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Table 5.4.c: Averaged effects (hPa/hour) of each factor during the different phases of the
cases at the central pressure value of the medicane. See table 5.4.b for the period of each

phase
950116 960912 030527

Ist phase IInd phase Ist phase IInd phase Ist phase IInd phase
1st €94 (—307) €194 (—428) €123 (284) €124 (—547) €3 (—287) €123 (423)
2nd €3 (—236) €1234 (297) €12 (—180) €123 (441) €o4 (—235) €14 (—265)
3rd ey (-1.51) ey (-2.35)  ew (-1.66) ey (-2.16) ey (-1.39) ey (-1.37)
4th €1 (—104) €24 (—210) €24 (—164) €13 (—]_44) €4 (—]_]_1) €1 (—070)
5th €124 (—098) €234 (—143) €3 (—162) €134 (141) €1234 (—094) €134 (—053)
6th €134 (—097) €1 (—127) €4 (—124) €4 (—132) €923 (076) €124 (—047)
7th €934 (—091) €3 (-115) €1234 (-118) €94 (-108) €934 (-064) €94 (029)
8th €93 (070) €13 (-108) €9 (083) €1 (—071) €134 (052) €12 (029)
9th €193 (—046) €4 (-085) €934 (-078) €93 (-057) €123 (043) €13 (—024)
10th €9 (—035) €14 (—079) €134 (062) €34 (—054) €9 (035) €3 (—017)
11th €13 (—035) €34 (—063) €194 (—042) €19 (—042) €1 (—022) €234 (—017)
12th €4 (-033) €9 (-055) €o3 (030) €3 (—038) €124 (016) €1234 (014)
13th €1234 (—030) €123 (054) €1 (—025) €1234 (018) €12 (006) €93 (007)
14th €12 (020) €93 (033) €34 (020) €934 (014) €13 (-002) €9 (-003)
15th €34 (—006) €12 (—031) €13 (—018) €9 (—013) €34 (—002) €34 (—001)
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among January 1995, September 1996 and assumed more baroclinic May 2003 case). In
other baroclinic studies a cyclolitc role was attributed to the surface fluxes (Kuo et al.,
1991a; Horvath et al., 2006) due to a weakening of the surface baroclinic conditions that
is proposed to be reinforced in the ej93 synergy that includes the upper-level disturbance.
At the same time, synergy is also proposed to be related to the strength of the capping
inversion at the top of the PBL. Surface fluxes define PBL characteristics, meanwhile
upper-level disturbances promotes mid-level instability. Their mutual interaction might
be related to weaker differences between PBL and free atmosphere layers. Changes on
the characteristics of the capping inversion introduced changes in the important energy
budget (trough the (w'6,),, see figure 5.2.1) at the top (k) of the boundary layer at outer
regions of the medicane (Emanuel, 1986).

Effects on maximum averaged horizontal wind speed

Effects on the maximum azimuthally averaged horizontal wind speed present a large
variety of roles (figure 5.4.16). Looking to the fifth more important ones, a quite different
sensitivities is obtained for both phases of each medicane (see table 5.4.d). Same factors
like, e103, e134 have different effectivity sign in 950116 and 960912 cases. This merge
of roles and effects of the factors, could be a reflection of the mixture of mechanisms
from which the system is developed, since no clear baroclinic or tropical-like structure is
formed. In lower degree the initial dominance of the upper level disturbance (e3) and SST
and surface fluxes synergies (ea4, €14) as in previous effect is also shown.

During the second phase of the storm evolution, the main effects on the maximal hor-
izontal wind speed at 950 hPa become better identified, since their roles become stronger
and much more well defined as a reflection of the well-formed structure. This is sum-
marised in less number of principal effects for the three cases than in the formation phase
(see table 5.4.d). Storms are still reinforced by surface factors, meanwhile upper level dis-
turbance lost importance. In January 1995 case three of the five most important effects
are the same than in the effects on the central sea level pressure (eja4, €134, €24). More-
over the effects present the same behaviour. Cyclogenetic effects €194, €24, €134 increase the
wind speed of the system. This well correspondence between effects, could reflect a well
formation of the case as a tropical-like storm driven by the air-sea mechanism.

Effects on relative vorticity

Effects on the Relative Vorticity at 950 hPa at the centre of the storm (see figure 5.4.17)
clearly show the previous defined two phases of the evolution of these kind of systems.
There is a clear signal of the formation of the 960912 and 030527 medicanes in the vortic-
ity effects (see middle and bottom plots in figure 5.4.17), which are null until the storms
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Figure 5.4.16: As in 5.4.15, but for the maximum azimuthally averaged horizontal wind

speed at 950 hPa.
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Table 5.4.d: Averaged effects (ms~!/hour) of each factor during the different phases of
the cases at the maximal azimuthal averaged horizontal wind speed at 950 hPa of the
medicane. See table 5.4.b for the period of each phase

950116 960912 030527

Ist phase IInd phase  Ist phase IInd phase Ist phase  IInd phase
1st €94 (357) €24 (423) €1234 (958) €124 (867) €24 (222) €14 (274)
2nd  e3 (3.04)  ejo34 (-3.54) ei93 (-7.79)  e3q (2.73) es (1.69)  eja3 (-2.57)
3rd €14 (173) €134 (306) €12 (543) €14 (252) €14 (098) €134 (099)
4th €124 (—135) €14 (183) €4 (222) €1234 (—248) €2 (—059) €24 (072)
5th €134 (129) €124 (133) €134 (—203) €123 (—215) €123 (054) €1 (054)
6th €234 (104) €13 (119) €13 (129) €134 (—186) €19234 (049) €1234 (—048)
7th €93 (-101) €34 (106) €9 (-122) €934 (-173) €194 (-048) €124 (-042)
8th e; (0.93) es (-0.97)  enoq (-1.14)  e19 (-1.08)  eg3 (0.31)  ey3 (0.29)
9th €1934 (082) €234 (079) €1 (—062) €1 (045) €12 (028) €12 (—023)
10th €13 (—047) €1 (074) €3 (049) €13 (040) €234 (—023) €23 (016)
11th €123 (034) €3 (067) €34 (—038) €2 (035) €13 (017) €4 (011)
12th ey (-0.32) ey (-0.66) e (-0.35)  e5 (-0.31)  e5 (-0.14)  es (0.10)
13th €4 (025) €123 (—030) €93 (-034) €93 (028) €4 (009) €9 (011)
14th €34 (-007) €12 (024) €934 (-021) €24 (020) €34 (006) €934 (009)
15th €12 (—006) €93 (—010) €24 (017) €4 (—001) €134 (004) €34 (—001)
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Table 5.4.e: Averaged effects (107> s~!/hour) of each factor during the different phases of the cases on the Relative
Vorticity at the centre of the medicane at 950 hPa. See table 5.4.b for the period of each phase

950116 960912 030527

Ist phase IInd phase Ist phase IInd phase Ist phase IInd phase
1st €1234 (12547) €124 (5974) €1234 (19571) €123 (—16727) €1234 (7267) €3 (2725)
2nd €934 (—6551) €9 (3249) €934 (—10227) €134 (—11014) €3 (4379) €4 (2271)
3rd €12 (—3262) €93 (—2915) €123 (—9785) €1234 (8433) €934 (3818) €124 (2245)
4th €134 (—1929) €24 (—2790) €93 (8471) €13 (8329) €134 (—3687) €123 (—1636)
5th €1 (1861) €12 (—2526) €14 (7875) €14 (8082) €94 (3402) €93 (—1448)
6th €9 (1429) €14 (—2498) €34 (7678) €12 (6553) €93 (—3063) €34 (—1249)
7th €34 (1330) €1 (1736) €13 (7388) €94 (6131) €14 (2017) €134 (852)
&th €123 (1158) €934 (1669) €24 (7336) €124 (5591) €4 (1828) €1234 (—680)
9th e (-9.54)  enoss (-13.21) ey (-69.83) g (-25.64)  e1g3 (-17.42) ey (5.51)
10th €4 (-905) €4 (1153) €1 (-6958) €234 (-2534) €124 (1201) €94 (337)
11th €94 (871) €34 (-590) €134 (-6931) €34 (1939) €9 (-943) €13 (-295)
12th €13 (488) €3 (—226) €3 (—6090) €93 (1524) €13 (—688) €1 (175)
13th €93 (—485) €134 (—201) €4 (—6014) €3 (—1278) €1 (596) €14 (032)
14th €14 (101) €13 (102) €12 (5666) €9 (—1082) €12 (—402) €12 (—010)
15th 124 (-0.24) €195 (-0.23) e (-29.91) €4 (-5.61)  esq (-0.95) ey (-0.04)
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are starting to form (112! and 252* UTC, respectively). mature and dissipative phase is
depicted as a change in the roles of the factors in the 950116 and 030527 cases at 152
and 26'° UTC respectively. Similar change of the roles is observed in the 960912 case
at 12!2 UTC. The principal roles in the January 950116 shown a mixture of factors and
cyclolitic/cyclogenetic effects (see top panel in figure 5.4.17). On the other hand, 960912
and 030527 main effects follow two different characteristics. One group of the factors
maintain their effect after the genesis of the meso-cyclone (as it is shown by the fifth most
important effects of 960912 in the table 5.4.e). Other group of factors only are effective
during the initial period of formation of the system (shown by fifth most important effects
of 030527 case). The difference between effects of the cases, can be another evidence of
the strong dynamical differences between two tropical-like episodes of 950116 and 960912
and a not well defined tropical-like 030527 case.
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5.5 Sensitivity study on January 1995 medicane

January 1995 case has been described as the clearest case of tropical-like structure among
the three studied cases in the previous section. In addition, from a collection of about 40
cases, the January 1995 event shows the most clear hurricane-like structure on satellite
imagery?.

MM5 model has been shown as a quite adequate tool to simulate tropical storms,
like hurricane Andrew (Liu et al., 1997) and Mediterranean tropical-like systems (Reed
et al., 2001; Homar et al., 2003b). Since MM5 numerical simulations provide a quite good
simulation of the episode (see previous section), a detailed study of the air-sea mechanism
in this case can be done.

Analysis of January 1995 case is done following azimuthal averages of 16 radius (100
km long) taken equidistributed at all directions from the centre of the storm. Azimuthal
averaged values assume axisymmetry of the storm. Moreover, provides an unique way
to represent the results with spatial and temporal independence. However, due to aver-
age computations, obtained fields are smoothed and some details are missed. Moreover,
azimuthal averaged values are used as a way to ensure that the values of the fields are
describing the global characteristic of the system. Analysis is carried out in two ways: a
study of the correspondence of the characteristics of MM5 simulated case with the air-sea
idealised characteristics, and factor separation results for four selected factors: sea surface
temperature (SST), latent heat flux from sea (LHF), sensible surface heat flux (SSHF)
and Upper level cold low on a different set of variables.

5.5.1 Methodology of 2-d effects

In order to study the role of the air-sea mechanism, the effect of four factors as well as
their synergies are analysed. Simulation without any factor is carried out with sea surface
temperature (SST, factor 4) cooled 5°C, sensible surface heat flux (SSHF, factor 2) and
latent heat flux from the sea (LHF, factor 1) are switched off in the PBL scheme. Fi-
nally, upper level disturbances (ULd, factor 3), selected as all the potential vorticity (PV)
field between 500 and 100 hPa, is decreased a 10% of its value at each time when the
boundary conditions on the coarse domain (global analyses from ECMWF) are actualised
(every 6 hours). Instead FS provide a way to analyse the effect of the tetra- synergy
it is not analysed due to the high complexity and large variety of non-linear roles that
are included in this synergy (see table 5.4.a for a description of each simulation). It is
assumed that selected four factors provide a complete scope of the energetic cycle of the
air-sea mechanism. However, one should bear in mind that the latent heat release of the

2http://www.uib.es/depart/dfs/meteorologia/METEOROLOGIA/MEDICANES/
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strong, deep and vigorous cloud formation essential for the development of these storms,
as it was shown in another similar case by Homar et al. (2003b).

Study of the non-linearity of the effects on some point characteristics of the storm
(central sea level pressure, vorticity and maximum azimuthal averaged wind speed) has
been done in the previous section. Here the 2-dimensional effects of the factors following
16-radius azimuthal averaged fields (with a radius of 100 km from the centre of the storm)
will be presented. Previous studies (Homar et al., 2003b; Horvath et al., 2006) used FS
in the study of a single characteristic of the system (central pressure), others one (Stein
and Albert, 1993; Romero et al., 1997; Homar et al., 1999; Garcia-Ortega et al., 2007)
showed the effects on 2-dimensional patterns. In this case, FS technique is applied in
a Lagrangian way (following the centre of the simulated system) that provided results
will be focused on the structure of the system by itself. Thus, FS is not focused on the
results on a single control simulation, otherwise on the simulated feature that wants to be
studied. Showing the results on azimuthal averaged vertical sections of the storm is the
proposed way from which a generic scope of the role of the effect should be obtained in
both sense: the structure and induced dynamics. The azimuthal averaged effects should
provide a detailed view of the roles according to their relative position within the studied
feature. This increases the complexity of the study, since an interpretation of the effect
should be provide taking into account its positional dependence. At the same time that
a tropical-like storm has strong dynamically differentiated eye, wall and outer regions.

5.5.2 Validation of control simulation
Validation

Simulated trajectory and vertical structure of the cyclone present quite semblances with
the satellite-based tropical-like observed structure and storm trajectory (see figure 5.5.1).
At the same time, radial perspective of the simulated storm present clear tropical char-
acteristics (see figure 5.5.2). Unfortunately sparse observations are in this maritime area
and a verification following few ship measurements can only be done.

In order to analyse the goodness of the MM5 simulation of the case, BUFR files from
ECMWF were used. According to specifications of the observational stations they can
provide observations every 3, 6 or 12 hours. In this case 7 ship measurements available
during mature phase of the storm (when a clear eye was observed) are considered.

Simulated trajectory of the storm is quite similar to the satellite-based derived one.
However, simulated trajectory presents a temporal shift. Numerical storm evolves much
faster and last less time that the observed (see figures 5.5.1 and 5.5.3). Instead poor
temporal coincidence between observed and simulated trajectories of the storm, a com-
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Figure 5.5.1: Control simulation results (fi234). Left panel: MM5 simulated (line with
circles and dates in [DD]##] format) and satellite derived (line with crosses and dates in
[DD) g format) medicane trajectories for the 950116 case with the corresponding date
([DD]#H], format). Line colour according to box. Right panel: Temporal evolution of
the simulated sea level pressure at the centre of the storm (blue line, hPa) and maximum
horizontal wind speed at 950 hPa within a radius of 200 km from the centre (red line,
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Figure 5.5.2: Averaged time-azimuthal fields (from the centre of the storm) of MMb5
control simulated 950116 medicane during the period of maximum intensity (from 15th
Jan. 95 at 16 UTC to 16th Jan. 95 at 05 UTC, defined as maximum horizontal wind
speed and radial surface pressure gradient). x-axis (radial distance from the centre of the
storm, km), y-axis (pressure, hPa). Negative vertical gradients of EPT are blue shaded
(0,EPT < 0, convective instability). Top left panel: Equivalent Potential Temperature
(coloured line, every 1. °C'). Top right panel: Relative Humidity from 30 %. Bottom left
panel: Horizontal velocity (lines every 0.5 ms™!). Bottom right panel: Vertical velocity
(lines every 5 cms™'), upward (red line), downward (blue line)
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Figure 5.5.3: MM5 Control simulation results results for the January 1995 case (in reds;
wind speed at 950 hPa, Sea surface pressure field every 1 hPa and centre of the medicane
cross) and the observations (in blue: wind, surface pressure and satellite-based position of
the medicane). On January 15th at 18 UTC (left), and January 16th at 12 UTC (right).
Symbol & denotes medicane keeping § for hurricane
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parison among the structures of simulated and observed storms is attempted to be done.
Trajectory and warm-core simulated structures are taken as realistic enough to assume
well correspondence with observed one and for the porpoises of the study. Since at least, a
tropical-like cyclone is obtained in the MM5 simulations and the role of different features
related to the air-sea mechanism want to be studied.

Obtained fields during the maximum intensity of the simulated storm (between Jan-
uary 15th at 16 UTC and 16th 05 UTC, defined as a horizontal wind maximum at 950 hPa
close to the centre of the storm in figure 5.5.1, and stronger radial pressure gradients)
are compared to the observations meanwhile an eye-like structure in the centre of the
storm can be observed on satellite imagery (from January 15th at 07 UTC to 18th at 06
UTC). Observed characteristics of the storm are taking as a composite of all the measure-
ments located at the corresponding distance of the centre of the storm at the moment of
the measurement. Resultant storm is considered to have preservative structure avoiding
temporal changes or evolutions of its characteristics. Should beard in mind that this vali-
dation have strong approximations: an artificial construction of the characteristics of the
observed storm and comparison will be made between smoothed simulated fields (they are
spatial and time averaged) and punctual observations. However, according to the avail-
able observations, and knowing the temporal shift of the simulations, this methodology is
the proposed most accurate way from which the validation of the simulated mature state
of the medicane can be done with sparse and temporally shifted ship measurements.

MMb5 simulation presents a deeper low pressure disturbance with winds increasing
radius ward (see figure 5.5.4). A warm core can be derived (the centre of the storm is
warmer that the outer values, bottom left). Moreover a possible wall can be derived
from the maximum humidity value and lowest boundary layer height at a distance of
10 km from the centre of the storm (bottom right). Observational composite presented
somewhat similar to a tropical-like storm (cross values). Inner low core is warmer with
a maximum wind speed and humidity and low cloud base. However, observational and
simulated values are quite different. The most notorious difference is that meanwhile
MMS5 gives a deeper low than the observational compose one (top left), observations give
a stronger wind profile (top right).

Vortex characteristics

In order to analyse main characteristics of the mature state of the medicane, some vortex
mean fields are computed. Following to the trajectory of the storm, grid boxes of 400x400
km are taken of different fields centred at the storm maximum intensity (between Jan-
uary 15 at 16 UTC and 16th at 05 UTC). Equivalent potential temperature at 850 hPa
(EPT), relative vorticity at 950 hPa (RVOR), geopotential height at 500 hPa (H), sea
level pressure and mixing ratio at 2 m (Q) give an idea of a rounded clear structure (see
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Figure 5.5.4: Radial distribution from the centre of the storm of the MM5 control re-
sults for the January 1995 case azimuthal and time averaged values during the maximum
intensity of the storm (between January 15th at 16 UTC and 16th 05 UTC) and obser-
vations during the existence of an eye (from January 15th at 07 UTC to 18th 06 UTC).
Each value has been referred to its individual position of the storm. Sea level pressure
(hPa, top left), Wind speed at 10 m (ms~!, top right), Temperature at 2 m (°C, bottom
left), Mixing ratio at 2 m (gkg™!, bottom middle) and simulated planetary boundary
layer height (m) and observed base of the clouds (m, bottom right). Bars show standard
deviation of azimuthal averaging
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figure 5.5.5). However, Radiative tendency at 850 hPa RADTEND), temperature at 2 m
(T2), planetary boundary layer height (PBLHGT), horizontal and vertical wind at 500
hPa and isoentropic Ertel potential vorticity (ErPV Is) (see figures 5.5.6 and 5.5.7) do
not give any kind of clear organised structure.

It is shown how the storm is structured as a warm core low with high vorticity and
quasi-saturated centre (see figure 5.5.5). Significant down drafts are obtained during the
mature phase of the storm at its centre (see top right panel in figure 5.5.6). At the same
time, horizontal wind field do not show an enclosed homogeneous vortex circulation (see
figure 5.5.7). It is also obtained that the storm presented a maximum wind profile in the
back part of the storm (northern region).

The non-vortex characteristics of the storm are more evident at low levels than at
upper levels (see figure 5.5.7). A clear lower winds zone is extended eastward and it is
reflected at all levels. This could be a signature of the environmental influences of the
upper level anomalies that presented a clear meridional distribution (see ErPV Is field in
bottom right panel in figure 5.5.6). It should be also mentioned the shifted relative distri-
bution of the upper and low level disturbances. Geopotential height minimum (top right
panel in figure 5.5.5), is shifted eastward from the centre of the storm. The persistence of
the shift between upper and low level disturbances is also shown by the horizontal wind
profile in which there is a coincidence of a minimal wind intensity (see middle and bottom
figures in figure 5.5.7). The no clear existence of an axisymmetric vortex structure of the
storm can be considered as a reflect of the weakness of the tropical characteristics of the
storm as air masses with different thermal characteristics that confluence at the central
part of the medicane (see top left panel in figure 5.5.6). This point is also mentioned by
Montgomery and Farrell (1992) in the polar lows as a possible reflect of the warm air swirl
by cold air. Finally frictional effects are shown in the wind profile, since wind strength at
950 hPa is stronger than at 2 m (see figure 5.5.7).

5.5.3 PBL Air-sea structure correspondence

As has been said, MM5 numerical simulations present a cyclone with tropical-like char-
acteristics. Assuming well enough coincidence of the behaviour of the simulated storm,
MMS5 simulations will be used to study the importance of the air-sea mechanism in these
type of Mediterranean tropical-like storms.

General characteristics of the planetary boundary layer (hereafter, PBL) of the storm
do not present a clear structure as it is described by theory. Temporal evolution of
simulated regime (defined throughout the Bulk Richardson number and Monin-Obukhov
length) shows a pattern in which a signature of a wall and three related PBL zones can
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Figure 5.5.5: Time averaged fields in a grid box of 400x400 km centred at the centre of
the storm following its trajectory during its maximum intensity (From January 15th at
16 UTC to 16th at 05 UTC). For the Sea level pressure (hPa, top left) and Geopotential
Height at 500 hPa (gpm, top right). Equivalent Potential Temperature at 850 hPa (°C,
bottom left), Relative vorticity at 950 hPa (s~!, bottom middle) and Mixing ratio at 2 m
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5.5. SENSITIVITY STUDY ON JANUARY 1995 MEDICANE 237

70
60
50
40
30
20
10
0
©
a—~
P~
Q'
QE
88
2
0
5
-10
E -15
200 -150 -100 -50 O 50 100 150 200 200 -150 -100 -50 O 50 100 150 200
W-E W-E 20
09
08 200 200
07
06
05 150
0.4
03
02 100 -_
0.1
o 50
z 4 z
o 0= Z o0-

-100 =

-150 — -150 —

200 L 1 1 1 1 - 200 L L 1 1 1

-200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 -50 0 50 100 150 200
W-E W-E

PBL Heigth (m) T [ T
cwpLEREN
SREEES8

e

g 8 8

I

ErPV 330K (Pvu) [ Il
NI
R

-200 -150 -100 -50 0 50 100 150 200
W-E

e mma el N e |
0850 hPa ( Cday™)

bLUdhbbbibo

Figure 5.5.6: As in 5.5.5, but for the Temperature at 2 m (°C, top left), vertical velocity
at 500 hPa (cms™!, top right), radiative tendency at 850 hPa (°Cday !, bottom left),
planetary boundary layer height (m, bottom middle) and Ertel potential vorticity on an
isentropic surface at 330 K (PVU = 10 5m?Ks 'kg~!, bottom right)



238 CHAPTER 5. MEDICANES: TROPICAL-LIKE MEDITERRANEAN STORMS

Wind at 0500 hPa (knot) Wind at 0950 hPa (knot) ——

200 200
25 25
150 20 150 20
15 15
100 100
10 10
50 5 50 5
0 0
z z
o 0 - o 0 -
- -
1%} 1%}
-50 E -50 E
© ©
o o
-100 < -100 <
o Q
[=] o)
3 3
-150 st -150 st
£ £
-200 2 -200 =
-200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 -50 0 50 100 150 200
W-E W-E

Wind at 2 m (knot)

200
25
150 20
15
100
10
50 5
0
=z
o 0 .
7
(%2}
-50 £
£
-100 S
©
-150 2
=
-200

-200 -150 -100 -50 0 50 100 150 200

Figure 5.5.7: As in 5.5.5, but for horizontal wind speed at 500 hPa (ms™', top left), at
950 hPa (ms~', top right) and at 10 m (ms !, bottom), superimposed in barb notation
(triangle 50 knot, full pennant 10 knot and half pennant 5 knot)



5.5. SENSITIVITY STUDY ON JANUARY 1995 MEDICANE 239

be observed. At specific times three boundary regimes are simulated and presented a well
agreement with an eye-wall-convection regions (see figure 5.5.8). Changes in PBL regime
have correspondence with the lowest and most saturated region of the radius section that
can be identified with the wall zone. Due to subsidence in the eye, this zone should present
a stable boundary layer, meanwhile MM5 boundary layer scheme gives a free convective
regime. Blackadar PBL is a simple scheme that considers only two regimes (Grell et al.,
1995): free-convection and nocturnal regime given by a comparison between the critical
and the bulk Richardson Richardson numbers (Stull, 1988). The simplicity of the scheme
might not be accurate enough to provide an adequate view of the PBL.

However, temporal evolution of boundary layer characteristics reflect the complete
establishment of tropical-like characteristics of the storm (See figure 5.5.8); it is shown
how the centre of the storm is warming due to warm core characteristics (see increasing
centre temperature in thermal evolution in the top right panel). At the same time, inner
regions presented the lowest turbulent characteristics (lowest values of the friction velocity,
Uy, bottom right panel) and the enhancing of the eye as a wider section with the lowest
boundary layer heights (top left panel). However, as has been seen in temporal evolution
of the central pressure (see right panel in figure 5.5.1), surface pressure increases with
time (bottom panel in figure 5.5.8).

5.5.4 Effects on the vertical radial structure

Effects obtained for the January 1995 case have a relatively good relation to the dynamics
of the air-sea interaction (see previous section). For a more detailed study effects on 16
azimuthal averaged vertical cross sections of the system from the centre of the storm are
shown. These radial vertical cross sections are taken at three time steps. One on January
14th at 12 UTC (six hour after the starting time of the simulations avoiding model spin
up effects), on January 16th at 00 UTC (at mature state of the system) and during dis-
sipation phase on January 16th at 18 UTC.

The effects of the factors could be focused in two principal aspects of the storm;
thermodynamic aspects such as temperature, humidity and cloudiness and dynamical
aspects such us geopotential height and wind field. Even so, air-sea mechanism establishes
a thermodynamic base for the formation and evolution of a tropical storm that makes
possible the treatment of a hurricane as a Carnot engine (Emanuel, 1986, 1995). Thus
a well understanding of the evolution and structure of the EPT can give a wide idea of
the thermodynamic aspects of the system, even though other characteristics are not well
described by the variable. Some important aspects obtained from other variables will be
also mentioned when it is necessary, since some factors could have a strong impact on
specific other aspects of the system.
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Figure 5.5.8: Temporal evolution (from January 15th at 16% to January 16th 05° UTC)
of azimuthal averaged values PBL Height (top left), Temperature at 2 m (top right),
mixing ratio (gkg~', middle left), u, (ms~!, middle right), wind speed at 10 m (ms™,
bottom left), PBL regime (3: Forced convection, 4: Free convection; bottom middle) and
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Figure 5.5.9: Storm centred azimuthal averaged vertical cross section of constant angular
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If the air-sea mechanism is active during the medicane evolution, in somehow vertical
cross sections of the fields exhibit some peculiarities of the tropical-like structure of the
storm. Radial azimuthal averaged vertical cross section of the simulated mature state of
the storm (see figure 5.5.9), have some similarities with the radial structure of a hurricane
(Rotunno and Emanuel, 1987) (see figure 5.2.1). Constant angular momentum surfaces
draw two distinct zones: at low level, surfaces are radially equi-distributed; at mid-levels,
surfaces show up-outward distribution. A warm core structure is also shown with a sig-
nature of an eye-wall.

Effects are given at a specific moment of the simulation, which provide a time-
dependant description of the result. However, they provide a not smoothed view of the
storm that is given by averaged fields in storm’s mature phase discussed in the validation
subsection. Moreover, azimuthal averaged fields assume axis-symmetric structure of the
storm, and an unique and equal radius for all the periods of the storm, that might help to
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obtain an objective scope of the phases of the cyclone. Due to hurricane-like character-
istics of the storm, effects might have two distinguished values: at the centre and outer
regions.

Effects during formation

At the beginning of the storm (January 14th at 12 UTC) a weak vortex about 800 hPa
height, and a radii about 40 km is observed (see top left in figure 5.5.10). It is shown the
positive role of the surface fluxes in the storm as it was found by Kuo et al. (1991b). LHF
warms and moistens the surface layers (e, top right), meanwhile SSHF (e; bottom left)
warms and dries surface layers and deepens the storm cooling, moistening and increasing
wind speed at its centre (not shown). Enhancing effect in the core of the vortex, might
be a reflect of the positive role of the SSHF in maritime low disturbances described by
Mak (1997). Upper level disturbances (ULd hereafter, effect es, bottom middle), provokes
a decrease of the EPT all over the storm, except at the top of the centre of the vortex,
where the column of air at this zone is moistened and vorticity is raised until 700 hPa as
a result of the factor (not shown). Meanwhile induced down drafts of upper air dried. At
this moment, control simulation (in the fi934) disturbance is beneath an upper level cold
pool zone (not shown).

The synergy between the SSHF and the Upper level disturbances eys (bottom right
in figure 5.5.10) has a differenced role in the centre of the vortex and the outer regions,
with a vertical dependence according to the height of the vortex. It plays a role heating
and drying the centre of the storm, meanwhile the environment is cooled and moistened.
At the same time it reduces the wind speed at the centre of the storm (not shown). In
terms of the baroclinic development of the vortex, it plays a cyclolitic role, but it has
a positive effect towards the characteristics of an hurricane-like eye and it destabilises
the environment of the vortex. SST enhances the turbulent mixing and transports in
the surface (see bulk parametrisation of LHF and SSHF fluxes, Emanuel (1986)) and the
synergy (egq, left panel in figure 5.5.11) has a stronger equivalent effect than in the e
pure effect.

Similar role is obtained by the triple synergy ejo4 (middle) between surface fluxes (LHF
and SSHF) and SST from which a tropical driven effect on the evolution of the storm
can be derived. Mid level humidity is enhanced and cloud formation is promoted at outer
regions of the vortex (Cloud liquid water at middle levels is enhanced (not shown)). At
the same time it reduces wind speed and vorticity at the centre of the storm increasing
wind speed at outer regions (not shown). Finally, es3s reproduces the same pattern of the
SSHF by it self (right). It is remarkable that the mutual interaction of two factors eys
without taking into account influences of SST has the opposite sign. This result shows the
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Figure 5.5.10: Values on January 14th at 12 UTC. Top left panel: Control simulation
sea level pressure (fi034, simulation; every 1 hPa, blue lines), horizontal wind at 950 hPa
(orange vectors in barb notation; triangle: 50 kt, pennant 10 kt, half pennant 5 kt) and
central position and pressure of the storm (red z, red label in hPa), rest of simulated med-
icanes positions (green @). Top middle panel: Control simulation vertical cross sections
of azimuthal averaged horizontal wind speed (shaded in ms™') and equivalent potential
temperature (EPT, solid lines in °C', convective instability zone 0, EPT < 0 is shown as
thick dashed line). Rest of panels: Azimuthal averaged effects on EPT (dashed in °C;
blues: negative effect, reds: positive effect). e; (LHF, top right), es (SSHF, bottom left),
e3 (ULd, bottom middle), ey3 (SSHF and ULd synergy, bottom right)
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Figure 5.5.11: As in figure 5.5.10 but for esq (SSHF and SST synergy, left), e;o4 (LHF,
SSHF and SST synergy, middle) and ey34 (SSHF, ULd and SST synergy, right)

complexity of non linear processes that are involved in the mutual interactions between
factors.

Effects at mature phase

Mature state of the medicane (January 16th on 00 UTC, see left and middle plots in
figure 5.5.12) is described as a cyclone with a height of 600 hPa and a radii about 100
km. Radii of the eye seems to be about 10 km with the base of the wall at 30 km (zone
with the maximum wind speeds). In control simulation, at this moment, upper level dis-
turbance and medicane are completely coupled, since upper level central minimum height
(about 5470 gpm at 500 hPa) is located above the centre of the medicane (not shown). In
comparison to the formation phase of the system, it is shown a more unstable structure of
the storm according to the greater convective instable zone (0, EPT < 0 in figure 5.5.12
top middle panel).

Surface fluxes preserve the same role that they have in the initial phase. However,
LHF (e; effect at top right plot in figure 5.5.12) has increased significantly its influence
to higher levels and it has a strong pressure fall role at low levels (not shown). e3 drys
the middle levels of the system and decreases (weaker than in the initial phase) pressure
allover the vertical structure of the system (middle left plot in figure 5.5.12). SST warmed
low levels and has it strongest deepening role in the selected moments (not shown).

Effects of the synergies between surface fluxes (middle middle plot in figure 5.5.12)
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Figure 5.5.12: As in figure 5.5.10 and 5.5.11, but on January 16th at 00 UTC. Effects of
e; on Equivalent potential temperature (EPT in °C, top right), es on relative humidity
(%, middle left), e;o on EPT (°C, middle middle), ep4 on EPT (°C, middle right), e;34 on
EPT (°C, bottom left), e124 on geopotential Height (gpm, bottom middle) and of e124 on
relative vorticity (s!, bottom right)
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are most important in the core of the storm contributing to enhance its properties such as
vertical low humidity profile, low wind speed velocities and low cloudiness (not shown).
Synergy between LHF and ULd (ei3) has a dual role. It makes difficult the humidity
flux following air trajectories of the air sea mechanism (middle level constant angular
momentum surfaces structure as in figure 5.5.9), but deepened the system and enhanced
the air-sea mechanism characteristics of the storm. Not only it helps to low the pres-
sure, cloudiness and wind speed at the centre of the storm but it contributes to increase
cloudiness, vorticity and humidity at outer region of the eye (not shown). SSHF and ULd
mutual influences have a enhancing effect on the storm, since their mutual interaction
reinforces their positive individual role. This synergy (es3) moistened middle levels and
dried the air at the top and weakened wind speed of the centre of the storm (not shown).
e24 cooled and dried a wide zone within the storm that presents some similarities to the
mid-level constant angular momentum surfaces (see middle right in figure 5.5.12). Must
be noticed the antagonistic role of this effect in comparison to its role in the formation
phase. It could be a reflect of the change in the dynamics of the system. During initial
phase SSHF (factor 2), enhances storm reinforcing vertical transport of heat and moist to
boundary layer and upper levels. However, at mature phase, SSHF enhance turbulence
provoking a diminishing effect on the inward motion to the centre of the storm (maximum
values of u, are found at this phase, see figure 5.5.8).

e123 plays a dissipative effect (as it is shown in previous section), since it cooled and
moistened the core of the system (not shown) at the same time that it decreased humid-
ity and cloud formation in outer regions (not shown). Mutual interaction between LHF,
ULd and SST plays an important enhancing role moistening and warming the air-sea
mechanism trajectory pattern (ejss, bottom left) and promoting pressure fall and wind
speed enforce at the base of the wall (not shown). Synergy between surface fluxes and
SST (ej24) contributes strongly in the mechanical deepening (pressure fall and wind speed
increasing) of the system (bottom middle, negative effect), but present other thermody-
namic vanishing effects such us a cooling, moistening and enhancing cloud formation in
the core (not shown). At the same time, at outer regions low level air is cooled and middle
level is warmed meanwhile wind speed is increased as a result of it a strong increase of
relative vorticity all over the centre of the storm is induced (see bottom right plot).

Effects during dissipation

During the dissipative phase of the storm (January 16th at 18 UTC see figure 5.5.13),
control simulation (top left and middle plots in figure 5.5.13) shows a warm core struc-
ture with a radii about 50 km and a height of the vortex up to 750 hPa. At this moment
the storm is not located below upper level disturbance (not shown). Simulated atmo-
spheric conditions differ significantly among 16 simulations (see for example different lo-
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Figure 5.5.13: As in figure 5.5.10 and 5.5.11, but on January 16th at 18 UTC. e4 on
equivalent potential temperature (EPT, °C, top right), e;o on EPT (°C, middle left), e14
on Vertical velocity (cms™!, middle middle), es4 on EPT (°C, middle right), ;o3 on EPT
(°C, bottom left), e194 on EPT (°C, bottom middle) and es34 on EPT (°C, bottom right)
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cations among simulated medicanes in top middle panel). Simulated tropopause heights
at this time vary strongly. This is reflected in effects as strongly cooled(warmed) and
decreased (increased) horizontal wind speed about 450 hPa (like in bottom left plot in
figure 5.5.13). In simulations like fo4, fo, simulated vortex is almost disappeared at this
time (not shown). Tropopause is higher in those simulations that shown a vortex than in
those that it is practically disappeared. Maximum tropopause height differences between
simulations are about 150 hPa. However, in the simulations where the system is still
simulated a weak structure is shown, and two differentiated patterns are separated at 40
km from the centre of the system (see top middle plot in figure 5.5.13). Keeping in main
this description, effects will be only taking into account in middle and low levels.

Surface fluxes LHF and SSHF do not change their role in previous moments and they
keep warming and moistening the low levels (not shown). Due to ULd the system is dried
between 800-700 hPa (not shown). Due to SST low levels are warmed and moistened
(top right panel in figure 5.5.13) meanwhile pressure is increased. According to the en-
largement of the radius of the core, synergy between surface fluxes (ej3) increases and
extends the same role at the mature state that it has at the centre of the storm (middle
left plot in figure 5.5.13). LHF and ULd synergy (e;3) drys low levels and increase the
horizontal wind at the centre of the storm (not shown). Synergy between SSHF and ULd
e93 dries and diminishes horizontal wind speed at middle levels and the cyclonic rotation
of the system (not shown). Effect e14 drys and cools low levels as such as diminishes up
drafts at the base of the wall zone (middle middle plot in figure 5.5.13). As a result of
the mutual interaction between SSHF and SST (ey4), low levels are strongly dried and
cooled (middle right plot), and cloudiness in the wall zone is decreased. ez, dries low
levels and characteristics of the wall such as wind speed, cloudiness and up drafts are
diminished (not shown). Is notorious the vanishing role of the SST and its coupled in-
teraction with surface fluxes at this phase. Must be said that this vanishing effect of the
SST occurs in a region with the warmest SST (see figure 5.0.1), in contrast to previous
studies (Emanuel, 1986; Rotunno and Emanuel, 1987; Homar et al., 2003b; Fita et al.,
2007a) for which SST has an enhancing role. This is attributed to the vanishing phase of
the storm. At this phase, low levels are almost saturated (see Q at 2m evolution in figure
5.5.8). Saturation of boundary layer has been described as a way from which dissipation
of a hurricane might be done (Rotunno and Emanuel, 1987). Once boundary layer is
saturated, heat and moisture transports capacity of the layer finishes and the storm loses
its energy source. Thus, coupled interaction between a warmer SST and surface fluxes
contributes to enhance moist into an almost saturated boundary layer favouring the dis-
sipation of the storm.

Triple synergy ejs3 (bottom left plot in figure 5.5.13) plays an enhancing role deep-
ening the system and enhancing the characteristics of the wall through an intensification
of the wind speed, humidity and cloudiness in the zone in contradiction with the role in
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previous section. It could be related to a diminishing of the saturation in the boundary
layer allowing and enhance of its height (no clear ULd is shown at this position of all
the storms). ej94 cooled middle levels (bottom middle plot) but enforce the base of the
wall increasing its humidity and up drafts from which more cloudiness is created (bottom
middle). ej34 moistened and cooled generally all the system (not shown) and decreased
significantly the horizontal wind speed of the inner zone of the system (not shown). egs4
moistens inner zone and cools low levels of the system. Moreover increases up drafts in the
wall and also horizontal wind speed at high levels of the air-sea mechanism trajectories
(bottom right plot in figure 5.5.13).

Comparison of results between point and 2-d effects

Previous to a comparison among azimuthal averaged effects and point effects some consid-
erations should to be done. In the azimuthal averaged fields, 2-dimensional information
is obtained, meanwhile the effects where obtained for an unique grid point at the centre
of the storm. Due to 2-dimensional characteristics of the efectivities, simultaneous dissi-
pating and enhancing role can be obtained, meanwhile point effects only give an unique
behaviour at an individual grid point.

2-dimensional effects do not provide a clear baroclinic development at the beginning
of the storm. Effects related to ULd do not have the strongest role in the baroclinic
development role as it is reflected by point ones. Extratropical lows present a cold centre
(Thorpe, 1986), but for example 2-dimensional e3 and ey warm the central part of the
storm (see figure 5.5.10) promoting tropical-like warm core characteristics. ejo3 cyclolitc
role is shown using both methodologies.

Cyclogenetic effects of the point effects on January 14th at 12 UTC such as eyq, €134
presented also an enhancing role as azimuthal averaged effects. In mature phase (January
16th at 00 UTC), point effects 124, €24, €134, €3 are revealed as cyclogenetic effects deep-
ening centre of the storm, raising wind speed and relative vorticity at the centre of the
storm. From vertical azimuthal averaged cross sections of the storm, effects show different
enhancing/vanishing role: ej94 shows an enhancing role in some aspects such as increasing
vorticity at the centre or falling the pressure, but it cools and moistens the centre of the
storm. ey reduces the humidity on the theoretical trajectories (following constant angular
momentum surfaces) of the particle of air. ez shows a vanishing effect due to the drying
effect at middle levels, deepening at the same time the storm. Meanwhile e;3, exhibited
an enhancing role warming and moistening low-middle levels and decreasing the pressure
of the system.

During the dissipating phase vanishing role of the synergies with the SST are obtained
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with both methodologies. Punctual effects also change their role in later stages of the
evolution.



Chapter 6

Assimilation of observational data in
simulations

Articles on which this chapter is based:

L. Fita, R. Romero, A. Luque and C. Ramis, 2008: Effects on numerical simulations
of tropical-like Mediterranean storms of assimilating precipitation zones derived from
satellite and lightning data, Ann. Geophys., submitted
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6.1 Effects of assimilating data in medicane simula-
tions

Simulations of medicanes are an important challenge for the numerical models. These
systems are usually small, short lasting in time and evolve above maritime areas. At the
same time, maritime areas have sparse observations. Moreover, medicane formation and
evolution is related to convective processes. There is a large variety of processes that trig-
ger a convective process such as: mountain range, water source, upper level disturbance,
shear, solar isolation. The lack of information of the real situation of the atmosphere could
derive to a lost of a correct representation of the real conditions that will reproduce an
incorrect simulation of the medicanes. Reed et al. (2001) show the sensitivity and benefi-
cial effects on the numerical simulation when sea surface temperatures are corrected with
observations. However, limited area mesoscale numerical models have shown a reasonable
ability in simulating these storms (Lagouvardos et al., 1999; Pytharoulis et al., 2000; Reed
et al., 2001; Homar et al., 2003b), in spite of the limited observational data given their
maritime origin.

The modification of numerical simulations using observations from different sources
has been shown as a successful way to improve the results (Stauffer and Seaman, 1990;
Leslie et al., 1998; Zou and Xiao, 1999; Fan and Tilley, 2002; Ducrocq et al., 2002; Davo-
lio and Buzzi, 2004; Orlandi et al., 2004; Lagouvardos and Kotroni, 2005). MM5 model
(Grell et al., 1995) uses a four-dimensional data assimilation (FDDA) tool based on a
Newtonian-relaxation or nudging (Stauffer and Seaman, 1990) applied on the prognostic
equations.

A possible method for the improvement of medicane simulations is proposed using
satellite derived information. Satellite-derived precipitation type (stratiform or convec-
tive) is used to modify humidity vertical profiles through FDDA in MM5 simulations.
Lightning activity is used to mark convective points. The technique is applied in the
simulation of the September 1996 case (studied by Homar et al. (2003b), see figure 5.1.4)
and October 2003 (studied in Fita et al. (2007a), see figure 5.1.7).

6.1.1 Methodology

MMS5 version 3.7 mesoscale model has been used to simulate these two cases. Two do-
mains in two way interaction with a horizontal resolution of 15 and 5 km with 23 vertical
levels have been defined. The domains have different dimensions and are centred at differ-
ent points for each case. Initial and boundary conditions are derived from the European
Center for Medium-range Weather Forecasts (ECMWF) global analyses (at 00, 06, 12,
and 18 UTC). Analyses have been improved with Binary Universal Form for data Repre-
sentation (BUFR) observations archived at ECMWF (in FM-94 BUFR format, see WMO
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(2007)). Main MM5 physical configuration is graupel(reisner2) (Reisner et al., 1998) for
moist microphysical scheme, Kain-Fritsch (Kain and Fritsch, 1993; Kain, 2004) cumulus
scheme activated only in the coarse domain (5 km resolution is assumed to be high enough
to resolve cumulus), and cloud scheme for radiation (Grell et al., 1995).

Three different planetary boundary layer (hereafter, PBL) schemes are used in this
study in order to test the sensitivity of medicane simulations to the election of the PBL
scheme. These PBL schemes are referred to as Blackadar, ETA and MRF (Grell et al.,
1995). Blackadar scheme (Blackadar, 1979) computes PBL characteristics following bulk
Richardson number. It does not use a Turbulent Kinetic Energy (TKE) equation and
turbulent mixing is computed following an implicit vertical diffusion scheme. Eta scheme
(Janji¢, 1990, 1994) is 2.5 dimensional and it uses TKE with a local mixing dynamics.
MRF scheme (Troen and Mahrt, 1986; Hong and Pan, 1996) which is an improvement of
the Blackadar PBL scheme for higher horizontal resolutions.

Hong and Pan (1996) found that heavy rainfall events are better forecasted with
MRF approximations than with a local PBL scheme (used in ETA model), due to a
better representation of a well formed unstable PBL. Wisse and de Arellano (2004) show
that MRF scheme produces a weaker PBL inversion with stronger vertical fluxes than
ETA scheme. By this way heavier precipitation was obtained as a result of stronger
transport of moist and heat to the free atmosphere. ETA scheme produces a lower vertical
transport and helps to maintain a stronger inversion, as a result of it, higher values of
CAPE are forecasted. Consequently ETA presents more extreme precipitation rates.
These differences between vertical transports parametrised with different schemes were
found more significant over maritime areas than over land (Wisse and de Arellano, 2004).
Hurricane-like characteristics of the medicanes suggest that they should present a notable
sensitivity to the strength of low-level transport of heat and moisture.

Satellite data from European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT) and lightning datasets provided by Instituto Nacional de Mete-
orologia (INM, Spanish Met. Office) show a deep convection (observed as cold cloud top
pixels) and lightning activity during the formation phase of both storms (Luque et al.,
2007). During their mature state, number of cold cloud top pixels decreased, as well as
lightning activity (mostly located at these stages in warm cloud top pixels; see figures
6.1.1 and 6.1.2).

Infrared (11 pum) satellite images are used to depict stratiform or convective pre-
cipitation type. Lightning discharges are used to assist in the delineation of convective
areas, assuming that all lightning activity is developed within convective cells. Once the
precipitation type is obtained for each pixel, MM5 humidity vertical profile is modified
according to two different vertical structures including a layer of saturated air (stratiform
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Figure 6.1.1: Lightning activity for the October 2003 case. During October 17th 2003
(top), Oct. 18th (middle) and 19th (bottom). Discharges are indicated as a point coloured
according to the hour of hit (see color box). Source INM lightning detection net
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or convective structure).

The Histogram Matching Technique (HMT) is used to derive rain characteristics (in-
tensity of precipitation for a given cloud top infrared temperature value) from the satellite
images (Turk et al., 2000; Kidd et al., 2003). HMT rainfall estimation curve is obtained
by combining a set of simultaneous Meteosat infrared images with passive-microwave
rainfall images (SSMI and AMSR sensors). In order to identify convective areas a cross-
correlation methodology is applied for the tracking of cold cloud top pixels (cloud top
Infrared-channel temperature lower than 239 K). Cloud pixels are tracked applying a
cross-correlation method in 19 by 19 grid zones before the cloud pixel temperature change
with time is calculated. Rainy points that are cooling in time are marked as convective
according to the work of (Roberts and Rutledge, 2003), while the other rainy pixels are
marked as stratiform. Lightning discharges (see evolution during October 2003 case in fig-
ure 6.1.1) are used to mark as convective pixels a 3x3 pixels zone centred at the discharge
point even if these are outside the satellite convective area (see stratiform/convective dis-
tribution at two moments of the October 2003 episode in figure 6.1.2). Bear in mind that
in the FDDA only the precipitation type will be used irrespectively of the amounts.

Following Davolio and Buzzi (2004) the humidity adjustment in the model is done
following certain vertical structures associated with stratiform or convective precipitation
types (see figure 6.1.3, and equation 6.1.3). By this way, it is ensured a relaxation (by
factor R(o)) of the model grid point mixing ratio value (Q,,(,7, k)) to mid or low-level
saturating mixing ratio (Q;(%, j, k)) consistent with the forcing, respectively, of stratiform
or convective precipitation. The new humidity profiles are introduced in the simulations
via analysis and observational nudging as implemented in the FDDA package of the MM5
model.

However, MM5 humidity field is expressed in terms of mixing ratio. Humidity profiles
want to be saturated in some vertical levels according to a specific kind of precipitation.
For that reason a computation of the saturated mixing ratio value at each grid point should
be done with the model pressure and temperature values at that point (see equation 6.1.2).

17.67T
L= 6.22eap [t 1.1
¢s = 6.22¢ap (T T 243.5) (6.1.1)
€s
Q, = 0.662 (6.1.2)
p — €5

es, saturated vapour pressure is given in Bolton’s form (equation 6.1.1). 7" model
temperature; p, model pressure, Q; satured mixing ratio .
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Figure 6.1.2: Visible channel (top) and coloured infrared (11 pm, bottom) images from
METEOSAT-7 (Source EUMETSAT). Bottom panels: Stratiform (yellow colours), con-
vective (orange-red colours; Cong, satellite convective; Con,, lightning convective; Cong.y,
satellite and lightning convective;) and number of discharges (blue dots). Blue @ indicates
medicane position Left panels: on October 17th 2003 at 10%® UTC (left). Right panels:
on October 18th at 123° (maximum intensity)
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Figure 6.1.3: Vertical profile of factor R(c) (used in equation 6.1.3) for the correction of
the humidity profile in the convective precipitation (red) and stratiform (blue) precipita-
tion areas.

(i, 5, k) = Qml(i, J, k) + R(0) [Qs(i, j, k) — Qum (1, J, k)]
(6.1.3)

Nudging is only applied in the high resolution inner domain with a weight of 10 x 10~
and a time window of 6 minutes from the time of the observation (full influence +3 min-
utes, linear decay +6 min further). Weight computation of nudging term is done every
2 model time-steps with a vertical influence of the observation between levels of 0.001
(Cressman-type).

Eight experiments are performed for each medicane case (see table 6.1.a). A control
simulation (without humidity modification () values). Two modifications of the MM5 sim-
ulations are done without FDDA technique, in which initial and boundary conditions for
the humidity fields (i. e. analyses from ECMWF) are directly modified with the satellite
derived information. First experiment applies the modifications only to the initial condi-
tion (REGRIDmod experiment). In the second experiment the procedure is carried out
at each analysis time (00, 06, 12 and 18 UTC, REGRIDmod TOT experiment).

MM5 FDDA technique can be applied as analyses nudging. In this case, analyses
grid point values drive tendencies of the model. Analysis nudging is done with the non-
modified version of the analyses (FDDA AN exp.), and with analyses in which humidity
vertical profile has been modified with satellite-based information (FDDA rhAN exp.).
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Table 6.1.a: Complete set of experiments for the September 1996 case (left) and October
2003 case (right). A7 indicates horizontal resolution (km) of the satellite-derived infor-
mation used. At indicates the frequency (hours) of assimilation into the simulations of
the satellite-derived information. () indicates no data assimilation. V, indicates maximum
available resolution. %;, indicates simulation start time

simulation 960912 031018
km) At (h) km) At (h)

>
=y
—
>
=y
—~~

control
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OBS 3h
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ot

DN

ww oI < S
[y
ot

W< S
wH=<<o oo oS

\]

Satellite information is obtained every 30 minutes (i.e. operational frequency of
METEOSAT-5 and METEOSAT-7 geostationary satellites) with a horizontal resolution
about 5 km in the study zone. Modifications of vertical humidity profiles are done in
the lowest 12 sigma-levels. Computational memory limitations do not allow to use to-
gether the maximum temporal and spatial resolution of the satellite information. Thus
an observational nudging with full temporal resolution and reduced horizontal resolution
(OBS TOT exp.) has been performed. Two additional experiments have been performed
with the highest horizontal resolution that computational resources allow under a satellite
information update frequency of 1h and 3h (OBS 1h and OBS 3h experiments). Table
6.1.a shows the specific configuration of each experiment. Figure 6.1.4 shows the resultant
data included at the first time step of the October 2003 simulations according to each
resolution.

The above experiments will be compared with respect to the control one with regard
to the characteristics of the simulated medicanes and in terms of several meteograms.
These meteograms are located at the genesis and evolution areas of each medicane and
are drawn for different variables such as precipitable water, sensible surface heat flux,
surface latent heat flux and convective available potential energy (CAPE).
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Figure 6.1.4: Rainy type of information that will be nudged (Domain 1 grid) on October
17th 2003 at 00%°. Original satellite-based information (top left, satellite grid), OBS TOT
experiment (top right), OBS 1h 15k exp. (bottom left) and OBS 3h 7k exp. (bottom
right). @ indicates position of medicane. Satellite information is from October 17th 2003
at 003, since no satellite image was available at starting simulation time
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6.1.2 Results

Control simulations of the two cases with the three different PBL schemes show formation
of the system but a poor agreement between simulated and observed trajectories (see figure
6.1.5). Both medicanes are formed under the western sector of an upper level trough (see
figure 5.1.4 and 5.1.7 for the September 1996 and November 2003 cases respectively)
characteristic of the baroclinic growing of disturbances (Hoskins et al., 1985). However,
these two medicanes do not evolve closely related with the upper level disturbances since
their trajectories differ with respect to the trajectory of the maximum vorticity centre of
the upper level trough (see figure 6.1.6). Evolution of both medicanes is dominated by an
upper level trough, but their trajectory is somewhat independent from the movement of
the upper-level disturbance (at least of its vorticity maximum). It is also observed that in
general, there is not a clear correspondence between low pressure values at the centre of
the collection of the different simulated medicanes and maximum horizontal wind speeds
(see figure 6.1.5).

Upper level disturbance exhibits sensitivity to the used PBL scheme (see figure 6.1.7).
These differences between the evolutions of the upper level trough centre obtained with
the three PBL schemes grow gradually in time. Changes on the characteristics of the low
level peculiarities induced by the PBL processes influence the upper/low level baroclinic
interaction, affecting the growing of the low level disturbance (e.g. sensible surface heat
flux effect on Horvath et al. (2006)) and the diabatic behaviour of the upper level trough.
Changes on the diabatic evolution of the upper level trough are also as consequence of
changes on moisture content of the column of air as a reflect of different efficiencies on
vertical transport from low levels induced by each pbl scheme. Less moisture content
would weak convection and diabatic heating of middle levels due to latent heat release by
cloud formation.

Meteograms at different locations along the medicanes path (see figures 6.1.8 and
6.1.9) show a variety of sensitivities to the selection of the PBL scheme (similar behaviour
is observed for the meteograms at other points, not shown). Increase of the surface fluxes
and precipitable water is a signature of the hurricane characteristics of the medicane
(Emanuel, 1986). Accumulated potential energy would be used in the intensification of
the system throughout convection, reflected as a decrease of CAPE values after the in-
coming of the medicane in the area. The strong surface winds increase surface fluxes and
thus water vapour content in the lower troposphere from which cloud formation will be
reinforced. Meteograms at other model grid points corresponding to later phases of the
evolution of the medicanes show a similar behaviour (not shown).

Experiments involving assimilation of satellite and lightning activity information into
the simulations (see table 6.1.a) produce significant modifications on the forecasts (see
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Figure 6.1.5: MM5 control simulation results with three different PBL schemes, Blackadar
(red), eta (blue) and MRF (green). Evolution of the central pressure (hPa, top), maxi-
mum horizontal wind speed at 950 hPa (ms~!, middle) and medicane trajectory (bottom,
symbols along trajectories indicate simulation, time, see legend in graphs) compared with
the satellite-based trajectory (thick black line). September 1996 case (left), October 2003
(right). A,B,C points indicate where meteograms have been obtained
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figures 6.1.10 to 6.1.13). Simulated medicanes are deeper in almost all cases. According
to the upper level influences previously discussed, trajectories of medicanes have changed
significantly due to changes on the evolution of the upper level trough and changes in the
medicane zone genesis that affected the relation between upper and low-level disturbances
in the simulations (see figure 6.1.14). Regarding trajectories, these are generally worse
for September 1996 case and better for October 2003 medicane, compared to the control
ones.

Taylor diagrams (Taylor, 2001) of the simulated trajectories taking as reference the
satellite-derived trajectory (with more than 30 values used in the statistics) are plotted
(without overall bias correction) in figure 6.1.15. Taylor diagrams show higher sensitivity
to the FDDA methods for the standard deviation than for the correlation. That means
that the trajectories suffer a higher change in its morphology and zone of evolution than
in their temporal sincrony with respect to the observed one. No smoothing of refilling
techniques have been applied on the satellite-observed trajectories of the medicanes.

Experiments 'FDDA rhAN’, 'OBS TOT’, ’OBS 1h’ and ’OBS 3h’ imply a direct
impact of the satellite/lightning information into the simulations. Only in these 4 exper-
iments changes in the vertical humidity profiles are introduced at specific grid points and
time steps, thus directly affecting the humidity tendency term in the model equations. In
order to analyse the effect of data assimilation into the simulations, meteograms for these
4 experiments at one particular model grid point are drawn in figures 6.1.16 and 6.1.17.

Simulation results do not exhibit a significant improvement of the trajectories of the
medicanes. In order to provide an objective way to compare simulated and satellite-
derived trajectories and as an attempt to simplify the large amount of information, some
statistical parameters are proposed (appendix A).

Simulated medicanes show slower translational speeds than the satellite observed ones
(see control simulation results in figure 6.1.5). A new method to evaluate the temporal
shift of two trajectories is here put in practice. The temporal shift between satellite-
observed and simulated trajectories of the medicanes is objectively studied by means of
the temporal dependence of bias and correlations (see BZAST™ and PR}'** definitions
in equations A.1.2 and A.3.15, respectively, of the appendix A). These statistical indices
are iteratively recomputed using simulated trajectories that are positively or negatively
displaced in time (e.g. an advanced trajectory is obtained when a simulated position
at time ¢, %, is changed to the position at time ¢ + nAt). Temporal shift between tra-
jectories will correspond with that shift nAt¢ (At = 1 hour) that minimises bias and
maximises correlation scores. BIAS informs about the spatial proximity of the simulated
and satellite-observed trajectories. Correlation is focused on the similarity between the
morphologies of trajectories.
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Figure 6.1.6: Evolution of Ertel PV maxima on the 330 K isentropic surface (red) related
to the evolution of September 1996 (left) and October 2003 (right) medicane (blue) at
different time steps (see legend). Simulations using Blackadar PBL scheme (top), ETA
(middle) and MRF (bottom). In September 1996 simulation appear two maximals, o
(green line), and S (red line)
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Figure 6.1.7: Temporal evolution of Ertel PV maxima on 330 K isentropic surface related
to the evolution of medicanes 960912 (red) and 031018 (blue), for each PBL scheme:
Blackadar (cross), ETA (square) and MRF (circle). Date/Time indicated at bottom axis
for September 1996, and at top axis for October 2003 medicane. In September 1996
simulation appear two maximals, « (green line), and § (red line)
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Figure 6.1.8: meteograms at point A (see left bottom panel of figure 6.1.5) for the simu-
lation of September 1996 medicane, showing CAPE (Jkg !, top left), Precipitable water
(mm, top right), surface sensible heat flux (Wm 2, bottom left) and surface latent heat
flux (Wm™2, bottom right). Results obtained with each PBL scheme are included: Black-
adar (red), ETA (blue) and MRF (green). Vertical arrows indicated the time at which
the medicane simulated with each scheme passes closeliest to the point. Distances (km)
of the medicane centre ’&’ to the point are indicated at the top left corner of the graphs
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Figure 6.1.9: As in figure 6.1.8 but for the October 2003 medicane at point B (see bottom
right panel of figure 6.1.5). ETA and MRF simulated medicanes arrows are superimposed
since both medicanes reached the point B (right bottom panel of figure 6.1.5) at the same
time, on 18th at 9 UTC
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Simulated trajectories by the whole set of experiments have similar bias with respect
to the satellite-based trajectory (see figure 6.1.18 as an example). It is shown how the
satellite-derived information has mainly influenced the localisation in time of the medi-
cane but it has basically left the morphology of the trajectories unchanged.

Similar dependence of BZAST™ on temporal shift is obtained in each medicane for
the group of experiments and PBL schemes (see figure 6.1.19).

Fort both cases, lowest correlation values are obtained for those simulations in which
observational nudging has been applied, the best results being obtained with the 'FDDA
AN’ experiment. In general, larger similarity between simulated and observed trajectories
are obtained in those simulations where observational nudging has not been applied (see
figure 6.1.20).

For both studied medicanes, simulations with MRF scheme produce stronger sys-
tems than with Blackadar scheme. No significant differences between the nonlocal mixing
schemes (Blackadar and MRF) on the evolution of the pressure at the centre, maximum
wind speeds and the trajectory for each experiment are observed.

The larger differences with respect to the characteristics of simulated medicanes and
meteograms among the simulations using the ETA model might be related to its local
mixing characteristics. Satellite-derived information modifies vertical profiles of humidity
at low levels (convective rain points) and middle levels (stratiform rain points). Blackadar
and MRF PBL schemes produce a stronger vertical transport and more mixing at low
levels than ETA scheme. Thus changes due to data assimilation might be weakened using
the first two schemes (middle column panels in figure 6.1.17 show larger variations with
respect to control ones).

September 1996

September 1996 medicane shows the strongest sensitivity on changes of the PBL scheme.
In this case, last steps of the trajectory with Blackadar scheme show differences with
the trajectories obtained with the other two schemes larger than 300 km. September
1996 medicane simulated with the Blackadar PBL scheme is deeper than the simulated
with MRF scheme (maximum difference is about 4 hPa, see top and middle panels in
figure 6.1.5) and maximum horizontal wind speeds for each simulated medicane differ also
significantly (maximum differences about 10 ms™'). Moreover, the deepest and strongest
medicane is obtained when ETA scheme is used.
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Figure 6.1.10: September 1996 medicane simulations. Left column: Central sea level
pressure (hPa) referred to control value (PresSgim—Prescontro). Middle column: Maximum
horizontal wind speed (ms™!') at 950 hPa within a radii of 200 km from the centre of
the storm, referred to control value. Results are shown for the set of experiments with
Blackadar PBL scheme (top), ETA (middle) and MRF (bottom). Lines colours are:
Control simulation (red), REGRID mod (green), REGRID mod TOT (blue), FDDA AN
(pink), FDDA thAN (light blue), OBS TOT (yellow), OBS 1h 3k (black) and OBS 3h 3k
(orange)
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Figure 6.1.11: September 1996 medicane simulations. Trajectories of simulated medi-
canes. Results are shown for the set of experiments with Blackadar PBL scheme (top),
ETA (middle) and MRF (bottom). Colour codification of the dots for each simulation is

the same as in figure 6.1.10
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Figure 6.1.12: As in figure 6.1.10, but for the October 2003 case
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Evolution of September 1996 case (see left panels in figure 6.1.6) seems to exhibit a
momentaneous strong relation with the upper level disturbance. The medicane is formed
off the Eastern coast of the Iberian Peninsula. It grow in this region and starts to move
eastwards at the same time that the centre of the trough enters over the zone (between
Iberian peninsula and Balearic Islands). Associated flow to the upper level disturbance
seems to drag the medicane from its genesis zone (see figure 6.1.6). The southernmost
evolution of the upper level trough with Blackadar PBL scheme could explain the lower-
latitude trajectory of the simulated medicane. Lower values of central pressure in ETA
simulated medicane (see figure 6.1.5) could be explained by the strong overlap of the centre
of the trough and the medicane (see left middle panel in figure 6.1.6) during which a mutual
interaction through baroclinic development or the enhancement of the thermodynamic
equilibrium between the Mediterranean Sea and the atmosphere (Emanuel, 2005) might
contribute to increase the intensity of the storm.

September 1996 case shows strong sensitivity of central ErPV values of the trough to
the PBL scheme. It is significant the large differences between the strength of simulated
medicane with ETA PBL scheme and the other two simulations (see figure 6.1.14). Dur-
ing the simulation of the episode two vorticity maxima appeared (c, /3, see green and red
lines respectively in figures 6.1.6 and 6.1.7). Larger coupling between 3 upper and low
level disturbances obtained with ETA pbl scheme contribute to generate a significantly
deeper medicane. Maximum horizontal wind speed at 950 hPa reach hurricane intensity
(over 33 ms !, see middle left panel in figure 6.1.5).

At the genesis zone of the September 1996 case (point A, figure 6.1.8), higher CAPE
and Latent Heat Flux are obtained with the ETA scheme, but precipitable water is slightly
lower. These results are in agreement with results of Wisse and de Arellano (2004)
in which the lower magnitude of vertical transport in the ETA scheme compared with
Blackadar and MRF nonlocal mixing schemes results in a less eroded capping inversion of
the PBL, with higher CAPE values. Differences between PBL results are enhanced due
to the maritime characteristics of the selected points where meteograms are drawn: high
values of the Latent Heat Flux from sea areas and the nonlocal (Blk, MRF) vs. local
(ETA) mixing properties of the schemes, result in significantly different moist vertical
transport among the simulations. For a meteogram obtained at a land point (at the
centre of Mallorca Island) lower differences between results are observed (not shown).
Diurnal cycle at this land point is depicted with strongest signature (largest differences
between day and night values) with MRF scheme. The genesis of the medicane (vertical
arrows in figure 6.1.8) is accompanied by a decrease of CAPE, a transitory enhancement
of precipitable water and a rise of the surface fluxes.

Simulations of September 1996 case with the satellite/lightning information show
stronger medicanes than the control one during its mature phase (see figure 6.1.10), al-
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Figure 6.1.15: Taylor diagrams of simulated and satellite-observed trajectories, defined by
the distances of trajectory vertices to the origin of coordinates of each domain of evolution.
September 1996 (left) and October 2003 (right). With Blackadar (top), ETA (middle) and
MRF (bottom) PBL schemes. 0., standard deviation of the simulated trajectory (com)
establishes the radius. R, correlation between trajectories, establishes the angle respect
to the abscissas. Root Mean Square Error (RMSE) is the distance between simulation
dots and standard deviation of the observed trajectory (black cross). Colour codification
of the dots for each simulation is the same as in figure 6.1.10
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Figure 6.1.16: Evolution at point A (bottom left panel of figure 6.1.5) during September

1996 simulation of the Precipitable water (mm, top), surface sensible heat flux (Wm 2,

2

middle), latent heat flux (WWm™2, bottom). For control simulation (red), OBS TOT
(yellow), OBS 1h 3k (black) and OBS 3h 3k (orange), with the Blackadar (left), ETA
(middle) and MRF (right) PBL schemes
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Figure 6.1.17: As in figure 6.1.16 but for the October 2003 case at point B (bottom right
panel in figure 6.1.5)
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though weaker medicanes are obtained at the later stages of the simulations. The largest
differences on trajectory and central pressure value with respect to the control one (for
all PBL schemes) are obtained with the experiment 'FDDA AN’ (FDDA with unmodified
ECMWF analyses). In these simulations (pink lines in figure 6.1.10), simulated medicanes
are significantly weaker (they vanish before September 13th at 00 UTC) and their trajec-
tory differ significantly from the other ones (figure 6.1.11). In these experiments, results
are forced to be very similar to the ECMWF analyses, and ECMWF analyses do not fully
capture the structure of the medicane owing to a poor horizontal resolution (ECMWF
analyses at that time were truncated at T213, 0.5625° degrees of horizontal resolution). In
FDDA AN experiment, MM5 simulated medicanes (for the three PBL schemes) present
trajectories very similar to the upper level trough path (see figure 6.1.14 as an example of
simulated trajectories of upper level maxima disturbance). Deepest simulated medicanes
are obtained when the observational nudging is applied (experiments labelled OBS TOT,
OBS 1h 3k, OBS 3h 3k; yellow, black, and orange lines in figure 6.1.10). OBS TOT
experiment (coarse spatial resolution of observations that allows the highest temporal
resolution of satellite information) produces the deepest medicane.

September 1996 deepest medicane is obtained by experiment ’OBS TOT’ (humidity
modification at every time step with the maximum computer! allowed spatial resolution,
in this case 15 km; yellow line in figure 6.1.10). Similar tendencies of central pressure,
maximum horizontal wind speed and trajectories of the simulated medicanes are obtained
in the experiments using the same horizontal resolution but different temporal frequencies
(experiments labelled ’OBS 1h 3k’ and ’OBS 3h 3k’, orange and black lines respectively
in figure 6.1.10). However, experiment 'OBS 1h 3k’ presents a bit stronger dissipation
rate of the medicane than the lower temporal resolution experiment.

Taylor Diagrams show how the implementation of FDDA on 960912 case worsens
trajectories (lower correlation and lower standard deviations). Simulated trajectories for
September 1996 medicane are much closer to the satellite observed (lower Root Mean
Square Error, RMSE, of the distance between simulation points and reference point in
the diagrams) than October 2003. Data assimilation in September 1996 simulations mod-
ify both indexes, correlation and standard deviation, with a higher impact on the standard
deviation.

No significant differences among the evolutions of precipitable water and sensible and
latent heat fluxes from meteogram at the genesis zone of September 1996 are obtained
with the assimilation of satellite/lightning information (see figure 6.1.16) with respect to
the control one.

1On a PC Linux cluster with central and auxiliary nodes all with 4Gb of memory
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September 1996 episode has a stronger sensitivity of BZAST™ to the temporal shift
than the October 2003 case. September 1996 episode has a symmetric response to ad-
vances/delays of the simulated trajectories. The lowest BZAST" values for almost all
the experiments are obtained without the addition of a temporal shift in the simulated
trajectories. Clearer results for the 960912 case can be attributed to the simplicity of
the trajectory of the medicane in comparison to the 031018 case, in which the trajectory
presents a loop. For September 1996 medicane, lowest BIAS%? values are obtained in
the experiments that do not use observation nudging (labelled REGRIDmod, REGRID-
mod TOT, FDDA AN, FDDA rhAN).

No significant improvements of the BIAS corrected "pure coordinate correlation’ (PR ey )
are obtained when simulated trajectories are temporally advanced or delayed (see figure
6.1.20). The introduction of a positive/negative temporal displacement in the Septem-
ber 1996 simulations produces a clear decrease of the correlation. None experiment or
temporal shift gives better correlation results than the correlation attained by the control

simulation without BIAS correction (horizontal solid black line in figure 6.1.20).

FDDA experiments with ETA PBL scheme simulate a stronger medicane, dissipa-
tion of the system occurs faster than in the control simulation using the same ETA PBL
scheme (an abrupt change on 12th September 1996 at 09 UTC in middle panels of figure
6.1.10 is observed). It was shown how in the control simulation a long-lasting interaction
occurs between the upper level trough § maxima and the medicane (see middle left panel
in figure 6.1.6). Different trajectories of the upper level and low level centres simulated
in the FDDA experiments seem to produce a reduction in the interaction between distur-
bances (not shown).

For September 1996, better skills (higher correlations, lower bias) are generally ob-
tained when experiments are done with ETA PBL scheme.

October 2003

Blackadar simulation of October 2003 medicane is deeper than that one simulated with
ETA scheme. However, medicane simulated with ETA scheme presents, during some pe-
riods of the evolution, the highest wind speed values.

October 2003 medicane evolution does not seem to follow so clearly the upper level
disturbance as the previous case. There are not significant differences among the trajec-
tories obtained with the different PBL schemes (see figure 6.1.5). Medicane and centre
of the trough do not evolve simultaneously in this case. The closest approach between
both systems does not reach 200 km (see right panels in figure 6.1.6). Therefore, October
2003 medicane might be more influenced by the general flow pattern associated with the
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Figure 6.1.19: Dependence of the BLZAST™ of the distance between satellite-derived
trajectory and simulated trajectories on temporal shift for the September 1996 (left) and
October 2003 (right) cases. With the Blackadar (top), ETA (middle) and MRF (bottom)
PBL schemes. Negative values mean temporal advances of the simulated trajectory and
positive values mean delays. x is the value of the minimum BZAST™ for the control
trajectory obtained for a given temporal shift. Colour reference of the lines is the same

as in figure 6.1.10
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upper level trough rather than by the precise movement of its centre of maximum vorticity.

October 2003 evolution of the upper level disturbances seems to be more adiabatic
than September 1996 event, as a reflect of the independence between the upper-level
maximum vorticity centre and medicane, for which a lower interaction between lower and
upper level disturbances is established.

October 2003 case does not exhibit large differences between meteograms at formation
zone (point B, figure 6.1.9) and presents lower values for all selected variables than the
previous case. The intrusion of the growing medicane in the zone is also observed as a
decrease of CAPE, a transitory maximum of precipitable water and an increase of surface
fluxes. Larger differences in precipitable water amounts and surface fluxes intensities with
respect to ETA simulation values are shown by the Blackadar and MRF meteograms in
later stages of October 2003 simulations (see figure 6.1.17).

In comparison to September 1996 episode, October 2003 case reflects a lower influence
of the the FDDA technique on the simulations (see figures 6.1.12 and 6.1.13).However,
this case presents the strongest sensitivity of the characteristics of simulated medicane
on the FDDA technique. Differences between the set of eight experiments for a given
PBL scheme are larger than in previous case. There are differences between experiments
for the same PBL scheme larger than 10 hPa in the central pressure value and 10 ms™!
for the maximum horizontal wind speeds. Upper level trough trajectories do not differ
significantly, these differences becoming larger at later stages of the episode (see figure
6.1.14). This result would confirm the aforementioned low dependency of the medicane
evolution on the upper level evolution, since changes in the trajectories and characteristics
of the upper level maximum are weak. Deepest medicanes are related to the experiments
where observational nudging is applied. In these cases, deeper pressure at the centre of
the storm is also associated with stronger horizontal wind speeds.

October 2003 episode presents the strongest simulated medicanes with experiments
’OBS TOT’ and "OBS 3h 7k’ (see table 6.1.a). These results, in agreement with the results
obtained in the previous case, show that observational nudging for the two presented cases
is more sensitive to the horizontal resolution of the data than to the temporal frequency
with which the data is incorporated in the simulations.

FDDA methodology improves the trajectories of the October 2003 simulations (see
figure 6.1.15) according to the decrease of the RMSE between simulated and observed
trajectories, having a low impact on the correlation in contrast to its significant effect on
the standard deviation.

Meteograms of precipitable water, sensible and latent heat surface fluxes at the genesis
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zone of October 2003 case show higher values than in control simulation (see figure 6.1.17)
when satellite/lightning data is used (similar behaviour of the variables is observed in the
meteograms at other points, not shown). Bearing in mind the low sensitivity in previous
case, this would mean that the humidity field is better represented in the ECMWF anal-
yses of the September 1996 case, than in the October 2003 analyses.

October 2003 presents a clear decrease of BLAST™ when simulated trajectories are
temporally advanced with respect to the satellite one, while both increasing/decreasing
effects when they are delayed. Bias results for the 2003 medicane are case dependant.
A general advance about 6 hours reduces the bias (BZAST") between simulated and
observed trajectories.

Some of the October 2003 simulations improve the pure coordinate correlation be-
tween trajectories, but temporal shift makes the results worse, even produces negative
correlation values (see figure 6.1.20). Strong differences for a specific PBL with respect
to the experiments are a reflect of the strong sensitivity of the October 2003 case on the
FDDA technique.

For October 2003 episode the best simulation is not determined by an unique PBL
scheme or experiment.
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Dependence of the pure coordinate correlation PR (bias corrected) for
each experiment as function of temporal shift, for the September 1996 case (left panels)
and October 2003 (right panels). With the Blackadar (top), ETA (middle) and MRF
(bottom) PBL schemes. Solid black line is the correlation for the control simulation
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Chapter 7

Conclusions

A variety of Mediterranean cyclogenesis has been analysed. Although they evolved within
the same environment a relative important number of different mechanisms and processes
responsible for their genesis, maintenance and dissipation have been found. Three main
numerical techniques: atmospheric numerical model, piecewise PV inversion and Factor
Separation have been used to analyse the cyclogenesis in the Mediterranean basin. Each
one provides different information from the processes allowing a robust and global view
of the topic.

Conclusions obtained as result of all the developed studies are referred to two aspects:
dynamical description of Mediterranean intense cyclogenesis and limitations and improve-
ments of used numerical methodologies. It must be recognised that these conclusions have
two main limitations: case dependence and numerical origin.

The non-linearity of the atmosphere limits its comprehension. Similar initial condi-
tions might derive in different situations and phenomena. By this way, in order to obtain
a wide and general perspective of the dynamics of the atmosphere a wide number of cases
must be studied. Even after the study of a large number of similar episodes, due to the
non linearity, a new case could be completely different. Thus, results must be seen as the
particular response of the ’atmosphere’ at the specific situation.

Almost all the results are based in numerical models and/or numerical techniques.
Observations have only been used in some cases as a way to make, in some manner,
more realistic the initial conditions of the representation of the atmosphere. Although at-
mospheric observations are sparse and contain errors, they constitute the most accurate
and close description of the real atmosphere that we can have. Numerical methodolo-
gies constitute a well developed labour that allows: a complete description and evolution
of the atmosphere based on equations and the repetition of the experiments. However
without the use and validation of observations one can not be sure of the degree of nu-
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merical/method artifice of its results.

Keeping in mind the previous limitations in relation to the results, the author is
pretty confident in his results. A selection of different cases when it was possible has been
tried in order to widen the scope of the results. In the piecewise PV inversion study of
the November 2001 episode, results for a unique case are obtained. But in this study,
two objectives were searched: analysis of the case and the practice of an improvement of
the piecewise PV inversion numerical technique. The use of observations has been very
limited, and it has been reduced to a general comparison with satellite-based trajectories
or radar reflectivities. This can limit the accuracy of the results, however, there is any
way to verify, contrast or validate some of the objectives of the studies, like the effects of
factors or piecewise PV inversions with measurements or observations.

7.1 Strong cyclogenesis: November 2001

The 912 November 2001 Mediterranean cyclone has been studied in terms of its sensitiv-
ity to changes in the initial conditions due to three PV anomalies: the surface thermal
anomaly related to the origin of the cyclone and the baroclinic initial conditions of the
environment; the upper level trough related to the baroclinic growth mechanism of the
cyclone; the upper level North Atlantic high pressure zone related to the environmental
conditions of the upper troposphere. The anomalies show different morphologies and in-
tensities, but since the energy-quantification of the initial modification has been applied,
sensitivity results might be only attributed to the dynamical role of the anomalies. The
surface thermal anomaly is revealed as the most important feature of the initial conditions
for the cyclogenesis. A significant effect on the initial central pressure of the cyclone and
a weak effect on its initial position are shown. Both have a strong effect on the resultant
evolution of the case. The sensitivities to changes in the initial conditions due to the upper
level disturbances are also important. Nevertheless, the initial impact on the structure of
the cyclone is lower than for the thermal anomaly, but in later stages of the episode the
impact becomes the strongest. The effects of changes in the initial conditions associated
with the North Atlantic high are weak. However, in the last phase of the cyclone evolu-
tion, the initial perturbations show a notorious impact on the trajectory of the cyclone.

The sensitivity results are strongly affected by the baroclinic mechanism. It is il-
lustrated that the diversity of simulated cyclones can be mainly explained as a function
of the changes in the vertical tilt between the upper level trough and the surface dis-
turbance. The sensitivity test to the increase(decrease) in the surface thermal anomaly
shows that with similar values of the upper level disturbance, changes in the relative po-
sition and central pressure value of the surface disturbance generates deeper(weaker) and
faster(slower) evolution of the simulated cyclone. This case also emphasises the mutual
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interaction between anomalies, in the sense that the thermal anomaly perturbation does
not affect the initial structure and intensity of the upper level disturbance, but during
the simulated period, the upper level disturbance strength clearly differs between both
experiments. The upper level disturbance perturbations modify both the initial central
value of the cyclone and the upper level trough, but only slightly modify the relative
distance between both features. These variations generate a strongly varied evolution
of the cyclone. Finally, the North Atlantic high does not exhibit a significant role on
the upper level disturbance, on the surface cyclone strength or on the relative position
between disturbances. However, the small perturbations on the relative position between
the upper and low level disturbances seem to be enough to originate significantly different
final cyclones.

7.2 Intercomparison of 11 Mediterranean cyclogene-
sis

The results for 11 Mediterranean cyclones have been presented. Must be studied much
more cases in order to obtain a much representative climatology of the Mediterranean
cyclogenesis.

The effectiveness of the studied factors does not show many similarities between cases
and only weak generalisations can be done, however the baroclincity of the Mediterranean
basin is shown by the importance of the upper level PV anomaly. It is detectable the
presence of an upper-level low in almost all the cases. Secondary role is played by dry low-
level anomaly and its interaction with the upper level one. It is obtained the importance
of the low-level positive PV mainly in some cases related to the baroclinic development
process and/or to the thermal low genesis due to solar insolation over the North African
plateau or other regions. Finally, background flow appeared to be responsible of the cy-
clone movement.

Moist low-level PV has been considered as a factor. The sensitivity of the 11 cases
to this factor has been shown very poor. It should keep in mind that this factor only
marks the moist low-level PV of the cyclone, trying by this way to deal with the diabatic
aspects of the cyclogenesis. However, small sensitivity results of the factor might reflect it
as an inadequate way to capture the importance of the moist-induced diabatic processes.
A new approach considering directly the diabatic terms of the equations is proposed as a
more correct way to capture the moist induced diabatic processes.

Factors are often cyclogenetic and cyclolitic as a probable signature of the complexity
of the Mediterranean topography and the large number of factors that are reproduced in
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a cyclogenesis and they have not been taking into account such as: upper level-low level
interaction sensitivity on the relative position between disturbances, cyclone position rel-
ative to the orography and background flow.

Geographical differences between dynamics of cyclones can be make. Western & Cen-
tral Mediterranean cyclones seem to be mainly dominated by upper and low PV anomalies
and their synergy. A variety of principal factors is shown by eastern Mediterranean cy-
clones. This could be also related to the variety of typologies of the Eastern selected
cyclones. Since Western and Central cases are generally African or Alpine lee cyclones.
In contrast, Eastern cyclones have different genesis and trajectories.

Dynamical group of the cyclones show some differences. ’African’ cyclones are princi-
pally driven by by Upper level disturbances or its synergy with low level PV. "Maritime’
cyclones are mainly dominated by upper level disturbances and weakly by the background
flow. The selected ’Alpine Lee’ cyclones shows a first phase dominated by the Upper level
disturbance and a second one driven by low level disturbances. It is also shown big com-
pensations between strong cyclolitic and cyclogenetic effects.

This methodology allow to an objective classification of the Mediterranean cycloge-
nesis rather that other classification based on society impacts or geographical affected
areas (e.g. MEDEX database, see http://medex.inm.uib.es). The derived climatology
is based in dynamical concepts that after an improvement of the technique can apport a
general scope of the main processes related to the Mediterranean cyclogenesis. Results
are not very precise, but is hoped that a significant increase of the number of cases and
the appropriate selection of factors will provide significant results.

7.3 Thermal influences

This study is focused on a numerical study of a severe storm event that occurred on
August 16th 2003 in Northeastern Spain. Maximum precipitation amounts of 115 mm
were registered in the rain gauges of Alcaniz, the most affected town. Hailstones of up to
12 cm were registered and the town was declared a disaster zone, claiming losses of over
10 M. A C-band radar with a high temporal resolution made it possible to follow up the
storm activity.

The event was characterised by a trough at mid to upper tropospheric levels. The
arrival of a cold front from the NW of the Iberian Peninsula moving eastward caused
high-altitude cooling. Numerical simulations were performed to examine the accuracy of
the model in reproducing the severe storm of Alcafiiz. The control run shows the presence
of a thermal mesolow favouring the entrance of warm and humid air from the Mediter-
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ranean Sea all the way up the Ebro Valley. The total precipitation field indicates that
the most intense precipitation fell in the study zone, coinciding to a great extent with the
radar data. The radar simulation carried out with the model proves that, even though
MMS5 underestimates the maximum precipitation registered, it does reproduce the spatial
and temporal evolution of the storm quite closely. On a convective scale, the result of the
simulation can be considered to be very satisfactory.

Besides, a numerical sensitivity study was carried out as well to analyse the factors
contributing to the localisation of the intense precipitation. The roles played by topog-
raphy and solar radiation were also examined, since these factors have previously been
identified as relevant in severe storms in Northeastern Spain. In fact, the experiment
carried out with no solar radiation shows a weakening effect on the mesolow and a reduc-
tion of the instability in the low troposphere. This hinders the activity of mechanisms
triggering convection and inhibits precipitation, limiting it to small areas of the Pyrenees
and the Mediterranean coast. In the experiment with flat terrain the corridor effect of
the Ebro Valley on the mesolow disappears, as well as the low-level warm inflow from the
Mediterranean Sea. The results conclude that the separate effects of either solar radiation
or topography are not decisive by themselves in accounting for the intense precipitation
caused by the severe storm of Alcaniz. However, the synergic effect of the two factors
combined is fundamental for the spatial and temporal localisation of the storm, and has
an inhibiting effect in other areas of Northeastern Spain.

7.4 Lee influences

This numerical sensitivity study investigated the initial phase of a deep Mediterranean
cyclone that took place in the lee of the Atlas Mountains in November 2004 and caused
a range of severe weather events throughout the Mediterranean region. In this numerical
study, a factor separation method was applied to investigate the influences of orography,
upper-level potential vorticity and surface sensible heat flux on the Atlas lee cyclone ini-
tiation and development, focused on the period until the cyclone left the lee area and
entered the Mediterranean Sea.

Orography proved responsible for the first phase of the lee cyclogenesis, where a shal-
low cyclone was formed over a barotropic area in the lee of the High Atlas, due to frontal
retardation and creation of an associated thermal anomaly. Although the orographic in-
fluence resembled the first stage of Alpine lee cyclogenesis, the orographically induced
pressure drop reached 5 hPa during 24 hours and was not so rapid like in cases of Genoa
cyclogenesis.

The second phase of the deepening was characterised by the cyclogenetic influence of
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the upper-level potential vorticity perturbation (a part of the upper-level PV anomaly).
Indeed, with a total upper-level PV anomaly removed from the initial conditions, the
cyclone did not form in the lee of the Atlas, that proves that the upper-level dynamical
factors are a necessary ingredient of Atlas lee cyclogenesis, in accordance with some ide-
alised studies on Sharav lee cyclones (Egger et al., 1995). In simulations with the PV
perturbation included, the low-level air was colder, resulting in the creation of a stronger
thermal anomaly and associated baroclinic zone. Furthermore, the upper-level PV pertur-
bation showed responsible for a vertical (downward) propagation of cyclonic circulation,
as indicated by the increased cyclonic winds in the lower atmosphere. In other words, the
influence of positive PV advection contributed to the stronger low-level convergence and
more rapid cyclone initiation.

It seems that the most pronounced feature of surface sensible heat flux contribution
was an afternoon cyclolysis. Namely, SSHF was accompanied with increased vertical
mixing in the afternoon PBL and associated weakening of the baroclinic (and barotropic)
zone, inducing less intensive cyclone deepening. Secondly, heat exchange between the
ground and the surface air reduced the horizontal surface air baroclinicity, as the horizon-
tal air temperature gradient of the baroclinic zone was bigger then the horizontal ground
temperature gradient in the arid Atlas lee. And finally, it is proposed that the exclusion
of surface sensible heat flux enhanced the long-wave earth radiation that tended to act as
a heat supply to the moist areas (associated with the cyclone) in the free troposphere.

The synergy between orography and upper-level PV perturbation was at first cy-
clolytic, followed by the cyclogenetic contribution towards the end of the analysed period.
The cyclolytic influence existed probably due to the fact that in the simulation with
orography and upper-level PV included, the cyclone experienced filling over the terrain
obstacle on the way to the Mediterranean Sea. The subsequent cyclogenetic contribution
of the synergy had some potential for comparison with the low-level-upper-level vortex
interaction in the second stage of Alpine lee cyclogenesis. However, at the end of the
analysed period the cyclone centre positions differed significantly, not allowing a resolute
conclusion.

The spread of the cyclone centres in the model simulations was shown to be a powerful
tool in understanding the effect of different factors on the cyclone evolution. For instance,
orography moved the cyclone initiation closer to the mountain and the favourable lee area
where the thermal anomaly was the strongest and tended to keep the cyclone more sta-
tionary. On the other hand, the upper-level potential vorticity perturbation moved the
cyclone formation location away from the mountain and was responsible for the faster
advection of the cyclone to the Mediterranean Sea. It seems that the intensity of the
upper-level PV anomaly has an influence on the subsequent cyclone movement and pos-
sibly has some potential to account for the seasonal cyclone path variability.
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Another sensitivity experiment was performed to try to account for the influence of
a thermal anomaly on the generation of a low-level vortex in the first stage of lee cy-
clogenesis. However, the simulation shown that the thermal anomaly in the lee of the
Atlas built up rather quickly. It almost reached the intensity of the thermal anomaly of
the control run in 24 hours since the start of the simulation, just before the cyclogenesis
started. Thus, little reliance could be made on the separation of low-level PV and ther-
mal anomaly influences on the intensity of cyclone initiation. However, it seems that the
location of the slightly weaker cyclone initiation showed sensitivity to a thermal anomaly
positioning in the mountain lee.

So far, the very area of the Atlas lee was subjected neither to a significant number of
numerical or theoretical studies, nor to observational field campaigns like MAP. However,
the arid lee area of the Atlas Mountains has some potential to attribute more precisely the
influence of dynamical processes to the lee cyclogenesis due to the lack of moist processes
at play. Furthermore, the vertical and horizontal scales of the High Atlas Mountains are
reasonably comparable to the Alpine dimensions.

It is one of the goals of the planned MEDEX special field campaign to better monitor
Mediterranean cyclones and storms, which are often not well detected by observation
networks. In addition, this effort should be accompanied by an increased number of
numerical and theoretical studies, specially the ones that investigate the life cycles of the
high-impact deep Mediterranean cyclones.

7.5 Medicane environments

An analysis of the characteristics and behaviour of the tropical-like Mediterranean storms
has been presented. The study applied a nonhydrostatic, cloud-resolving model used
previously to simulate tropical cyclones in order to analyse the potentiality of seven envi-
ronments in which a tropical-like Mediterranean storm occurred. Observations show that
the seven analysed Mediterranean systems are of tropical storm strength. From satellite
imagery, a similar morphology to the tropical cyclone systems is also obtained for the
medicanes: a clear rounded cloud system, in the centre of which a free cloud zone, like an
eye, is formed. Satellite imagery showed different trajectories and speeds for the move-
ments of the medicanes.

Mediterranean systems exhibit notable differences from the tropical ones. Sea surface
temperature did not play as significant role as in hurricanes. As noticed in previous work
(Emanuel, 2005), high values (> 26°C') of sea surface temperature are not essential, in
contrast to hurricanes. Thus, the vertical profile of the atmosphere, defined from the
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combination of a mid-upper level cold low and a SST-controlled boundary layer, has been
shown as one important aspect of medicane formation. Generally, analysed synoptic sit-
uations during medicane formation showed significant instability and high precipitable
water quantities in the atmospheric column.

The cloud model simulates a "theoretical’ storm derived from an initial environment.
Some assumptions and simplifications are implicit in the model. A main point is related
to the energy source. It is assumed that the storm will only obtain the energy from the sea
surface and related surface fluxes. The axisymmetric cloud-resolving model demonstrates
that medicanes can be developed and sustained at least partially by surface enthalpy
fluxes, especially if the initial environment is moist. However results showed stronger and
larger potential storms in comparison to the observed ones. Simulated wind speeds were
significantly stronger, and simulated cloud-eye dimensions were wider. Simulated storms
are formed more slowly (mainly 3-4 days) than the 'real’ ones as revealed by satellite
images (mainly 1-2 days). Moreover, Mediterranean observed storms dissipated mainly
in 2-3 days. Meanwhile, simulated storms were maintained for a longer period (mainly
4-5 days) and some cases did not show any weakening process. These significant differ-
ences are considered to be a sign of the complex atmospheric processes operating in the
Mediterranean systems that the simplified numerical model is not able to resolve. The
complex orography, the small dimensions of the basin and the continental influences from
the neighbouring European and African lands are particular aspects of the Mediterranean
which are not present in the largely homogeneous tropical environments. These aspects
will of course modify and limit the evolution of the tropical-like systems in the Mediter-
ranean basin. Besides, the assumptions of the cloud-resolving model do not allow one
to take into account baroclinic influences which are prominent in the Mediterranean. In
some cases, ECMWF analyses showed a significant horizontal thermal gradient in the re-
gion of the storm evolution, (e.g.: 950115 case). Tropical-like Mediterranean storms grow
and evolve from a combination of deep convection and typical mid-latitude baroclinic
processes. The axisymmetric cloud-resolving model assumes a homogeneous atmosphere.
This assumed background atmosphere is also temporally invariant during the period of
simulation. Spatial homogeneous and temporal invariant assumptions are inappropri-
ate in the Mediterranean basin (Reiter, 1975). Thus, a less restrictive cloud resolving
model, in which either a baroclinic environment or a time-evolving environment could
be introduced, is at least necessary in order to produce realistic tropical-like storms in
Mediterranean air masses. The MMJ5 three-dimensional numerical model was applied on
two of the events to confirm that hypothesis. The results reflected a good agreement with
observations and know aspects of these systems, such as warm core, the eye-wall structure
and the subsidence at the centre of the storm.

The main results of the sensitivity tests of the environments, which have been com-
puted with the tropical cloud model, showed similar results as the tropical cases. The
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value of the SST is clearly important for the formation and evolution of medicanes. In
the simulations, colder SST inhibited the formation of the medicanes while, warmer SST
accelerated and enforced the medicane formation. The results of the simulations in which
the size of the vortex was changed were significantly different from the control ones.
Stronger and faster systems were formed when the initial vortex was enlarged. The im-
portance of the vertical profile of the atmosphere for the medicane formation has been
described. The sensitivity tests on the moisture content of the air column showed a deep
impact on the formation and the evolution of the storm. Drier air made the formation
and the evolution of the storm more difficult, while moister air enforced and accelerated
the formation of the storm. Thus, the characteristics of the initial vertical profile of the
atmosphere have been shown to be important influences on the evolution and formation
of the medicanes. Finally, a warmer initial vortex produced a faster and stronger evo-
lution of the simulated storms. This reflects the impact of a faster(slower) organisation
of the convection induced by a stronger(weaker) rotation of the initial vortex (Rotunno
and Emanuel, 1987). The good results obtained with MM5, encourages authors to use
this kind of primitive equation model simulations in order to complete a more adequate
model-based sensitivity test of the medicanes.

Moreover, due to the maritime characteristics of the systems, the lack of observations
and records of medicanes impedes research on their development. More observations are
needed for a correct understanding of medicanes.

7.6 Medicane sensitivity

High resolution simulations and the Factor Separation analysis of three tropical-like storms
has give some relevant information about the role of the air-sea interaction mechanism in
these systems.

Temporal and group dependences of the synergies of the cases show significant differ-
ences, as a reflection of the different behaviours of the three cases. Two phase distinctions
can be made for each case. During these phases principal effects change. Instead the dif-
ferences between cases, some general aspects of these kind of systems are obtained.

Beginning phases of the systems are dominated by the upper level disturbances and
the interaction between surface fluxes and Sea Surface Temperature. Upper level vorticity
effect at low level would contribute to the reinforce of an initial weak vortex, around which
the medicane will be formed. At the same time, upper level disturbances coupled with the
moistened and warm air above sea established a vertical thermodynamic disequilibrium,
that is necessary for medicanes formation. In contrast, its interaction with surface fluxes
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have a cyclolitc role due to a diminishing of the baroclinic conditions and the energy
budget at the top of the outer region of the medicane boundary layer. Boundary layer
and its high sensitivity on SST constitutes the initial source of moist and heat from which
the constitution of the storm will be done.

Once the storm is well formed, air-sea interaction mechanism is revealed as a mech-
anism from which the system is reinforced, maintained and dissipated, as it is shown by
the major importance of the multiple synergies rather than individual effects. January
1995 case has a significant different dynamics than the May 2003 case. September 1996
case shows an intermediate behaviour between the two cases, that is a reflection of a
short period of tropical-like development. January 1995 case presents a dynamics mainly
dominated by multiple synergies related to the SST. Meanwhile, principal effects of May
2003 case are principally related to pure effects or coupled synergies.

Group analysis dependence of the effects allows to make a relative study of that fac-
tors and they hidden synergies with that one are not taken into account in the study.
From this methodology are obtained signatures of different possible strong effects not
considered. Even though hidden synergies are not revealed. These various not considered
factors are like: latent heat release from strong cloud formation and orography. These
unresolved effects are not reflected in all the cases and effect group-dependences varies
respect factors and cases. September 1996 case shows the strongest not well resolved
group-dependence of the synergies for the central sea level surface pressure variable. The
large number of unresolved synergies exhibited by the storm could be attributed to the
short period of tropical-like behaviour and to the proximity to Eastern-Iberian coastal
line, orography and islands, that are not present in the other cases and might influence
its evolution.

Principal effects of each forecasted field are pretty similar for each case. It is shown
that factors act in the same sense for the studied variables. Thus, cyclogenetic (cyclolitic)
factors also accelerated (slow downed) and increased (weakened) the vorticity of the sys-
tem. Principal deepen factors for the three cases are the upper level disturbances, SSHF
and SST synergy, LHF and SST synergy, triple synergy between LHF, SSHF and SST
and finally triple synergy between SSHF', Upper level disturbances and SST. Major weak-
ening effects are triple synergy of LHF, SSHF and upper level disturbances. Differences
between cases are also shown by the different computed effects. A clear temporal phased
effect is shown by the effects on the relative vorticity at the centre of the storm at 950
hPa. This phased based effect is shown more clearly by 960912 and 030527 rather than
by 950116 case where a mixing of effects is shown. All the obtained dynamical differences
revealed January 1995 case as a system much more close to a tropical-like system than
strong convective case of a small baroclinic cyclone like May 2003 case.



7.6. MEDICANE SENSITIVITY 295

Air-sea mechanism was developed to describe the dynamics of a mature tropical storm.
It is well known that Mediterranean characteristics are quite different from the tropical
ones. MM5 simulations attempt to be a more realistic simulation of an atmospheric sys-
tem. By this way, some differences respect to a theoretical model may be expected. In
spite of the differences of size, strength and environment of evolution of the medicanes
with respect to the hurricanes and tropics some similarities between medicanes and air-
sea mechanism have been found. In the medicanes, sea surface has an important role
in the heat and moist source. At the same time, a precursor role of a weak vortex has
also been detected in the Mediterranean cases. Warm cores, strong inflow fluxes and
strong updrafts are also obtained. However, in medicanes an upper level cold low is a
key element for the formation of the systems, and in their movement. The importance
of this element is shown in the SST temperatures of the medicanes (15.7, 24.3 and 17.1
°C that are significantly cooler than the threshold temperature for a tropical storm (26°C).

Results have shown a large variety of dynamics. A similar dynamical study should be
done with other clear cases of tropical-like storms in order to obtain a much more concrete
scope of the dynamics of the system. FS has the ability of give information about the
effects of factors and synergies. A deeper knowledge of these synergies is needed in order
give a better understanding and explanation of the results that provide the technique.
However, some of these synergies involve complex diabatic processes that evolved in a
very complex environment with a large number of uncertainties and non-linear coupled
features.

7.6.1 Sensitivity of January 1995

Deep examination of the air-sea mechanism in the 950116 medicane case revealed the
complexity and multiple dependences of the air-sea mechanism. Azimuthal averaged ef-
fects show different behaviour of each factor at different zones and stages of the medicane
evolution. Factors can affect different regions of the structure of the storm and can reach
its complete structure, be clearly focused in the central part of the storm or be important
in the up-outward constant angular-momentum surfaces region. At the same time, wide
differences can be found between effects that only differ in one factor with similar char-
acteristics (like strong differences between eg3 and ey34 during the formation phase).

Pure effects (effects without synergies) do not change their role during the entire evo-
lution of the system. Surface fluxes and SST basically moisten and warm the base of the
storm (promoting an environment with convective instability 0, EPT < (), meanwhile up-
per level disturbance cooled and dried the air beneath. No clear signature of a baroclinic
development has been obtained with vertical cross sections at the formation phase of the
storm. However, synergy between SSHF and ULd and triple synergy between SSHF, LHF
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and SST exhibit a role from which the system acquires the tropical-like characteristics.

During mature state, almost all factors play an enhancing role. It is show how practi-
cally all the synergies and factors contributed to enhance and enforce the characteristics
of the medicane. However, due to dry characteristics of the air of upper level, a vanishing
role can be attributed to this factor, from which middle level air is dried. But at the same
time, it contributes to maintain cold upper level air from which the medicane can close
properly its energy budged.

Dissipation is characterised by a vanishing role of the synergies related to the SST,
meanwhile other factors and synergies maintain in general their previous exhibited role.
Moreover change of effect of the coupled SST synergies occurred in a zone where envi-
ronmental conditions of growing can occur since SST presented its warmest values. This
should indicate changes in the dynamics of the system that stopped the mutual reinforce
interaction predicted in the tropical storms due to a saturation of the boundary layer.

In order to make an intercomparison between point and 2-dimensional effects of the
study should bear in mind that the effects are calculated on different forecasted fields and
in different ways. Moreover 2-dimensional effects have a spatial dependence that difficult
the intercomparison, since they can present enhancing and vanishing role at the same
time. No clear correspondences are obtained during the formation phase, since point ef-
fect shows a cyclogenetic development of the storm, meanwhile 2-dimensional effect upper
level disturbances and synergy between sea and surface fluxes plays a deepening role with
tropical characteristics. At mature state the correspondence between effects is not clear
due to dual role of some effects. Meanwhile vanishing role of the synergies with SST
obtained in 2-dimensional effect is partially detected by the point effect of the study.

Air-sea interaction has been studied in the particular scope of the Mediterranean
tropical-like storms. In order to generalise the results for the air-sea mechanism, a similar
study to the sensitivity on the same four factors could be reproduced with tropical or
hurricane storms. By this way, structure and dynamics of the air-sea interaction could be
better understand due to a stronger and clearer characteristics of these systems. More-
over, a deeper and more detailed study of the meaning of each factor and synergy should
be done, in order to make more comprehensive the diabatic and strong nonlinear processes
that reflect each synergy.
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7.7 Assimilation of observational data in numerical
simulations

Significant sensitivity to the choose of PBL scheme has been found for both medicanes.
Nonlocal mixing PBL schemes lead to larger precipitable water quantities and more in-
tense sensible and latent heat surface fluxes, but weaker available energy for the devel-
opment of the system. Accordingly, simulations with a local-mixing scheme like ETA
generated a deeper and stronger system. In September 1996 episode a notable system
reaching wind hurricane intensity was obtained. No clear conclusions on which scheme
is better for simulating these episodes can be obtained, since observations of the char-
acteristics of the medicane are not available. However, deeper systems seem to be in
better agreement with barograph measurements of September 1996 medicane at Palma
de Mallorca (Homar et al., 2003b).

Satellite-derived images is a powerful way to obtain information at high temporal and
spatial resolution over maritime areas. In this work images have been used as a method
to derive precipitation type, in combination with lightning information which provides a
precise way to determine convective grid points. These tools are then used to constrain
MMS5 vertical humidity profiles to the observed precipitation type. Medicane simulations
show a high sensitivity to the representation of the humidity profile. Almost all the
experiments with a modified humidity field simulated a deeper and stronger medicane.
More available energy for convection and medicane growth is obtained when humidity
correction is applied owing to the increase of potential instability. However, trajecto-
ries of simulated systems differ significantly from observed ones. Other satellite-based
information like water-vapour channel wind speed estimations could also be retrieved and
incorporated into the simulations (Leslie et al., 1998). It has not been done since the
main interest of the study is to obtain the sensitivity only to changes on the humidity
profile.

September 1996 medicane’s trajectory is worsened when satellite information is used,
meanwhile in October 2003 case it is improved. Basically, trajectories are only modified in
their morphology and genesis zones. No modification of the movement speed of the med-
icanes is obtained with the technique. As simple modification of the initial and boundary
conditions (experiments 'REGRIDmod’ and 'REGRIDmot TOT?) is significant enough as
to generate modifications in the simulated systems. Implementation of satellite-derived
information worsens both BIAS and correlation characteristics of September 1996 simu-
lated trajectories. Best results are obtained with the 'WDDA AN’ experiments (for the
three PBL schemes) in which ECMWF analyses nudging is applied. Only for these exper-
iments, simulated medicane trajectories of October 2003 event have better correlations
than control simulation, although these analyses nudging experiments provide the weak-
est systems. No experiment is able to reduce the temporal shift between observed and
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simulated medicanes. October 2003 simulated medicane reflects a delay of 6 hours with
respect to the observed one from satellite.

Simulations with ETA PBL scheme seem to have a better response to the application
of the observational nudging technique.

Different statistical coefficients have been presented for an objective intercomparison
of simulated and observed trajectories. However, a robust object-oriented methodology
appears to be necessary. This approach should be able to compare more efficiently basic
aspects of the trajectories such as: morphology, genesis and evolution zone and speed of
evolution.

7.8 Numerical methodologies

As a result of the objectives of some studies some modifications or new applications were
done on the selected numerical techniques: MM5 numerical model, piecewise PV inversion
technique and Factor separation.

7.8.1 MM5 numerical model

Presented studies show sensitivities to the SSHF. In order to make it possible, a modified
version of the Blackadar PBL scheme has been made by the author. This modification
cancels SSHF PBL scheme computations. This modification was made following a previ-
ous one used in the Grup de meteorologia of the Universitat de les Illes Balears in which
LHF from the see was annulled.

Sensitivity studies on the SST has also been carried out. A modification on the MM5
module in which boundary conditions are acquired is made. This modification allows
directly the modification of the value of the SST provided by the global analyses.

BUFR files has been used in order to improve the global analyses used as the bound-
ary conditions of the simulations. In order to make it possible with the use of ECMWF
emos libraries, a new program has been prepared. This program allows the conversion of
the binary codified BUFR file to specific ascii format that MM5 module comprises.

In order to apply FDDA technique in MM5 simulations two different modifications
has been made. First one consists on the modification of the boundary conditions of the
simulations. In this case, the rainy type provided by satellite information was used to
modify directly the vertical humidity profile of the boundary conditions. Second modifi-
cation has been made in the observational nudging. MM5 humidity prognostic variable
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is the mixing ratio. A modification of various subroutines of the MM5 model have been
done in order to transform satured satellite-based information to the correspondent mix-
ing ratio value into the model grid-point.

At the same time, Visbd userfuncs have been prepared such as: azimuthal aver-
aged vertical cross sections following a given trajectory, meteograms, soundings and grid-
volume energy computations.

MM5 model is able to simulate the medicane cases as a small, strong vortex related
to strong winds and precipitation. Simulation of 950116 case presents the most similar
structure to a tropical-like storm. On verticals profiles of the storm, one can see patterns
such as an eye-wall structure as a moist saturated area close to the centre characterised
by strong up-drafts; warm core and vertical structure. However, due to the lack of obser-
vations in the maritime areas, a validation of the simulations can not be properly done.
Moreover, MM5 model trajectory simulations of the cases differ significantly from the
satellite-based observed ones and also exists an important delay between simulated and
satellite-based observed evolutions. These significant differences between simulations and
observed cases could be related to the difficult to obtain a more realistic representation
of important fields like relative humidity profiles and SST over maritime areas as initial
conditions in the simulations.

MM5 model is able to simulate a medicane structure in both September 1996 and
October 2003 environments. Simulated tropical-like storms, however, present some differ-
ences from the observed path in satellite imagery. Simulated systems evolve more slowly,
and for the October 2003 case, the storm is generated in a wrong zone. Medicanes have
been shown as a meteorological feature able to increase significantly surface heat and
moisture fluxes.

In order to avoid computational limitations, MM5 FDDA code should be modified to
allow the nudging of higher amount of data independently of computer characteristics.
Other modelling analyses such as the sensitivity to other parametrisation schemes (cumu-
lus, explicit rain) and nudging parameters (time-window, radius of influence) should also
be carried out in further steps of the study. The sensitivity of the assimilation technique
to different convective/stratiform vertical humidity profiles as well as different temporal
and spatial resolutions of the ingested satellite-derived data should also be established.
Satellite based observational nudging could be applied in the initial steps of operational
forecasts at national weather services or research centres. For the selected cases, FDDA
technique has a higher sensitivity on horizontal spatial resolution of the assimilated satel-
lite/lightning data rather than on its temporal resolution.
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7.8.2 Piecewise PV inversion

Piecewise PV Inversion techniques, combined with perturbed numerical simulations, have
been used as a tool to dynamically study various features of atmospherics systems. These
techniques can offer useful information about mechanisms and roles of a wide range of
features involved in the life cycle of the disturbances. Although numerical solutions to
well-defined inversion equations are determined, some uncertainties and subjectivities
arise in its application. Some of these case-dependent aspects are: computation of a ref-
erence state from which to define the PV anomalies (zonal mean, temporal mean, number
of members to establish an average, etc.), morphology and magnitude of the anomalies,
and degree of modification of the initial conditions. In the present study an objective
procedure has been proposed as a method to quantify the latter aspect of the technique.
In this way, one can diminish the ambiguity on the use of the PV Inversion technique
applied to modify the initial conditions of numerical simulations.

It is proposed to use the total Mean Absolute Variation (MAV) of energy intro-
duced, due to the modification of the initial conditions. The Root Mean Square Variation
(RMSV) could have been proposed, but by squaring the values, contributions of big and
small energetic variation values are differently, weighted in the RMSV calculation. The
partition of the energy into mechanical, internal and kinetical energies can be useful in-
formation from which a deeper understanding of the role of the collection of features can
be obtained.

Finally, the proposed quantification method of the piecewise PV inversion derived
perturbations can be applied as a general methodology in dynamic meteorology. The
application to various events would allow an objective intercomparison between cases,
independent of the morphology, characteristics and origin of the selected anomalies. This
method of quantification could contribute to the PV study and analysis based on the
most important features involved in the evolution of the cyclones or other atmospheric
phenomena.

7.8.3 Factor Separation

The Lagrangian application of the F'S gives the opportunity to study the system as itself,
since computations of values are made from grid points located within a similar dynamical
environment. At the same time, it allows the study of specific spatial-correlated dynamics
like air-sea interaction. However, a Lagrangian F'S does not give any information related to
spatial effects of the factors. For that reason, in order to complete the study, Lagrangian
F'S results should be accompanied with some information about the simulated trajectories.

At the same way, azimuthal averaged cross sections has been shown as a possible way
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to obtain a wide and deep view of the three-dimensional processes that are involved in an
atmospheric system following a Lagrangian application of the FS technique.

7.9 Final remarks by the Author

Use of new approaches, different applications and/or daring use of numerical techniques
bring some success and more challenge. In presented studies, according to the knowledge
of the author, different scopes of known problems have been provided such us: objec-
tive quantification of the modification throughout piecewise PV inversion technique, La-
grangian application of the factor separation, four factor separation sensitivities, satellite
rain derived information on MM5 simulations and statistical tools to compare trajectories.
However, new perspectives give different or modified questions that they have not been
completely solved.

Author recognises that some of the directions, towards which the presented studies
appointed, keep partially unsolved. Limited base of knowledge of the author is the main
reason of these undetermined, not physical reason given and/or not deeply analysed as-
pects. This is certainly a big disillusion and something important to make notice. But
in contrast, this aims the author to: keep acquiring more knowledge that should allow
the explanation of unsolved aspects, follow a creative scientific way from which 'new’
methodologies are proposed and provide new open questions to the scientific community.

Author also recognises the positive fact that is intrinsic of the Grup de Meteorologia
del departament de fisica de la Universitat de les Illes Balears. Due to the wide, deep
and solid experience of the research team in which the research has been done, author
has been able to deal and propose the studies here presented. Discussions, revisions and
base of knowledge has been essential to properly develop the research of the Author.

The Portland group compiler is the only licensed software used in all the presented
studies. All graphics produced by the author have been drawn with the open source gnu-
plot tool. All documents and presentations during the period of research have been de-
signed with I4TgX (one presentation was made in html). Computational resources, scripts
and work have been based on PC-Linux platform, self-made Fortran programs and distinct
shell and AWK self-made modules.
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Appendix A

Statistics of trajectories

A.1 Minimum BIAS

The BTAS s between satellite-derived medicane trajectory TRJ ey and trajectory of
simulation used to compare 7TRJ com is given by:

1.7
t=1

where or(t \/ dz(t)? + 0y(t)? is the distance at time ¢ between TRT ey and TRT com-
In the express10n 53e( ) = ®pef(t) — &com(t), difference between & = [z, y] coordinates of
the trajectories. Assuming morphological differences and different evolving zones of the
trajectories, as well as different speeds of evolution of the compared medicanes, BZAS 4;5;
would generally present a dependence on temporal shift of TR 7 cor- Temporal shift 7 for
which BZAS 4;s; becomes minimum (see equation A.1.2), provides an idea of this difference
between translational speeds. Temporal range 7 = [—n/2,n/2] is used (n number of total
time-steps of length At) for the inspection for the adequate 7 that minimise BZAS y;s;-
Taking as inspection limits of +n/2, it is ensured a minimum number of trajectories values
(n) for the statistical computation:

BIAST™ = min [% > \/(530(15, T)2 + dy(t, 7)? (A.1.2)
t=1

where dae(t,7) = epef(t) — ®eom(t £ 7), differences between coordinates & = [z,y] of
trajectory TRJ rer at time t and trajectory 7TRJ com shifted £7 = nAt, n time steps of
At length.
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A.2 Distance Correlation
Correlation (classical definition, or Pearson correlation) between satellite-derived trajec-
tory and simulated one is given by:

R = < Drechom > —< Dref >< Dcom >

(A.2.3)

O-DTef ODcom

where op. = /< D2 > — <D, >2, standard deviation of trajectory x, and < D, >
X X X X

average position of trajectory x = [ref,com] (equation A.2.4), and < Di >, averaged
quadratic distance of trajectory x

1 n
<D, >:—ZDX nz z(t)2 + y(t (A.2.4)
t=1
<D >=— ZDQ - Zx( )2+ y(t): (A.2.5)
t=1
1 n
< Drechom >= — ZDrechom (A26)
n

t=1

A.3 Pure coordinate Correlation

It is a classical or Pearson correlation (see equation A.2.3) between observed and sim-
ulated trajectory coordinate series is computed as the correlation of two vectors (R)
made of the (z,y) coordinate series of both trajectories. With the statistics or, =
\/ <RI > — <R, >?, Standard deviation of trajectory yx, and < R, > average value
of trajectory x = [ref,com| (equation A.3.8), and < ’Ri >, quadratic average value of
trajectory x

1 2n
Z R(t (A.3.7)
2 1 2n 2
R = 5 > R(t); (A.3.8)
ni=
1 2n
Rrechom = on Z R(t)refR(t)wm (A.3.9)

(A.3.10)
where

Ry = (eom Vem) = (@50, 277 i i)
(A.3.11)
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A.3.1 Bias correction

The total bias BZAS}" between compared and reference trajectories is defined as:
BIAS:} = BLAS(z)ef + BLAS(y)rer (A.3.12)

where BZAS ()97, BIAS of coordinate & = [z, y] is given by:
ref
BIZAS (2 i‘;’f” = E &(t)rer — (t)com (A.3.13)

Trajectory of comparison TR com = (Xc,,mfymm) is corrected with the BIAS(ae)ﬁg}"
according to:

TR‘7~COM =
(Xeom — BLAS(X)2F , Yeom — BLAS(V)2F) (A.3.14)

A.3.2 BIAS temporal lack correction

Following BZAST]} correction of trajectory TR o> & set of temporal shifts are per-
formed in the trajectory (TRJ ,,,(£7)) in order to obtain the 7 value from which the
pure coordinate correlation PR becomes the highest one (PR} 4y, see expression A.3.15).
The obtained 7 value provides a guidance of the temporal shift between simulated and
observed trajectories:

maxr ___
PRy = mazx

R) [#7] =
)com >]

(P
max ([< Kog > — < X(+
[< Vres > — < ﬁ(ir)wm >]) (A.3.15)
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