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Abstract

The data from surface automatic weather stations show that in the area of the Llobregat delta
(northeast of the Iberian Peninsula) we can observe greater precipitation than in nearby inland
areas (Ordal, Collserola, Garraf), than on the other side of a massif located on the coast (Garraf)
and than on the northern coast. This distribution of the precipitation could be explained by the
formation of a nocturnal surface cold front in the Llobregat delta. In order to analyze in-depth
the physical mechanisms that can influence the formation of this front (topography, sea and
drainage winds), two rain episodes in the area were simulated with the MM5 mesoscale model,
reproducing satisfactorily the physical mechanisms that favor the appearance of the front.
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1 Introduction

When two air masses with different temperatures, and
therefore different densities, converge on the surface, as it is
known, they do not mix, but the warmer and less dense mass
moves above the cold one. If the cold mass, which is more
dense, is the one that advances under the warm one, the re-
sult is the formation of a cold front. If the warm mass moves
above the cold one, the result is the formation of a warm
front. When ascending, the relatively warm mass gets cooler
and might therefore generate cloudiness and precipitation.

As we will see, the comparative climatic analysis of the
precipitation in the Llobregat delta and neighboring areas in-
dicates that precipitation is greater in the delta than in the
neighboring areas from the end of the summer to the begin-
ning of the winter, but above all during the fall. The reason
for this pluviometric anomaly, as proposed in this work, is
the formation of a nocturnal surface cold front over the delta,
or at a few kilometers from the coast.

The topographic characteristics of the Llobregat delta
would favor the convergence of air masses of different den-
sities. First of all, this is because of the existence of the wide
and long low-lying valley of the Llobregat river, confined
between the Ordal and Collserola ranges in its last stretch,

which becomes wider when reaching the delta area. Sec-
ondly, it is due to the sudden rise of the Garraf massif, in the
westernmost area of the delta, and of Montjuic Mountain to
the east, both limiting the Llobregat delta, and therefore lim-
iting the cold air that descends the valley during the night.
Lastly, there is the presence of the Mediterranean sea, with
high water temperatures from the end of the summer until the
beginning of the winter, which guarantee a warm and moist
air mass in the coastal region.

This work is structured as follows: Section 2 explains
how a coastal front is formed through differences of temper-
ature between air masses. Section 3 is dedicated to the cli-
matic analysis of the area. Once the pluviometric peculiarity
of this area is detected and explained, Section 4 explains the
modeling of two rain episodes in the area with the mesoscale
model MM5 (Dudhia, 1993). The article ends with the con-
clusions.

2 The surface cold front

The formation of a coastal surface cold front through
the interaction of a relatively cold air mass, that descends a
valley (drainage) or comes from the mountains located near
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Figure 1. Sketch of the surface front formation in the area of the
Llobregat delta.
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Figure 2. Seasonal distribution of precipitation in the observato-
ries of Figure 3 during the period 1978-2002.

the coast, with a warmer and moister air mass has been stud-
ied by different authors (Neumann, 1951; Zhong and Takle,
1992; Koch and Ray, 1997; Callado and Pascual, 2002;
Malda et al., 2007).

In the particular case of the northeast coast of the Iberian
Peninsula, during the nights at the end of the summer, and
above all in the fall, the cooling of the surface air in the
pre-coastal area, corresponding to the annual cycle of ground
temperature, begins to be significant, and it flows towards the
coast. According to Callado and Pascual (2002) this induces
convergence that might cause storms. Different episodes of
convective storms were analyzed in that work associated to
air draining in the valleys of four rivers of the Catalan coast:
Ebre, Francoli, Llobregat and Besds. The formation of a
front, which does not necessarily create a convective storm,
would be favored in the Llobregat delta due to its particu-
lar topographic characteristics: there is a long valley in its
final stretch, with no meanders. In this case, the air from
the mountains of the Ordal and Collserola flows into the low
valley and can drain freely towards the delta. This relatively
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cold air that descends the Llobregat valley and has a depth
of approximately 100 m (Callado and Pascual, 2002), ex-
pands when it arrives to the delta, and creates a relatively
cold air front when it comes into contact with the warm and
moist Mediterranean air mass (Fontsere, 1959; Jansa, 1997,
see Figure 1).

The expansion of the cold air when arriving to the Llo-
bregat delta would be limited to the northeast by Montjuic
Mountain and the plain of Barcelona, and to the west by the
rising of the Garraf massif. Therefore, the superficial cold
front can be generated over the delta, and it could advance out
to sea or remain fairly stationary over the delta, depending on
its characteristics (Figure 1). If, in addition to that, there is a
flow inland (Callado and Pascual, 2002) the convergence be-
tween the surface cold front and the warm and moist mass of
the Mediterranean becomes intensified, increasing upwards
motion. On occasions, the unstable air could overcome the
level of free convection, creating clouds of vertical develop-
ment that could entail storms and intense rain that pour down
near the convergence area, sometimes over the sea, some-
times over the delta, but hardly ever over the neighboring
areas of the delta (see Figure 1).

An important factor for the front to produce precipita-
tion is its height. Neumann (1951) proposes mechanisms
such as the one described in this work to argue the high
level of nocturnal pluviometry in some coastal areas of the
eastern Mediterranean. In that work, despite the depth of
the drainage current or of the nocturnal land breeze men-
tioned above, front heights between 1000 and 1500 m were
indicated. These values were similar to those found for the
Llobregat delta in a previous work (Herrero, 2008). As also
indicated by Neumann (1951), Callado and Pascual (2002),
Pascual and Callado (2002), precipitation generated by the
above described mechanism usually happens at night. As
we will see, in the case of the Llobregat delta this is clearly
marked in the pluviometric register of one of the stations in
the area.

3 Observational evidence: climatic analysis of the
precipitation

The proposed pluviometric anomaly of the Llobregat
delta was detected from the climatic analysis of monthly and
yearly precipitation averages from several official observato-
ries of the Agencia Estatal de Meteorologia (Spanish meteo-
rological agency). The instrument used to register the precip-
itation is the 200 mm Hellman manual rain gauge. The data
was homogenized by the von Neumann test (von Neumann,
1941). Two temporal series were analyzed: monthly rainfall
from 1978 to 2002, and a second series that includes more of-
ficial observatories of this network, from 1996 to 2005. The
results of this last series of data have no climatic validity,
but they helped to finish outlining the tendency indicated by
the first data series, with over a 27 year span, and, roughly
speaking, climatic validity, as defined by the OMM, which
requires statistics done in 30 year series.
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Figure 3. Geographical location of the analyzed stations: Gava (purple), Vilafranca (orange), Foix reservoir (light blue), Cubelles (black),
Canyelles (dark blue), Begues (blue), Viladecans (red). The lines show the cuts where wind pattern will be analized in the Llobregat valley

and delta. The units in the axis are kilometers.

3.1 Seasonal and annual precipitation

Figure 2 shows the seasonal pluviometric regime of the
analyzed observatories (Figure 3 represents the geographi-
cal location of the observatories). It can be observed that
the qualitative pluviometric behavior of the analyzed obser-
vatories follows the typical regime of coastal Mediterranean
climate (Bolle, 2002), with a pluviometric maximum in the
fall, a secondary one in the spring, and two minimums, in the
winter and the summer. The precipitation during each season
and the fundamental mechanisms that can generate it are an-
alyzed below.

As reflected in Figure 2, summer precipitation (from
June to August) is almost homogeneous in relation with the
environment. It is basically caused by storms, and although
the precipitation is normally well localized, over the years
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they affect the surrounding area of the Llobregat delta in a
similar way. Therefore, summer storms affect the different
stations in the same way and there is no anomaly in the delta
during this season.

Spring precipitation (from March to April) is caused,
generally, by the passing of frontal systems associated with
low pressures. The more north and inland these systems are
located, the more active they are. For this reason, during this
time of the year, it is in Vilafranca, located in an inland area
(see Figure 3), where the precipitation presents a maximum
with regard to other surrounding areas of the Garraf mas-
sif, especially in the Llobregat delta (stations of Gava and
Begues), where precipitation is significantly lower (see Fig-
ure 2).

In the fall (from September to November), precipitation
in the analyzed period is notably higher in the Llobregat delta
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Figure 4. Comparison of pluviometry in the fall between different stations of the Llobregat delta and its environs during the period 1978-

2002.

(Gava and Begues stations from Figure 2) than in the Penedes
plain (north of the Garraf massif, station of Vilafranca), and
to the southwest of the massif (Cubelles). Likewise, except in
the delta, fall precipitation does not present, in general terms,
significant differences among other points in the mountain
region. Figure 4 represents the comparison between the rain
collected each year in the fall from 1978 to 2002 in the sta-
tion of Gava and in stations located to the south of the Garraf
massif. It shows that between the north (Vilafranca) and the
southwest (Cubelles) of the massif, precipitation is very sim-
ilar. Only in the delta, and in the high plain of Begues, at an
altitude of 400 m, it presents values that are clearly higher
than the others and can be compared among them.

The tendency in the differences of precipitation in the
fall in the station of Gava and the other stations shows a dif-
ferent behavior between the stations located to the north and
to the south of the Llobregat. In the case of Canyelles (the
northern point of Figure 3), the only station that presents a
drop in precipitation over the years, there is an increase de-
tected in the anomaly in the period studied (1978-2002). At
the rest of the stations, the anomaly presented by the Llo-
bregat delta remains approximately constant (Cubelles) or
clearly decreases (Vilafranca, Begues and Foix reservoir).
The reason is that in the former stations precipitation rises
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in the fall far more than in the station in Gava. Although a
more in-depth study of the tendencies is needed, including
other stations, this data could be a first indicator that the sig-
nificance of the Garraf massif as a separating element of the
precipitation is decreasing with time.

In relation to precipitation in the winter (from Decem-
ber to February), everything seems to indicate that there is
a slight positive tendency in the precipitation in the delta in
relation to the observatories located on the other side of the
Garraf massif, to the north, west and southwest of it. The rea-
son could probably be that December is considered as winter,
and the formation of the surface front in the delta is still pos-
sible more or less actively.

The difference in pluviometry in the fall conditions the
annual variations of precipitation. Figure 5 shows the com-
parison between annual precipitation during the period 1978-
2002 in different observatories located in the delta region and
the pluviometric station of the delta, Gava. From the fig-
ure we can conclude that the Garraf massif acts as a mod-
ifier of the precipitation between the east and the northeast
side on the one hand, and, on the other, the west, north and
southwest. It can be observed that there is more accumulated
precipitation in the station located to the east of the massif
(Gava) each year than in the other stations. In the case of the
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Figure 5. Comparison of annual pluviometry between the delta (Gava) and other nearby stations out of the delta in the period 1978-2002.

stations located to the west of the Garraf massif, it is gener-
ally set out around the line of equiprecipitation. The excess
of precipitation in Vilafranca in comparison with Cubelles
(Figure 5d) can be explained, as mentioned earlier, by spring
precipitation.

To complete the analysis, Figure 6, shows the isohyetal
map resulting from the pluviometric analysis during the pe-
riod 1996-2005. There is an unequal distribution of the pre-
cipitation in the environment of the Garraf massif, more an-
nual precipitation is detected in the observatories located to
the east of the massif, over 630 mm in Gava and Begues.
These values contrast with those collected in the observato-
ries located to the west and north of the massif: Vilafranca,
that is only 25 km away from Gava, and 15 km from Be-
gues, presents an annual precipitation that is notably slighter,
clearly under 600 mm. The annual average precipitation is
122 mm less in Sitges than in Gava, with a distance of about
15 km between both observatories, separated by the Garraf
massif. The Fabra observatory in Barcelona shows slightly
less precipitation than in Gava, although it is located at an
altitude of 400 m above sea level, and therefore in an area
where precipitation is more effective.

The pluviometric anomaly is also evident in the analy-
sis of other variables related to the precipitation, such as the
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number of rainy days (days with more than 0.1 mm of precip-
itation). So, in the period from 1978-2002, there is a higher
number of precipitation days in those observatories located
to the east and northeast of the Garraf massif (Gava and Be-
gues, with 81 and 83 days respectively) in comparison with
the others (Sitges, Canyelles, Vilafranca, with 73, 51 and 70
days respectively).

3.2 Nocturnal precipitation

Regarding the time of daily precipitation, hourly data
from the automatic meteorological station of the Servei de
Meteorologia de Catalunya (Meteorological Service of Cat-
alonia) located in Viladecans was used, in the agricultural
area of the delta. Daily precipitation at an hourly scale, from
1993 until the end of 2005, was analyzed; selecting those
days when precipitation is between 22 UTC and 07 UTC.

It must be noted in first place that nocturnal precipita-
tion in the month of September represents nearly all the pre-
cipitation occurring in this month in every year studied. Of
the 68 mm of average precipitation, nearly 59 mm had fallen
at night, between 22 UTC and 07 UTC; that is to say, it con-
stitutes 87% of the total precipitation during this month. This
is the month in which the surface frontal system is probably
more active, and can generate more significant precipitation.
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Figure 6. Isohyetal lines of annual precipitation (mm) during the period 1996-2005. The figure shows the stations used in the study.

Figure 7. Domains of the simulation with the MM35 model.
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In October, out of a total of 69 mm of average precipitation,
nearly 44 mm fell during the nighttime, that is to say, 64%.
During the months of November, December and January, this
percentage falls considerably when the formation of the sur-
face front is more difficult, and in the event it occurs, it is less
active. Therefore, as Neumann (1951) had already shown,
the majority of the precipitation associated to this kind of sit-
uation is nocturnal.

From this analysis the existence of a pluviometric mech-
anism is observed, which leaves, in general terms, more pre-
cipitation in the delta than in the surrounding observatories.
This precipitation occurs basically in the fall and it is noc-
turnal. This marked difference, and the season it happens
in, raises the hypothesis of the formation of a surface cold
front as a generating mechanism of greater precipitation in
the Llobregat delta.

The results of the analysis of the pluviometric anomaly
on an annual and seasonal level, are in agreement with some
previous works, which denote a pluviometric maximum in
the area of the Llobregat delta in relation to its closest sur-
roundings (Clavero et al., 1996).

4 Modeling of the nocturnal surface front

Once the difference of precipitation between the Llo-
bregat delta and other close-lying areas is analyzed, and how
this could be explained by the formation of a nocturnal front
in the area of the Llobregat delta, we will study in-depth
some episodes of nocturnal precipitation that either almost
exclusively affected the delta, or was intensified in this ge-
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Figure 8. Radar reflectivity at (a) 23 UTC of day 2, (b) 00 UTC, (c) 00:20 UTC, and (d) 01:30 UTC of September 3rd 2000. Source:

AEMet.

ographical region. A mesoscale model was used to simu-
late the atmospheric conditions of two episodes at the end of
the summer on September 2nd 2000 and August 30th 2007.
In both episodes, in addition to studying the characteristics
of the atmosphere in the area of interest, the model outputs
can be compared with the radar data of the Agencia Estatal
de Meteorologia (AEMet) (Spanish meteorological agency)
and those of the Servei Meteorologic de Catalunya (Me-
teocat) (Meteorological Service of Catalonia) can be com-
pared. Moreover, in the first case, on September 2nd 2000,
the model output is compared with the observations made at
the station in Viladecans, located in the Llobregat delta.

4.1 Characteristics of the numerical simulation

In order to do a more precise study of the phenomenon,
a simulation with the version 3.4 of the fifth generation of
the PennState/NCAR mesoscale model, named MM5 (Dud-
hia, 1993, Grell et al., 1995). This model was recently used
in other studies of coastal fronts (Malda et al., 2007). The ini-
tial and boundary conditions were obtained from the global
analysis of the model of the European Centre for Medium-
Range Weather Forecasts (ECMWF); in the numerical simu-
lation these conditions are updated every six hours.

Tethys 2009, 6, 31-50

Four nested domains with horizontal resolutions of 27,
9, 3 and 1 km, and 40x40, 37x34, 52x52 and 70x70 points
respectively (see Figure 7) have been defined. The central
point of the larger domain is located at 41.99°N, 2.07°E. The
simulations were carried out with the option 2-way nesting
in all domains. A high horizontal resolution in the smaller
domain is necessary in order to capture the surface winds
that descend the Llobregat valley and nearby mountains. Al-
though a high resolution would also be advisable in the ver-
tical direction, if the goal is to capture the appearance of a
possible low level jet in the valley, only 27 vertical levels
o (0 = (p— prop)/(Psfe — Prop)), Where psj. is the sur-
face pressure and py,,, is the pressure at the top of the model
(100 hPa), given that this is not the goal of the work. Even
s0, in the planetary boundary layer the vertical resolution is
higher in order to attempt to capture the rising of the air dur-
ing the formation of the front. The four lowest levels of the
numeric simulation are approximately at 0, 170, 210, 260 m
above the ground. Due to the dependence of the o levels with
pressure, the height where these levels are found could have
variations in relation to the time or point of the model.

In all four domains the MRF parameterization has been
used for the boundary layer (Troen and Mahrt, 1986; Hong
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Figure 9. Temporal evolution from 00 UTC on September 2nd to 00 UTC on September 4th 2000 of the accumulated precipitation, wind
direction and intensity, and temperature observed at the Viladecans station (asterisks) and obtained with the MMS model from the model

point -in the domain at 1 km resolution- closer to the station (solid line).

and Pan, 1996), “simple ice” (Dudhia, 1989) as humidity di-
agram, and “cloud” as atmospheric radiation diagram. The
convection diagram has been different in the two larger do-
mains and in the two smaller ones. The Kain-Fritsch param-
eterization (Fritsch and Chappell, 1980; Kain and Fritsch,
1993; Kain and Fritsch, 2004), has been used in the two
larger domains, and a convection diagram has not been used
in the smaller ones as advised by the resolution of the grid
mesh.

4.2 Simulations of episodes

Below two episodes are modelled assuming that precip-
itation is caused by the formation of a coastal front on the
Llobregat delta.
4.2.1 September 2nd 2000

That day there was low pressure in the south of
Spain (not shown) that caused weak winds on surface that

remained throughout all of day 3. The wind at the upper
height was also not significant in the area of Catalonia.

Tethys 2009, 6, 31-50

The satellite images from September 2nd and 3rd
showed clouds that were spread throughout the north of
the peninsula and to the sea (not shown). Those clouds
got colder and got more moisture content during the early
hours of day 3, especially in the area of study. On the other
hand, the radar images show that there were no rains until
the last hours of the 2nd of September, when an important
band of precipitation parallel to the coast appeared (see
Figure 8). This fact could be a sign of the presence of a
coastal front. The precipitation moved to the sea, where it
became intensified.

Before presenting how the model reproduces the
meteorological situation on a mesoscalar scale and the
fundamental mechanisms for the development of the surface
mesoscalar front in front of the Llobregat delta, we will
compare the model output with the data obtained during the
episode in the automatic station in Viladecans.

Figure 9 shows the temporal evolution during the
second and third days of September of the precipitation
accumulated, the temperature at 2 m, the wind direction
and intensity at 10 m observed at the station (asterisks) and
simulated with the mesoscale from the model point -at 1 km
horizontal resolution- closer to the station (solid line).
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(solid line) and obtained in the nearest point of the MMS5 model (asterisks) on September 3rd 2000 at 00 UTC.

As shown in the figure, the model clearly underesti-
mates the precipitation collected in the station. Moreover,
the model simulates more precipitation between 10 UTC
and 18 UTC on day 3 and not during the previous night.

Regarding temperature, the model adjusts the observa-
tions made during the early morning of day 3 quite well,
with a 5% of maximum error. Likewise, the model correctly
simulates the wind direction and intensity observed during
the last hours of day 2 and throughout day 3. This period
coincides with the development of the front. As shown,
winds between 00 UTC and 08 UTC on September 3rd
come from the northwest, and could be drainage winds
that descend the Llobregat valley. Therefore, looking at
Figure 9, the model correctly reproduces the atmospheric
conditions registered at Viladecans, except the precipitation
which, as postulated throughout the article, is quite a local
phenomenon.

The sounding in Barcelona, 15 km to the north of the
area of study, and outside the influence of the Llobregat
delta, provides another source of validation of the model for
the days of study. Figure 10 represents the vertical profiles
of the temperature, the temperature of the dew point, the
wind direction and intensity measured with the Barcelona

Tethys 2009, 6, 31-50

sounding (41.383°N, 2.116°E) and obtained with the model
MMS5 from the point in domain 4 closer to the sounding
point (41.404°N, 2.181°E, 28 m) on September 3rd 2000 at
00 UTC.

We can conclude that, despite the fact that the model
can not capture all the structure of the surface layer, espe-
cially regarding wind speed, the atmospheric conditions in
the boundary layer are well reproduced on the day of study.

Next, we will focus on the wind simulation and pre-
cipitation obtained in the two smaller domains, of 3 and
1 km horizontal resolution. Figure 11 shows the divergence
(negative convergence) obtained with the numeric simulation
in domain 3 between 00 and 05 UTC on September 3rd
2000. As illustrated, the model produces negative values of
the divergence, i.e., positive convergence, in the entire coast
before the Llobregat delta, which favors vertical movements
and could produce cloudiness in the area. To observe how
this convergence happens and its effects in more detail, we
will analyze the model output to the smaller domain.

Figure 12 shows surface winds and the accumulated
precipitation obtained with the model in the smallest domain
of the simulation between 00 and 05 UTC on September 3rd
2000. It can be observed that initially the predominant winds
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Figure 11. Hourly divergence (negative convergence) obtained with the MMS5 from the model point -in the domain at 3 km resolution-
every hour between (a) 00 and (f) 05 UTC on September 3rd 2000.

Tethys 2009, 6, 31-50 40



J. Mazén i D. Pino: Pluviometric anomaly

Mo
Lo

RS
N o=
\
i

©
N

|
BN

RTINS

/
fr
[

NN e e
R e ]
COTL N S
\\'\'\'\\\\‘\&«:
o N U U U O O
T T T
LT N S N = = h
P S R [
T N I N R Y
RN L NI E TN N
E\w\\v\"\'\\\\\\\\\\i 1%
VRN N A AR -] | b}
LN R S R e SR Ty ] et L Y~
30 10 50 60 70 Y 4 5 60 0

E
4
e
-
fffff =
o —
—— e
- —
2 ———
o B ey LR
R ..,‘ﬁ,:-
i A . . . ]
rTo \\\_\HA\&'\\'\\\-\‘_\-\’__._._._,,;
R 10 o mm e e e SN . O e
e~ -7 - L = ] b e e — - — T S
—e)- ~ ! (AR A A L, SN N T e ] bod). e m e L B e
T I AT AP ATAR N ________oi ti. L R L L e ] o L i A
20 30 40 50 80 20 10 20 30 40 50 80 70
s ?
( ] -3
2 = 3
- - 4
- - 4
- -

T = PUNCI | E
] N S =
[/J\\\\x\-\\\_-‘ﬁ.(_ _\\\\xixxkf,j
20 _//z““\\\':‘\‘“““""““"—*t AL . - < O
- DR ]
'\\\\"\i‘\‘\" ‘;‘“ i L R P T T T T
*~"\\'\\\\:‘\\\ B T > = oy v VO o s e ]
A R S AT o L1 SRS e, o
[N A 0 aeTEaE e Ok e =~ - (OSSR o B ]
\,-\é*a_ﬁ-_-_\\\‘\‘\‘\\‘\‘\‘ = -] NN .. 0 s E
SENSE R AR AN . o N
PRI SR AR S U I S O O U O SOOI e ¥ W S i e 1 e g w1 a0 [Eisaiene |
B i 30 s s por o TS P T TN FETTETEE B W .. i e P VT P I
10 20 30 10 50 80 70

S 10 15 =0 = 30 a5 40 45 min

Figure 12. Surface winds (red arrows) and accumulated precipitation outlines obtained with the MM5 from the model point -in the domain
at 1 km resolution- every hour between (a) 00 and (f) 05 UTC on September 3rd 2000.

Tethys 2009, 6, 31-50 41



J. Mazén i D. Pino: Pluviometric anomaly

:Il;\/\/ ] 20
! N

! RSN

y T ’\“\'\.\‘\

!
_ v ] NS N
% \ff\m/\ %10
0N

L o =

\ g Ll
0.0 L v 0.0 Ll I W S N
0 10 20 0 10 20 40 40 50 ao
w w Distance (km) E
T T T T 77
=12 -8 -4.8 -3.48 -24 -1.2 0 1.2 24 3.8 m st

Figure 13. Wind field (left) and intensity of the horizontal component of the wind in north-south direction (right) at 06 UTC on September
3rd 2000 along the vertical cut marked with a red line in Figure 15. It is important to remark that the vertical scale is different in both graphs.
In the graph on the left the maximum horizontal and vertical magnitudes of the wind are 5.6 m s~ * and 47.6 cm s~ * respectively.

T
E Fi
=3 &
2 2 4
5 ) /\
[} T
: I \ 7
ool L \/ .....
10 20
SwW Distance (km) NE 3W Distance {km) NE
[ [ [ Y N [N [ [N [N [N (N NN [ (R (R
—120 —100 —80 —80 —40 —20 0 20 40 a0 80 1073 57t
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Figure 15. (a) Direction, (b) intensity of the wind and (c) relative humidity in relation to the obtained height with the model MM5 at
20 UTC on September 2nd 2000 for a longitudinal cut in the Llobregat valley (red line in Figure 3).

in the valley are from the southeast, which are probably
produced by the seabreeze. But, as the night progresses, the
synoptic winds from the southeast compete with the drainage
winds coming from the Llobregat valley in the northwest
direction, and a convergence area along the coast appears,
as shown in Figure 11. Therefore, as mentioned above, the
relatively dryer and colder air that descends along
the valley can have an important role in the develop-
ment of the front.

Regarding precipitation, as mentioned before, the
model does not adequately predict the precipitation in the
area. If we compare with the images of the radar (see Fig-
ure 8), it becomes clear that the model produces precipitation
further away from the coastline. This fact could be due to
the overestimation of the intensity of the northwesterly wind
shown in Figure 9. Even so, the quantities of accumulated
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precipitation in the model are similar to those collected in
the station in Viladecans.

Figure 13 shows the wind field (left) and the horizontal
component of the wind in the north-south direction (right)
along a longitudinal cut that follows the valley (red line in
Figure 3).

In the wind field shown in Figure 13, the convergence
of air produced in the delta between the winds that descend
the valley and those coming from the sea is clearly visible.
If we pay attention to the figure where the north-south
component of the horizontal velocity is shown, we can
observe how, at this time, surface winds on the coast are
positive, that is to say, in a northerly direction, and change
sign as we move up the valley.

To get a clearer observation of the drainage winds
that meet along the valley from the nearby mountains, we
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Figure 16. Radar reflectivity at (a) 20:48 UTC, (b) 21 UTC, (c) 21:12 UTC and (d) 21:36 UTC on August 30th 2007. Source: Meteocat.

will study the wind regime and the convergence of the air
along the transversal cut shown in Figure 3 (black line).
Figure 14 shows the wind regime and the divergence along
the transversal cut marked in black in Figure 3, at 06 UTC
on September 3rd 2000.

The figure shows the winds that descend from the
mountainsides and meet in the valley (negative divergence).
This cold and dry air flow descends along the valley during
the night, meeting with the moister, warmer sea air, which
causes the formation of a front.

In order to estimate the height of this front, Figure 15
shows the variation with the height of the direction and
intensity of the wind and relative humidity at 20 UTC on
September 2nd 2000, along the Llobregat valley. As we
can see, there are clearly two different kinds of flows. On
the surface the air is dry; it comes from the southeast and
has a moderate speed. These conditions remain stable until

Tethys 2009, 6, 31-50

approximately 500 m. Above this height, the air is moister,
its speed is reduced and its direction turns south. Finally, at
the heights above 1000 m, the air speed increases again, the
humidity decreases and it comes from the west. Therefore,
the height of the front would be around 1000 m.

4.2.2  August 30th 2007

From the radar images (Figure 16) we can observe the
formation of precipitation over the Llobregat delta, which
begins suddenly around 20:30 UTC and remains stationary
for over an hour, until it moves to sea and the neighboring
area of Garraf.

The modeling of this episode is shown in Figures 17 to
21. In Figure 17 we can observe how winds were initially of
a sea component. Later, those winds interact with drainage
winds from the low Llobregat valley, causing a surface cold
front that generates the precipitation. Precipitation was up to
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Figure 17. Images of the surface wind and accumulated precipitation obtained with the MM5 from the model point -in the domain at 1 km
resolution- at (a) 19 UTC, (b) 20 UTC, (c) 21 UTC and (d) 22 UTC on August 30th 2007.

10 mm in the municipality of Viladecans. Around 22 UTC
the drainage wind dominates on the ground, and the cold air
mass moves to the south when arriving to the delta coast.
The front then moves to the Garraf coast, as observed in the
radar images (Figure 16).

As for the accumulated precipitation, the comparison
with the radar images highlights that the model does not
properly reproduce its spatial location. The precipitation pre-
scribed by the model is located more inland and directed to
the south, over the Garraf massif and Ordal (see Figure 17),
than the one observed in the radar images (Figure 16).
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Figures 18, 19 and 20 show, respectively, the vari-
ation with the height of the direction, wind intensity and
relative humidity obtained along the Llobregat valley (red
line in Figure 3) during the evening of August 30th 2007.
The existence of a surface front should be reflected by a,
more or less, noticeable variation in relation to the height
of the direction and, perhaps, intensity, as well as relative
humidity.

In Figure 18 we can observe how the wind direction
progressively changes with the height along the whole
valley, from 19 UTC. This shear becomes more marked from
20 UTC, corresponding to the formation of the precipitation,
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Figure 18. Wind direction in relation to height obtained with the MMS5 model on August 30th 2007 along the Llobregat valley (red line in

Figure 3) at (a) 19 UTC, (b) 20 UTC, (c) 21 UTC and (d) 22 UTC.

according to the radar images (Figure 16). While on the
surface the wind has a north component, coming from
the drainage of the Llobregat valley, at upper levels the
wind changes more or less abruptly depending on the
time, to a south and southwest component. The height
of this change in the direction of the wind, that follows
the valley topography, is located around 900 m, an height
that would determine the height of the surface front in this
episode.

The intensity of the wind shows the appearance of
a maximum at low levels in the area of interest (see Fig-
ure 19). As we can see, from 20 UTC, surface winds are
very important, and they decrease with height until they
get to the limit of the front, slightly under 1000 m. It is
important to stress the correspondance between the variation
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with the height of the wind direction and intensity showed in
Figures 18 and 19.

To confirm the existence of two air masses of different
characteristics, Figure 20 shows the variation of relative
humidity with the height along the Llobregat valley during
the night of August 30th 2007. Again, it is important to
stress the correlation between humidity and wind inten-
sity/direction from 20 UTC. Initially, the vertical gradient
of humidity is very small along the valley (Figure 20a).
But as time passes, humidity at higher heights increases,
as sea winds move upward over drainage winds, which
are colder and less moist. This produces, from 21 UTC, a
vertical gradient of moisture typical of a cold front: the air
on the surface keeps a humidity on the order of 60%, while
increasing at higher heights, until it reaches saturation near

46



J. Mazén i D. Pino: Pluviometric anomaly

2.0

Height (km)
=

po bl e 1 T P e

Height (km)
5

2.0

¢} 10 20 an 40 S0 a0
W Distance (km)} E

Height (km)

Height (km)

T I T P T
a0 40 a0 a0
w Distance (krn) E

2.0

A I
30 40 50 ao
w Distance (kml R

13 14 1B

18 m st

Figure 19. Wind intensity in relation to height obtained with the MMS5 model on August 30th 2007 along the Llobregat valley (red line in

Figure 3) at (a) 19 UTC, (b) 20 UTC, (c) 21 UTC and (d) 22 UTC.

900 m, coinciding with the change in the wind direction and
to the minimum of intensity, what we suppose is the height
of the front.

The structure of the front can also be clearly observed
in Figure 21, where wind direction and intensity, and relative
humidity are represented along a cut perpendicular to the
valley at 22 UTC on August 30th 2003. For all the variables
represented in this figure the height of the front remains
clearly marked by its vertical gradient.

5 Conclusions
After the analysis of the pluviometric regime in several
stations located in the Llobregat delta and its environs, it has

been shown how, despite proximity between the pluviomet-
ric stations, the annual average precipitation is higher in the
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area of the Llobregat delta in relation with the surrounding
areas. This difference becomes more notable in relation with
the stations located to the southwest, on the other side of the
Garraf massif.

These differences are more noticeable in the fall than
during the other seasons. In the pluviometric observatories
of the delta environment, in general, rainfall during the fall
is the most considerable of the year, but it does not reach,
in general terms, the level of precipitation of the Llobregat
delta, except in Begues, located above 400 m. The reason
presented in this work to explain the differences in precipita-
tion is the formation of a nocturnal surface cold front in the
delta or out to sea.

The Llobregat valley, wide and rectilinear in its last
stretch, channels the nocturnal cold air in the end of the sum-
mer and fall, creating a cold front when arriving to the delta;
it is dominated by a warm and moist air mass, a Mediter-
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Figure 20. Relative humidity in relation to height obtained with the MMS5 model on August 30th 2007 along the Llobregat valley (red line

in Figure 3) at (a) 19 UTC, (b) 20 UTC, (c) 21 UTC and (d) 22 UTC.

ranean air mass. This front can generate cloudiness of ver-
tical development, and provides significant precipitation out
to sea, or precipitation that very often affects the delta area.
This hypothesis is reinforced after analyzing the precipitation
in the fall in the delta during the period 1993-2005, where we
could observe that more than the 80% of it happened at night.
The situation is not the same for inland areas, such
as Ordal or Collserola, or on the other side of the Gar-
raf massif. The reason for this is that the Garraf mas-
sif prevents this front from spreading to the southeast, to
the Garraf and Baix Penedes regions. As a consequence,
in this area precipitation is noticeably lower in the fall,
and during the rest of the year. It has been postulated
that this air convergence in the area of the Llobregat delta
might favor the formation of phenomena of deep convection
and storms such as those described by Bech et al. (2007).
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To confirm this fact, two meteorological situations
were analyzed and simulated through the mesoscale model
MMS5, where everything indicates that this nocturnal sur-
face cold front was generated and left precipitation in
the Llobregat delta. The model simulates, in general terms,
the synoptic situation, and clearly reproduces the drainage
winds that appear at the end of the night in the Llobregat
valley and cause the formation of a front in the area of the
Llobregat delta.

On the two days presented, despite the fact that the
simulation produces precipitation in the area of study, it
is developed further away from the coast than observed in
the radar images. This is also reflected in the comparison
with the data from the Viladecans station for September 2nd
2000. The model properly simulates the wind direction and
temperature during the night of the 2nd and early morning of
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Figure 21. (a) Direction, (b) intensity of the wind and (c) relative humidity in relation to height obtained with the MM35 model at 22 UTC
on August 30th 2007 in a transversal cut of the Llobregat valley (black line in Figure 3).

the 3rd of September 2000 at this point. On the other hand,
the model slightly overestimates the intensity of the wind.
This fact could result in the area of simulated precipitation
moving to sea, therefore underestimating the registered pre-
cipitation at Viladecans station.

The analysis of the flux structure along and perpendic-
ular to the Llobregat valley has allowed us to characterize
the front structure and estimate its height. The characteris-
tics of the episodes presented in this work are similar to the
ones analyzed by Herrero (2008) on October 10th and 25th
2007. The height of the front in all these works is similar to
that presented in other previous works carried out in the east-
ern Mediterranean (Neumann, 1951) and is located around
1000 m.

Therefore, in general, a pluviometric anomaly in the fall
in the Llobregat delta could be caused by the appearance of
a nocturnal surface front over the coast of the delta. The
MMS5 model has made it possible to simulate the appearance

Tethys 2009, 6, 31-50

of drainage winds in the valley during an episode of intense
rain over the area, which is essential for the formation of the
front according to the hypothesis formulated in this work. In
order to confirm it, it is necessary to make additional simula-
tions of other episodes similar to the ones already identified.
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