the sensitivity fields computed by the
adjoint are very sensitive to the definition of the response function. Provided the limitations in
the model code and in order to obtain representative results, it is preferred to define response
functions that characterize precursor dynamical systems clearly linked to the feature of most
interest in the forecast. For instance, convective rainfall is likely not well approximated by the
tangent-linear models and the adjoint results are less accurate approximations to the actual
sensitivities of the nonlinear standard run than those calculated from precursor dynamical
systems. Here, we have defined the response functions for each case according to the low-
level systems previously identified to be involved in triggering and sustaining the intense
precipitations. For the Catalogne case, the vorticity over the center of the low-level cyclone
developed offshore northeastern Spain is used as response function at 00 UTC June 10 2000.
The Cévennes case is driven by the low-level jet and so the response function definition is
based on the low-level wind over the Gulf of Lyons and extending southeast, towards Sardinia
at 06 UTC September 9 2002. Finally, for the two active periods of the Piedmont episode the
response functions are defined as the low-level wind on the eastern side of the cyclone at 06
UTC November 25 2002 and the sea-level pressure around the cyclone center at 06 UTC
November 26 2002, respectively. The adjoint model is then initialized with these response

functions and their sensitivity to the corresponding initial conditions is computed.
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The adjoint produces a sensitivity field for each of the model fields: temperature,
horizontal wind components, pressure perturbation and specific humidity. Several methods
aimed at summarizing the adjoint results into a single field are available. Arbogast (1998)
presents a technique to compute sensitivities to a linearized version of the Ertel PV. Langland
et al. (2002) define the response function based on energy and the adjoint results can be
summarized in terms of a single energy field. Here we use the sensitivity to the Quasi-
geostrophic PV (QPV) to provide guidance to the aforementioned PV inversion technique.
The quasi-geostrophic PV field tends to mimic the position, alignment and gradients of the
Ertel PV for the synoptic scale at mid-latitudes (Hakim et al. 1996). In the quasi-geostrophic

framework, PV is expressed as a function of the geostrophic stream function (V) as:

g=V°¥+ fo+ fozap éap\P 2.21),

where g is the QPV, ¥ the geostrophic streamfunction, o,(p) the static stability parameter for
a reference state, that depends only on p, and f) the Coriolis parameter, assumed constant over

the domain. Transposing the discretized version of this equation, and using the relationship
between the adjoint variables #, v and y (y=0,u—-0,), an elliptic equation for 9 is

obtained (see appendix for details):

25 ~ A ~ A n
Vodi + 749 + 7290 — V34 =0, u—0.v (2.22),

where the y; parameters depend on the reference stability parameter o, and the discretization
scheme for eq. (2.21). Solving eq. (2.22) iteratively, the sensitivities of the response functions

to modifications in the QPV fields are derived from the adjoint model variables # and v .

The sensitivity field to the QPV at 330 K isentrope for each case is shown in Fig. 15.
The Catalogne and Cévennes maps exhibit elongated distributions of PV, and the associated

sensitivity patterns point primarily to their west and south sides. This is reasonable and

[44]



Chapter 2. Methodology and control simulations Final Thesis of Master in Physics A. Martin

consistent with the previously described evolution of the synoptic pattern, as these areas with
high sensitivity evolve with the trough and are later likely involved in the configuration of the
low-levels flow. Both Fig. 15a and 15b show areas with also notable sensitivity far to the east
of the trough, over the Western Mediterranean, being more intense for the Cévennes case
(Fig. 15b). Since these sensitivity structures are not related to intense PV features in the initial
analysis, their physical interpretation is not clear beyond an indirect effect on the eastward
progressing structures associated with the main trough. Regarding the Piémont-I and Piémont-
II simulations (Figs. 15¢ and d), the distribution of high values of PV is less confined and so
the sensitivity fields exhibit also larger structures that are not focused on the regions of strong

PV gradient.

In summary, for all four sensitivity experiments, the adjoint results highlight various
aspects of the precursor upper-level trough, with special emphasis to its location and intensity.
Provided that the precise details of the sensitivity fields are unreliable owing to the
approximations used to derive them, it is however appropriate to focus the sensitivity test
experiments with the PV inversion strategy and the forward model on general aspects of the
precursor troughs, such as the location and intensity. These simplified sensitivity tests are
developed in next section using as reference the PV signatures indicated with thick dashed

line in Fig. 15.
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1 (PV Units)

(PV Units)

S
m Piémont-II- Control d,

Figure 15: Isentropic PV on the 330 K surface (shaded, according to scale) and main areas of sensitivity at
the same isentropic surface (continuous line, positive values; dashed line, negative values) for the selected
response functions (see text): (a) Catalogne event at 00 UTC 9 June 2000; (b) Cévennes event at 00 UTC 8
September 2002; (¢) Piémont-I event at 00 UTC 24 November 2002; and (d) Piémont-II event at 00 UTC
25 November 2002. As thick dashed line, the PV anomaly that was inverted to construct the perturbed
simulations is shown on the 330 K surface. Main orographic systems are highlighted.
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Chapter 3

RESULTS AND DISCUSSION OF
THE PERTURBED
SIMULATIONS

Following the piecewise PV inversion methodolofpyr additional simulations were
performed for each flash flood event by perturbihg initial intensity or position of the
upper-level precursor trough. This was done by rimvg the PV signatures defined in last
section (see Fig. 15) and subtracting —or addingfé »f the inverted fields to the initial
conditions (perturbation of the trough intensitghd displacing these fields westwards —or
eastwards— a distance of about 200-300 km (petiarbaf the trough position). Table 1
summarizes the full set of simulations performedhi@ study and how these simulations are
referred to in the text. Next, the results of theseturbed experiments are discussed and

conclusions on the predictability of the eventsdegved.
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TYPE OF PERTURBATION OF THE UPPER-LEVEL TROUGH

Unchanged| Weakened Intensified Moved Moved
EVENT 25% 25% westward eastward

200-300 km| 200-300 km

Catalogne Control PV -25 PV +25 PV 216W PV 216E
Cévennes Control PV -25 PV +25 PV 270W PV 270E
Piémont-I Control PV -25 PV +25 PV 216W PV 216E
Piémont-II Control PV -25 PV +25 PV 216W PV 216E

Table 1. -Summary of the numerical experiments performedterfour flash-flood events according to
the methodology described in the text. Note thatupper-level trough is displaced 270 km for Céesnn

and 216 km for the rest of events

3.1. Catalogne event

The type and amount of the perturbations intredua the short-scale trough of this
event can be appreciated in Fig. 16, to be comparthd the control upper-level structure
shown in Fig. 7a. All perturbed situations cleadflect the same synoptic circulation pattern,
and at first glance, the small changes imposederrough would even become undetected.
Stated differently, the arbitrary perturbationgadiuced in the initial conditions appear to be
compatible with the existing uncertainty in reahd operations.

The PV -25 experiment (Fig. 16a) is characteribgda weaker trough (this is
especially noted off the coast of Galicia where ¢heved jet along the southern part of the
trough is diminished and the air temperature igeased), and as expected, the rapidly

evolving pattern at upper levels slows its motibor instance, on 10 June at 00 UTC and

[48]



Chapter 3. Results and discussion Final Thesis of Master in Physics A.Martin

comparing with the control situation shown in Fidp, the trough has not yet reached the
eastern coast of Spain and is more meridionaligdilmap not shown). Since this event was
linked to a rapid baroclinic cyclogenesis in resgorio the forcing imposed from upper-
levels, changes in the surface cyclone and assdcratnfall have to be expected in the PV -
25 run. In effect, a cyclone still develops (Figa}, although slightly weaker and centred to
the southwest of the control position (recall Fg). In essence, the cyclone is not as intense
and it is far more stationary than the control omeng to the weaker and slower pattern at
upper levels. At the end of the simulation, fortamge, it is still located in between the Gulf
of Valencia and the Balearics, while the contro¢ alid already left the Catalan coast behind
(not shown). However, as a consequence of the eelastationarity, the inflow of moist and
warm Mediterranean air towards the Iberian Penantadts many hours and the precipitation
potential of the cyclone is very high (230 mm maximaccumulated rainfalls 165 in the
control one). Since the moisture convergence indlilogethe cyclone occurs farther south and
west compared with the control situation, the r@sglheavy precipitation field is simulated
about 100-150 km south and west of the affectedsare

In contrast with the previous experiment, the P25 simulation results in a more
intense upper-level trough (Fig. 16b), and accaigina faster evolution during the simulated
period occurs. In this case, the negative tiltingegienced by the trough as it advanced over
the Iberian Peninsula is more rapid, and the sartaclone is slightly more intense and its
displacement along the eastern coast of Spairsouthern France is faster (compare Fig. 17b
with Fig. 8a). However, even with a dynamicallyosiger situation and deeper cyclone, the
heavy precipitation potential of this situation dtearly reduced owing to the reduced
stationarity of the system. Appreciable rainfalleovCatalogne is only simulated over the
Pyrenees (Fig. 17b), since the system moves tdoamgo bring enough moisture in a
persistent way from the Mediterranean zone intdda&lan environment.

The translational speed of the surface cyclomeensethen an important factor, as it is
its position as well. The experiments with slighdigplaced upper-levels troughs (PV 216W
and PV 216E) serve to demonstrate this idea. Tieetsefof perturbing the trough position but
not its intensity (Figs. 16¢c and d) are reflectediny the simulations on almost identical

evolutions at upper-levels to the control one ekdleat the final troughs are located slightly
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westward and eastward of the reference trougheosisply. As a consequence, the forecast
surface cyclones exhibit essentially the same katineal speed as the control one (see Figs.
17c and d in comparison with Fig. 8a), but theisipons are found some tenths of kilometres
westward and eastward, respectively. This has p oepact on the forecast rainfall: the PV

216W cyclone is able to interact with the terragattires of Catalogne and the resulting
rainfall is not very different to the control distntion, except for a tendency for generating
heavy precipitation further inland (Fig. 17c); iontrast, the PV 216E cyclone evolves too far
from the Catalan coast and the interaction of thaone induced moist flow and upward

vertical motion with the topography of the regismbt as effective (Fig. 18d).

In summary, our hypothesis that even small errorsthe forecast cyclone
characteristics could lead to appreciable changélse spatial and quantitative details of the
precipitation field appears to be true. This habeoattributed to the mesoscale size of the
Catalogne cyclone and the fact that a very spedibw is necessary for an effective
interaction of the moisture-rich Mediterranean waith the topography of the region. Of
particular significance is the result that a certdegree of stationarity of the system is
necessary to maintain the environmental ingredian{gdace for the heavy precipitations to
occur: too fast or too distant cyclones simply tesumuch lower rainfall, whereas slow and
near cyclones exhibit high precipitation potential.any case, moreover, the precipitation

spatial distribution is extremely sensitive to tyelone characteristics.
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Figure 16: Perturbed simulations of the Catalogne eventlfercoarse domain, showing the same fields
as in Fig. 7a for the experiments: (a) PV -25;RW)+25; (c) PV 216W; and (d) PV 216E.
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Figure 17: Perturbed simulations of the Catalogne eventterfine domain, showing the same fields as
in Fig. 8a for the experiments: (a) PV -25; (b) P¥5; (c) PV 216W; and (d) PV 216E. Maximum

precipitation value in (a), (b), (c) and (d) is 28Q, 157 and 79 mm, respectively.
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3.2. Cévennes event

The perturbed upper-level troughs for Cévennedaplayed in Fig. 18, which should
be compared with Fig. 9a. The changes in intensaity especially visible over the
southwestern part of the positively tilted troughd the changes in position are most evident
taking as reference the position of its axis iratieh to the northwest coast of Spain and
France. In any case, the evolution of the uppestisynoptic pattern follows very closely the
control evolution shown in Figs. 9a and b, thatidarge-scale cutoff low develops, centred
just west of Ireland. Towards the end of the epastbe upper-level synoptic structures of the
ensemble are hardly distinguishable from each ptherif the dynamical evolution of the
event acted to filter in great extent the initig@rgorbations (maps not included). It seems,
then, that the large scale nature of the precursogh tends to minimize the effects of the

typical errors committed in the representationhef initial state.

The specific effects on the flash-flood local konment and forecast rainfall can be
appreciated in Fig. 19, to be compared with thetrobmexperiment in Fig. 10a. First of all,
experiments PV -25 and PV +25 result in slightlyaker and stronger pressure gradients,
respectively, over the western Mediterranenan (Figa and b). However, the sea level
pressure field preserves its pattern. That isk#yefeature for the precipitation control of this
event (the southerly LLJ) preserves its positiod dinection and is simply slightly weakened
and enhanced in PV -25 and PV +25, respectively. shWaild then expect a proportional
effect in the rainfall amounts but not significambdifications of the precipitation spatial
pattern. Figures 18a and b show indeed an almasitichl spatial distribution of the
accumulated rainfall to the control experiment (Hi@a), and regarding the peak amount, 309

and 438 mm are respectively obtained, while incitr@rol experiment it was 367 mm.

Greater mesoscale effects are found in the axpeats with perturbed trough
positions, PV 270W and PV 270E, shown in Figs. 48d d, respectively. What it is found is
a greater sensitivity of the sea level pressurl fileat is propagated into the rainfall field
through the LLJ modification. In broad terms, thieJlis focused towards land areas located
slightly to the west and to the east, respectivelythe control jet. The LLJ direction is also

affected, being more south-easterly and south-wgsteespectively, in PV 270W and
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PV270E than in the control experiment. The foregastipitation in both experiments is
lower than in the control experiment (peak raisfaire 211 and 183 mm), and the
precipitation structure in PV 270W is particuladigplaced westwards in coherence with the

respective perturbation of the upper-level troughifmon.

Despite some effects have been detected in trecdst rainfall of the Cévennes
episode, especially in its quantitative aspectssdheffects are unambiguously lower than in
the previous Catalogne event for similar pertudyatiof the initial PV. The location of the
general structure of heavy precipitation is paftidy insensitive to the initial perturbations.
Thus, our basic hypothesis that the predictabditghese LLJ-controlled flash flood events,
essentially regulated by large-scale processagymgficantly high appears to be confirmed by
the experiments. Moreover, it seems that both ttieraof the Alps range in enhancing the
LLJ along its western flank and the role of thealompography in providing upward motion
to the low-level moist parcels are dominant aspedteh enhance the predictability of this

kind of events.
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Figure 18 Perturbed simulations of the Cévennes eventhiercbarse domain, showing the same fields
as in Fig. 9a for the experiments: (a) PV -25;R0)+25; (c) PV 270W; and (d) PV 270E.

Cévennes PV 270 W

[55]



A.Martin

Final Thesis of Master in Physics

Chapter 3. Results and discussion

-\\\‘K\v\h\b\
\s v v v w oy g
%

-

\.Q q\a\\

\\\\\ T u kN

VY T e
2R

Cévennes PV + 25

sy
1

LR A A

-
«
s

7 e L KK

s\s\b\v\— X

\.“/-\»\-—\p\.\.\

ESN

A

Cévennes PV 270E

showing the same fields as in
and (d) PV 270E. Maximum

respectively.

PUERY

a//'—o\‘
et "N

[56]

[, <
I Nmm.\\.x?d

—~

[S)

> o ' - -

|

s.\
I
N e e e

NN D

X
Cévennes PV270W

(c) and (d) is 3@388, 211 and 183 mm,

\

_’\fé\
3N
AL\
NN

X
NNk R

22
0x—<
AN N AR N

\\\\Tfjmfw?

/ \\\.\\.\\\\.\k\
3 S5 \‘Vm\}uw ;

A\

e

Figure 19 Perturbed simulations of the Cévennes eventhieifine domain
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3.3. Piémont-|l event

The Piémont-I case was highlighted in last sectis another example of LLJ-
dominated flash-flood event, a prototypic situatioh the Alpine heavy precipitation
phenomenology. Therefore, it should be expecteelative insensitivity of the rainfall
forecast to perturbations of the upper-level troaghlong as these perturbations do not
drastically affect the LLJ configuration. The pebed initial states are shown in Fig. 20.
Again, the effect of these perturbations is mosady noticed over the southern part of the
Atlantic trough, and compared with the Cévennesigva this case the perturbed structures
of the troughs are revealed in higher degree duitmgapproach to the Iberian Peninsula
(evolutions not shown). The secondary cyclogentsis was noted near the eastern coast of
Spain is quite sensitive to the upper-level modifians (Fig. 21). The resulting cyclone is
stronger in PV +25 and PV 216E experiments thahencontrol run (Figs. 21b andvd Fig.
12a). In contrast, it is appreciable weaker in R8 and PV 216 W experiments (Figs. 20a
and c). Apart of being much weaker, the cyclon¢hese two experiments develops farther

west, over the Iberian Peninsula.

It was noted in last section that the impinginig] Lover the Piémont region was
associated, on one hand, with the large-scale l@sspre area lying over western Europe and
the eastern Atlantic, and on the other hand, with énhancement action provided by the
abovementioned secondary cyclone. Therefore, impatthe strength of the LLJ have to be
expected in coherence with the secondary cyclordifioations. In effect, the low-level flow
direction over the Western Mediterranean remaiastprally unchanged among the ensemble
of experiments (Figs. 21 and 12a), but the windedps increased in the experiments with
deeper and closer cyclones (PV +25 and PV 216E)dacdeased in the experiments with
smoother and more distant cyclones (PV -25 and R®W). Accordingly, the total
precipitation amounts simulated by these experimattain 194 and 186 mm in the first case,
and 127 and 122 mm in the second case, that caorbpared with an intermediate control
value of 157 mm. However, the spatial distributminthe precipitation field ahead of the
cyclone is quite uniform among the ensemble of erpts, with only some remarkable
differences along the coastal areas. Over CatalagdeBalearic Sea the differences are more
appreciable since these areas are more directygtatf by the cyclone track.
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Some resemblances to the Cévennes event are fourkis event in regard to the
final effects on the forecast rainfall by the unamties of the upper-level precursor trough.
Namely, a moderate effect on quantitative predipitabut a very limited effect on its spatial
distribution about the Alpine region. Clearly, gaiate for flash flood potential in the Piémont
region would have been equally attributed to anyhefsimulated scenarios. As opposite to
the Cévennes event, a near cyclone played an iargorble in this case, but since this
cyclone was relatively large (compare with the @apae event) and the affected area lied to
its east-northeast, even an appreciable error énciytlone evolution along the Iberian
Peninsula did not really affect the Mediterrane&d tesponsible for the heavy precipitations
over the topographically complex Piémont area.
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Figure 20: Perturbed simulations of the Piémont-I eventtfar coarse domain, showing the same fields
as in Fig. 11a for the experiments: (a) PV -25;RW)+25; (c) PV 216W; and (d) PV 216E.
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Figure 21 Perturbed simulations of the Piémont-I eventtfiar fine domain, showing the same fields as in
Fig. 12a for the experiments: (a) PV -25; (b) PV5+2Zc) PV 216W; and (d) PV 216E. Maximum
precipitation value in (a), (b), (¢) and (d) is 1284, 122 and 86 mm, respectively.
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3.4. Piémont-ll event

Since the Piémont-Il event was characterized H®y genesis of a cyclone in the
Western Mediterranean basin, then greater loca&ceffcan be expected over the area in
association with perturbed cyclone properties. Tipper-level trough in this case was
modified as displayed in Fig. 22. The PV +25 andR$E situations clearly exhibit stronger
troughs than the PV -25 and PV 216W cases. Attgntinthe evolution of the upper-level
circulation pattern (not shown) it is also founceper disturbances in the former situations
than in the later experiments near the end of theode. However, the trough position and
tilting in the perturbed experiments are very samtio the control one (Fig. 13b) except for
PV 216W for which the final trough is more meridadly oriented.

The stronger upper-level systems constructedugtrothe PV +25 and PV 216E
perturbations lead to Mediterranean surface cydateeper than the control one (compare
Fig. 23b and d with Fig. 14a), whereas this cyclemeeaker in the PV -25 and PV 216W
experiments (Figs. 23a and c). Regarding the cyclposition and structure, the greatest
changes with respect to the control attributesfaomd for the PV 216W cyclone, which
centre is located appreciably north of the refeeepasition and the cyclone itself is more
elongated in the meridional direction. Such greatsponse is linked to the equally greater

response of the upper-level trough evolution toititeal PV 216W perturbation.

It is now interesting to examine the effects loa torecast rainfall associated with the
local cyclone (see the total precipitation fieladsHigs. 23 and 14a). First of all, no clear
association emerges between the peak rainfall laadiépth of the Mediterranean cyclone.
For instance, the deepest PV 216E cyclone reachésnin, the minimum value among the
experiments. However, the cyclone proximity to Biémont region seems to exert a greater
control and the smoother but closer PV 216W cycloeeches as much as 240 mm, the
maximum value among the experiments. In secondeplaich higher sensitivities to the
cyclone characteristics are found over the seacamadtal areas than over inland mountain
ousones. This fact basically illustrates that tbamker areas are directly affected by the
cyclone itself and therefore changes in its evotutand structure affect significantly the

precipitation field, whereas the latter zones amgarindirectly affected by the system while
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the topographical influences play a crucial rolde TMediterranean low-level moist flow
against the Alps slopes is a permanent featurbisfensemble of experiments and therefore
the precipitation response in those areas is velgtiinsensitive, spatially speaking, to the

initial perturbations.

In comparison with the Catalogne event we haea flound a smaller degradation of
numerical prediction from uncertainties of the upleeel precursor trough. This could have
been anticipated since the influencing local cyel@larger in this case than in Catalogne.
Nevertheless, we have found moderate responsesafathfall forecasts in those areas most
directly affected by the cyclone and where topobiea influence is weak or absent.
Similarly to the Cévennes and Piémont-1 event, ttaive precipitation forecasts over the
topographic complex areas appears to be modersgelsitive to the precise features of the

low-level circulation, while the spatial distribatis are essentially insensitive.
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(PV Units)

Piémont-11 PV 216 E

Figure 22 Perturbed simulations of the Piémont-II eventtfa coarse domain, showing the same fields
as in Fig. 13a for the experiments: (a) PV -25;RW)+25; (c) PV 216W; and (d) PV 216E.
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Figure 23 Perturbed simulations of the Piémont-II eventtf@ fine domain, showing the same fields
as in Fig. 14a for the experiments: (a) PV -25;R¥)+25; (c) PV 216W; and (d) PV 216E. Maximum

precipitation value in (a), (b), (c) and (d) is 1265, 240 and 177 mm,

respectively.
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Chapter 4

CONCLUSIONS

The predictability of the HYDROPTIMET flash flocglents has been analysed using
synthetic synoptic scenarios that attempt to capsame of the typical uncertainties present
in real-time NWP systems: a deficient knowledgehef precise position and intensity of the
upper-level precursor trough. A methodology thahbmmes Adjoint sensitivity calculations in
terms of the potential vorticity field with a pieese PV inversion technique to construct
perturbed mesoscale simulations has been showe i@ty practical and effective for that
purpose. We believe that an operational adaptatidhe system, where the Adjoint method
provides guidance on the main sensitivity areastlh@dPV inversion technique is used to alter
initial conditions in a physically consistent wapguld be very useful for designing real-time
mesoscale ensemble prediction systems. The implati@n of the method could be fully
automatic if the response function for the Adjomaiculations was objectively defined, for
example in terms of some prescribed physical atte® of cyclones detected near the area of
interest, or could require the user interventioying to choose influential features of the flow
as the most appropriate response functions ofdlgeld addition, for an effective application
of the system to ensemble forecasting the initedtysbations should be bounded by the
climatology of analysis error variance expressedenms of PV, a constraint that has been

obviated in the present work.

In this study a short ensemble of simulations pa&gormed for just four flash-flood
events, but the obtained results appear to becarifly representative as to permit some basic
conclusions on the predictability of flash floodusitions in the Western Mediterranean. It

should be noted that ‘predictability’ in this stutias been subjectively associated to the
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model capability of providing good guidance of flesh-flood potential of each situation and
a reasonably correct localization of the affecteglas. That is, what a weather forecaster
would consider as crucial information to activatey ageneric warning or emergency
procedure. However, hydrological considerationscangtted in the study being aware of the
current limitations of mesoscale prediction systefos providing good quantitative

precipitation forecasts at watershed scale.

A rich variety of synoptic and mesoscale processere identified among the
HYDROPTIMET case studies using the control numérisemulations and additional
experiments including non-topographic runs. Thel wsfablished idea that the predictability
of heavy precipitations in many Mediterranean aiedavoured by the complex topography
emerged repeatedly during the course of the stlidg. Alpine events are probably the best
example of strong topographical influence in actiamthout forgetting other well-known
areas such as central Valencia in Spain (not cereidin this study). A dominant role of the
topography simply guarantees a reasonably corrpetias localization of the heavy
precipitation areas in most of the situations, ipalarly under environmental settings
governed by the large-scale dynamics rather thamésoscale pressure systems. What it is
necessary is a reasonably correct prediction of lolmelevel moist flow relative to the
topography. In contrast, the notion that accurattjtative forecasts are also favoured by the
complex topography is not as obvious. We found tthet quantitative values can be
significantly sensitive to the uncertainties of thgper-level trough and the associated low-
level flow system. Even over the Alpine/southerrarfée region and for synoptically
dominated flash flood conditions, small errors e tLLJ intensity and/or direction can
produce notable differences in the rainfall amoulttgs interesting to point out that the
misplacement of the precipitation centre in the&es simulation could not be alleviated by
any of the PV perturbed experiments. The triggeand maintenance of the convection in
this event was linked to the orography but, strisppeaking, much of the precipitation was not
directly orographic since it occurred in lowlandeas. Apparently, the lack of mesonet
network surface data in the model initial condifas at least partially responsible for the
model tendency to focus the precipitation centveatas the mountain slopes (Ducrocq et al.,
2004).
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A second type of predictability limitation was phasized for those situations or areas
where a local cyclone exerted a higher control ld flash-flood ingredients. In those
circumstances, even small forecast errors of tleong attributes might drastically affect the
quality of the forecast rainfall. It can be cona&@ddhat the smaller is the surface cyclone, the
greater will be the forecast degradation undertypecal errors of the upper-level precursor
trough. Interestingly, a certain level of statiathaof the cyclone rather than its particular
intensity appears to be the most critical factaortfee development and persistence of flash

flood conditions in some cases.

Finally, it should be noted that the selectecsHlfiood events obviously do not
describe the wide variety of flash-flood scenatiuat affect any given region in the Western
Mediterranean. Flash floods in Catalogne are aledyced by easterly flows associated with
large-scale pressure patterns, and notable ewveritsei Alpine region can occur under the
direct action of small mesoscale lows. Numerousmtes of virtually any kind of heavy rain
producing meteorological pattern would easily benfib for Catalogne, Cévennes, Piémont,
Valencia, south Italy, North Africa and any othéaige. What it is expected from this study is
to encourage weather forecasters and researchemsake a clear discrimination of the
meteorological scenario (large-scale mesoscale; local cyclones remote cyclone; fast
cyclonevs slow cyclone; topographical influenges topography-free situation; LLJ presence,
duration and persistenas LLJ absent; moisture availabilitys moisture deficit; etc) when

attempting to assign a confidence level to a datestic forecast.
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APPENDIX

Calculation of sensitivity to the
guasigeostrophic potential vorticity

The quasigeostrophic PV (q) is related to the gephkic streamfunctiony) as:
2 2 1
q:Dpw+f+foap(;apz//) (A).

With f the coriolis parameter arg a reference stability parameter:

o, = _a dé (p) (A2).
8 dp

The discretization of Eq. Al over a regular horizbigrid and unequally spaced vertical

levels is:

_l//i+1+41/i_1+41/j+1+41/,-_1—4¢
q_ A 2
X

+ f + ak (a"// + bll//k—l + C‘I/Ik+1) + ﬁk (a“l// + b”l//k—l + C”l//k+1)
(A3),

with o=fo’0pl/crk, Bk=fo’/c, and where a’,a”,b’,b”,c’,c” depend on the plar
vertical discretization used. For the sake of tjaronly indices different from the

central poinijk have been noted.

Using the Errico and Vukicevic (1992) hand trarsfion strategy term by term,
the adjoint of Eg. A3 consists of:

Gra ~ G/ g —ag/nx

Py < G/D¢  § — (aa+pa)g (Ad),
wjﬂ - Q/AXZ éffk-l - (abl+:8bll)q

P, G/0% D — (ac+)g

which can be recombined into a single equationfipnamely:
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— (ji+1 + Qi—l + Qj+1 + (jj—l +4q

42; sz + (O’a'+ﬂa”)a + (ak+lbl,<+l + ﬂk+1blg+l)(jk+1 + (ak—lcl,(—l + ﬂk—lclz—l)dk—l
(A5).
Since¢ =0 (-0, and definingyy, y2, andys, we get an elliptic equation faj :
2 2 A A A A A
Vpq<+3’1qk+Y2Qk+1_3’3Qk—1zayu_axV (AB).
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