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This paper investigates cold outbreaks that form offshore density currents within the whole mesoscale over the Western
Mediterranean basin. Reflectivity radar and satellite images are used to detect clouds and precipitation that are associated with these
density currents in the meso-𝛼, meso-𝛽, and meso-𝛾 over theWesternMediterranean basin (WMB). Version 3.3 of theWRF-ARW
model is used to describe the formation and evolution of these density currents and to estimate their lifetime as well as horizontal
and vertical scales. Based on the observations and simulations, this paper suggests that a new perspective could effectively be
adopted regarding the WMB region delineated by the Balearic Islands, the northeastern Iberian Peninsula, and the Gulf of Lion,
where inland cold outbreaks develop into density currents that move offshore and can produce precipitation ranging from raincells
to rainbands at the whole mesoscale.

1. Introduction

Offshore precipitation induced by cold outbreaks has been
studied by several authors, mainly for tropical regions [1–
6]. These authors explain the occurrence of precipitation
as follows. From late afternoon and throughout the night,
inland air cools faster than air at the coastline and over the
sea. Consequently, this cooler and denser air begins to drain
towards the coast by descending from mountain ranges and
following rivers and dry streams until it forms a density
current driven by drainage winds. A density current is the
intrusion of a denser fluid beneath a lighter one, due mainly
to the hydrostatic forces arising from gravity and the density
differences [7]. These density currents usually form a coastal
front when interacting with the warmer sea air, thus leading
to areas of cloud and rain over the sea [8–10].

The theory of density currents was developed by Ben-
jamin [11], based on previous studies [12–15]. He found that
the speed of a density current depends on the depth of
the cold air mass and on the potential temperature of the
warm and cold air masses. The theoretical predictions were

confirmed by laboratory experiments on density currents in
the late 1970s by Simpson and Britter in his iconic paper [16].

Figure 1 shows a schematic representation of a density
current moving over the sea.

Once the density currentmoves offshore, the wind speeds
of thewarm (𝑉

𝑤
) and cold (𝑉

𝑐
) airmasses (with potential tem-

peratures 𝜃
𝑤
and 𝜃
𝑐
, resp.) influence the intensity and position

of the possible precipitation. Several authors [8, 17] showed
that the position and rate of the precipitation are determined
by the intensity of the prevailing wind blowing towards the
coast and the land-sea temperature difference. Specifically,𝑉

𝑐

increases with the potential temperature difference between
the cold and warm air masses. Consequently, if a large land-
sea temperature difference exists, the precipitation moves
offshore, whereas large values of 𝑉

𝑤
move it onshore [4]. As

expected, 𝑉
𝑐
is also influenced by roughness length over land

[18].
At the convergence zone between the two air masses, the

moisture in the ascending warm air condenses and forms
stratiform clouds if the air reaches the Lifting Condensation
Level (LCL). In some cases, convective clouds appear if the
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Figure 1: Scheme of a density current interacting with a warmer air mass. See the text for an explanation of each variable.
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Figure 2: Schematic representation of theWMBwith the locations of the main orographic features. Squares indicate the areas where offshore
density currents were detected at the meso-𝛼 (green square), meso-𝛽 (red square), and meso-𝛾 (blue square) scales.

corresponding Level of Free Convection (LFC) is reached. In
both cases, the depth of the colder inland air mass (𝐻) plays
an important role in helping the wetter and warmermaritime
air mass reach LCL or LFC [8, 19]. No clouds will form if𝐻 <
LCL.

1.1. Density Currents over the Mediterranean Basin. There
are only a few studies focusing on density currents that
induce coastal fronts in the Mediterranean basin. Neumann
[9] proposed using the interaction between a prevailing
synoptic wind and a land breeze to explain the observed
offshore convection in the South of Israel. Goldreich et al.
[20] described local nocturnal precipitation from November
to September that was produced by coastal fronts near the
coastline in the South of Israel, which were formed by a land
breeze interacting with a synoptic flow. This precipitation
represented a significant contribution to the total amount
of the area’s rainfall during the dry years. Also, in this area,
[17] suggested that the concave shape of the coastline plays
an important role in enhancing the convergence of the land
breeze and synoptic winds near the coastline. In the Western
Mediterranean basin, [21] detected nocturnal convection at
the mouths of three rivers that flow into the northeastern
coast of the Iberian Peninsula. These authors qualitatively
described this type of precipitation and argued that it was
formed by nocturnal surface convergence associated with
density currents forming a coastal front.

1.2.TheWesternMediterranean Basin. TheWesternMediter-
ranean basin (hereafter WMB) is a semienclosed basin due
to the many surrounding mountain ranges, which exceed
2000m in many areas (see Figure 2). To the north, there
are three major mountain ranges (Pyrenees, Massif Central,
and Alps). These topographical features combine to create a
channeling effect of the air that flows between thesemountain
ranges. Moreover, along the southern coast of the WMB,
the Atlas mountain range dominates North Africa, with
elevations that reach 2000m close to the coastline. In the
western part, somemountain ranges in the Iberian Peninsula
(Betica Mountains, Iberic System) are located close to the
coast, with elevations of between 700 and 3000m. Finally, in
the eastern part of the area, the Apennines range encloses the
basin. Consequently, the high insolation causes the maritime
air mass to have particular characteristics that are similar
to a maritime tropical air mass [22], which can be replaced
only by three main points: the Gulf of Lion, and the straits
of Sicilia, and Gibraltar. In this scenario, cold outbreaks
occurring over this warm and moist maritime air mass may
induce the formation of coastal density currents across all of
the mesoscales in the WMB [23].

The complex topography around the WMB plays an
important role in two aspects. First, it channels northern
flows from the Massif Central in France and encourages
drainage winds to follow the valleys and slopes of some
mountains near the coast. Second, it encloses the basin and
consequently makes theWMB the source region of maritime
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Figure 3: Visible Meteosat satellite image on (a) 25 August 2012 at 11:00 UTC and (b) 26 August 2012 at 08:00 UTC.

Mediterranean air, which is a relatively warm and wet air
mass that produces an intense air-sea heat exchange [24].
These surface fluxes of moisture and heat from the sea-water
provide the sea air with humidity and heat, which in turn
enhance convection, cloud formation, and sea surface cooling
[25]. Associated with density currents and this exchange of
heat, shallow and even convective clouds can form with the
possibility of weak precipitation [26].

Cold air entering into the WMB at the meso-𝛼
(500–2000 km, 1-2 days) usually comes from the Gulf
of Lion and is associated with a synoptic northwesterly
flow known as the Mistral or tramontana wind. The Mistral
is a cold and strong northwesterly to north-northeasterly
offshore wind that runs perpendicular to the coast of the
Gulf of Lion. Its influence occasionally extends beyond the
Gulf of Lion [27] and, being one of the primary causes of
storms over some areas of the WMB, it affects the weather
across the whole basin [28, 29].

Additionally, at the scales of meso-𝛽 (50–500 km, 12–24
hours) and meso-𝛾 (5–50 km, 0.5–12 hours), cold outbreaks
in the WMB are usually associated with drainage flows
that occur at nighttime [30–33]. If the maritime air mass
is warm enough, these nocturnal flows driving the inland
cold air offshore can form meso-𝛽 or meso-𝛾 density cur-
rents over the warmer and wetter Mediterranean Sea air
mass.

This paper draws on Meteosat satellite observations,
images from the radar networks of either the Spanish
Meteorological Agency or the Catalan Weather Service, and
numerical simulations run on version 3.3 of the WRF-ARW
model [34]. The objective here is to show three samples of
episodes of cold outbreaks over the relatively warm and wet
maritime sea air, all of which occurred in the WMB at the
meso-𝛼, meso-𝛽, and meso-𝛾 scales. From the simulation
results, we estimate the values of the temporal, horizontal,
and vertical scales, which thus allow us to contribute a new

point of view and improve knowledge of the atmospheric
dynamics in the WMB.

The paper is structured as follows: observations of precip-
itation and cloudiness associated with density currents in the
WMB are shown in Section 2. Section 3 focuses on the WRF
set-up. Section 4 shows the simulation of the density currents
formed at the meso-𝛼, meso-𝛽, and meso-𝛾 scales. General
results and main conclusions are provided in Section 5.

2. Observations

Based on the available data, three episodes of cold outbreaks
in the Western Mediterranean basin have been selected.
Meso-𝛽 and meso-𝛾 episodes are associated with offshore
nocturnal precipitation near the coastline. Radar images
from the Catalan Meteorological Service and the Spanish
Meteorological Agency were used to detect these episodes.
The meso-𝛼 episode is associated with an arc of clouds
spreading out thought the Gulf of Lion. Meteosat data is used
for detecting the cloudiness associated with this episode.

Cloudiness associated with the meso-𝛼 density current
occurred on 25-26August 2012 andwas recorded byMeteosat
satellite. Figure 3 shows the Meteosat image on (a) 25 August
at 11:00 UTC and (b) on 26 August 2012 at 08:00 UTC. An
arc of clouds is observed near the Gulf of Lion at 11:00 UTC
on 25 August (Figure 3(a)) moving offshore and reaching the
North African coast at 08:00 on 26 August 2012 (Figure 3(b)).
This cloud arc lasted around 26 hours and its final extension
is around 1500 km.

Precipitation associated with the meso-𝛽 density current
occurred during the night of 6 September 2011 and was
recorded by the radar network of the Spanish Meteorological
Agency (AEMET). A rainband was recorded at the northeast
of the Iberian Peninsula from 22:00 UTC on 5 September
2011 until early morning on 6 September 2011. Figure 4
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Figure 4: Reflectivity radar images at (a) 22:00 UTC on 5 September 2011 and (b) 01:00 UTC and (c) 03:00 UTC and (d) 08:00 on 6 September
2011. Source: Spanish Meteorological Agency.

shows the radar image at (a) 22:00 UTC on 5 September
2011 and (b) 01:00 and (c) 03:00 and (d) 08:00 UTC on 6
September 2011. From the analysis of the rainband recorded
by the reflectivity radar images, the estimated lifetime
was around 10 h, with a maximum extension of around
200 km.

Figure 5 shows the radar images from the CatalanMeteo-
rological Service at 21:30 and 22:00 on 13 October 2010.Three
rainfall areas formed at the mouths of three rivers located on
the northeast coast of the Iberian Peninsula: Llobregat, Besos,
and Tordera (indicated, resp., as L, B, and T in Figure 4(a)).
The precipitation started at 21:00 UTC, forming an offshore
rainband with a maximum length of around 30 km. At 00:00
UTC the precipitation vanished.

3. WRF Set-Up

Version 3.3 of the WRF-ARW model is used to simulate
the three offshore cloud bands and rainbands. For all the
simulations, 42 𝜂-vertical levels have been defined with 23
of the levels below 1 km. Regarding the physical parameter-
izations, the MRF [35] scheme is used for the PBL; RRTM
for long-wave radiation [36]; the MM5 shortwave scheme
for shortwave radiation [37]; and the WSM 6-class scheme
[38] for the microphysics parameterization. No cumulus
parameterization is used for any of the smallest domains
because their horizontal resolution is lower than 3 km in all
the simulations. The initial and boundary conditions were
updated every six hours with information obtained from
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Figure 5: Reflectivity radar images at (a) 21:30 UTC and (b) 22:00 UTC on 13 October 2010. The black dots in (b) indicate the mouth of the
rivers Llobregat, Besos, and Tordera (L, B, and T in (a)). Source: Catalan Meteorological Service.

the analysis of the ECMWF model at 0.125∘ of horizontal
resolution. In all the simulations performed, two-way nested
domains have been used.

For the event that occurred on 25 August 2012 in the
meso-𝛼, two nested domains with 3 and 1 km of horizontal
resolution are defined (see Figure 6(a)). The simulation
begins on 24 August 2012 at 00:00 UTC and runs for 72
hours. For the event that occurred on 6 September 2011 in the
meso-𝛽 scale, three nested domains have been defined with
18, 6, and 2 km of horizontal resolution (see Figure 6(b)).The
simulation starts on 4 September 2011 at 00:00 UTC and runs
for 72 hours. For the event that occurred on 11October 2010 in
themeso-𝛾 scale, four nested domains have been definedwith
27, 9, 3, and 1 km of horizontal resolution (see Figure 6(c)).
The simulation starts on 10 October 2010 at 00:00 UTC and
runs for 94 hours.

4. Simulation Results

The length (𝐿), lifetime (𝑇), anddepth of the cold airmass (𝐻)
associated with each density current are estimated from the
simulations. The length (𝐿) and lifetime (𝑇) are estimated by
analyzing the horizontal fields of convergence, the wind field,
and cloud mixing-ratio. The depth of the cold air mass (𝐻)
is estimated from the vertical cross-sections of the potential
temperature along the lines shown in Figure 6.𝐻 is defined as
themaximumheight where a horizontal gradient of potential
temperature exists [30].

4.1. The Meso-𝛼 Density Current on 25 August 2012. Figure 7
shows the surface wind field (arrows) and the liquid water
mixing-ratio (color contours) at 700m in domain 1 at (a)
08:00, (b) 10:00, and (c) 20:00 UTC on 25 and (d) 08:00

UTC on 26 August 2012. We use this height because it is the
minimum height where cloudiness appears and clearly forms
an arc.

During the night and early morning of 25 August 2012,
southerly winds prevailed over the Gulf of Lion (not shown).
At 08:00 UTC (Figure 7(a)), a northwesterly flow prevails.
A low cloud area with an arc shape driven by northwesterly
flow is simulated at 10:00 UTC (Figure 7(b)). This cloud
arc expands out to the south of the WMB, driven by the
northwesterly flow. A well-defined cloud arc is simulated at
20:00 UTC on 25 August 2012 (Figure 7(c)). The northwest-
erly Mistral flow reaches 17.5m s−1 over the Gulf of Lion. At
08:00 UTC on 26 August 2012 (Figure 7(d)), the cloud arc
is located near the north coast of Africa at approximately
the same location that was observed by the Meteosat satellite
(see Figure 3(a)), with a length of around 1500 km. From this
moment, the simulated cloud arc starts to disappear.

Figure 8 shows the simulated potential temperature (color
contours), wind field (arrows), and liquid water mixing-ratio
(black contour lines) at 20:00 UTC on 25 August 2012 in
the vertical cross section along lines (a) A1-A2 and (b) B1-
B2 indicated in Figure 6(a). Following the definition and
methodology for estimating𝐻 proposed by Mazon and Pino
[32], the estimated depth of the cold air mass is around
700–1000m in both Figures 8(a) and 8(b). Approximately
over the head of this density current, WRF simulates the
liquid water mixing-ratio extending vertically from around
700m up to 1500m.

4.2. The Meso-𝛽 Scale Density Current on 6 September 2011.
Figure 9 shows the surface convergence field at 00:00,
03:00, and 08:00 UTC on 6 September 2011. These areas of
convergence are formed by the inland cold air mass driven
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Figure 6:WRF-domains used for each episode. For themeso-𝛼 density current on 25August 2012 (a), the largest domain is used for analyzing
this event. Lines A1-A2 and B1-B2 are the projection of the vertical cross section used in the analysis of this event. In (b), domain 3 (d03, red
square) is used to study the meso-𝛽 scale density current on 6 September 2011. Line A-B indicates the projection of the vertical cross section.
In (c), the small red square (d04) is used for the meso-𝛾 density current on 11 October 2010.

by drainage winds interacting with the warmer maritime air
mass driven by the prevailing easterly flow. The maximum
length of this line of convergence reaches around 150 km and
occurs between 03:00 and 08:00. This line of convergence
vanishes at 08:00 UTC.

Around this simulated line convergence, a line of precip-
itation is also simulated according to the reflectivity radar
images from the Spanish Meteorological Agency shown in
Figure 4. Figure 10 shows the 1-h accumulated precipitation
(color contours) and the surface wind field (arrows) at (a)
22:00 on 5 September 2011 and (b) 03:00 UTC and (c)
06:00 and (d) 08:00 on 6 September 2011. At 22:00 UTC

on 5 September 2011 (Figure 10(a)), a precipitation cell is
simulated over the coastline. At 00:00 UTC on 6 September
2011, some precipitation cells are simulated offshore, driven
by drainage winds. An offshore rainband with approximately
150 km length formedby several raincells is simulated at 03:00
and 08:00UTC (Figures 10(c) and 10(d), resp.). At 09:00UTC
the rainband vanishes (not shown).

Figure 11 shows the vertical cross section along line A-
B shown in Figure 6(b) of the potential temperature (color
contours), wind field (arrows), and liquid water mixing-
ratio (black contour lines) at (a) 00:00 UTC, (b) 02:00
UTC, (c) 04:00 UTC, and (d) 06:00 UTC on 6 September
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Figure 7: Simulated liquid water mixing-ratio at 700m (color contours) and surface wind field (arrows) at (a) 08:00 UTC, (b) 10:00 UTC, and
(c) 20:00 UTC on 25 August 2012 and (d) at 08:00 UTC on 26 August 2012. The maximum horizontal wind speed is, respectively, 12.4m s−1,
12.7m s−1, 17.5m s−1, and 16.9m s−1 in (a), (b), (c), and (d).

2011. A cold air mass moving down to the coastline is
simulated during the night, forming a density current. This
cold air mass, whose potential temperature ranges from 291
to 293K, moves offshore while the warmer Mediterranean
air mass (potential temperature of around 296K) is lifted
over the density current head at maximum vertical velocities
of around 1m s−1. Between 02:00 and 06:00 UTC (Figures
11(b)–11(d)), the offshore cold air mass depth ranges from
500 to 700m of depth. The simulation shows a liquid cloud
mixing-ratio over the density current head from around
800m to over 2000m.

4.3. The Meso-𝛾 Scale Density Current on 11 October 2010.
Figure 12 shows the simulated surface air convergence (color
contours) and surface wind field (arrows) at (a) 22:00 and (b)

23:00UTCon 13October 2010 and (c) 00:00UTCon 14Octo-
ber 2010. At 22:00 UTC (Figure 12(a)), a convergence line is
simulated, driven offshore by drainage winds (Figure 12(b)).
The maximum length of around 40 km occurs at 00:00 UTC
(Figure 12(c)). This line of convergence is simulated in the
same location, and it presents the same duration of the
recorded precipitation (see Figure 6). However, the model
does not simulate any precipitation, probably due to the
rapid offshoremovement of the line of convergence, the short
lifetime, and the small spatial scale in which the precipitation
develops.

The depth of the cold air mass, 𝐻, has been estimated
from the vertical cross section of the potential tempera-
ture along the line following the riverbed (not shown). At
00:00 UTC on 14 October 2010, the depth of cold reaches
300–400m.
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Figure 8: Vertical cross section of the simulated potential temperature (color contours), liquid water mixing-ratio (black contour lines,
maximum value 0.18 g kg−1), and wind field (arrows) along the green lines (a) A1-A2 and (b) B1-B2 indicated in Figure 6(a) at 20:00 UTC on
25 August 2012. The maximum horizontal wind speed is 19.6m s−1, and the maximum vertical wind vector is 25.6 cm s−1.
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Figure 9: Simulated surface air convergence (color contours) and wind field (arrows) in the red domain of Figure 6(b) at (a) 00:00 UTC, (b)
03:00 UTC, and (c) 08:00 UTC on 6 September 2011. The maximum wind velocity is (a) 9.8m s−1, (b) 9.7m s−1, and (c) 8.6m s−1.
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Figure 10: Simulated 1-h accumulated precipitation (color contours) and surface wind field (arrows) in the red domain of Figure 6(b) at (a)
22:00 UTC on 5 September 2011 and (b) 00:00 UTC and (c) 03:00 and (d) 08:00 UTC on 6 September 2011. The maximum wind speed is
10.6m s−1, 9.8m s−1, 9.7m s−1, and 8.6m s−1 in, respectively, (a), (b), (c), and (d).

Table 1: Simulation estimates of maximum characteristics of hori-
zontal length (𝐿), vertical length (𝐻), and temporal (𝑇) scale, with
calculated𝐻/𝐿 ratios [39] and correspondingmesoscales, according
to Orlanski (1975).

Event 𝐿 (km) 𝐻 (km) 𝐻/𝐿 𝑇 (h) Scale
25 August 2012 2000 0.7–1 10−4 24–30 Meso-𝛼
6 September 2011 200 0.6 10−3 10–12 Meso-𝛽
13 October 2010 40 0.3–0.4 10−2 3 Meso-𝛾

In order to classify and determine the scale of these
three density currents, Table 1 summarizes the values
obtained from the WRF simulation of the horizontal
length (𝐿), vertical length (𝐻), and temporal (𝑇) scales,
as well as the atmospheric scales in which they can be
included.

Additionally, 𝐻/𝐿 ratio defined by Markowski and
Richardson [39] is also calculated in order to determine
whether the cases are hydrostatic or nonhydrostatic. Accord-
ing to these authors, a meteorological phenomenon can be
considered hydrostatic if𝐻/𝐿 ≪ 1.

5. Conclusions

Satellite and radar images of aWMB area were used to detect
an offshore cloud band occurring in the meso-𝛼 scale and
two events of rainbands occurring in the meso-𝛽 and meso-
𝛾 scales. WRF simulations indicate that these clouds and
rainbands are formed as a consequence of cold outbreaks
which induce the formation of offshore density currents over
the WMB at the three submesoscales.

The WRF simulation of the meso-𝛼 episode very effec-
tively reproduces the observations recorded by the Meteosat
satellite on 25 and 26 August 2012. This event is associated
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Figure 11: Vertical cross section of the simulated potential temperature (color contours), liquid water mixing-ratio (black contour lines,
maximum value 5 g kg−1), and wind field (arrows) along line A-B shown in Figure 6(b) at (a) 00:00 UTC, (b) 02:00, (c) 04:00 UTC, and (d)
06:00 UTC on 6 September 2011. The maximum vertical wind speed is 1.2m s−1.

with a strong Mistral event (northwesterly and northerly
flow). Due to the channeling effect of the Pyrenees, the Alps,
and the Massif Central, an outbreak of cold air is produced
and it expands offshore into the Gulf of Lion, where it enters
the WMB and interacts with a warmer sea air mass over the
Mediterranean Sea.

During the night and early morning of 5-6 September
2011, a line of precipitation was detected by the radar network
of the Spanish Meteorological Agency and also simulated
by the WRF model. The simulation shows that this line of
precipitation was associated with a density current formed by
the interaction between a cold air mass arriving at the sea as
a result of a drainage wind and a warmer prevailing synoptic
flow.

The radar network of the Catalan Weather Service
recorded a single, small precipitation cell a few kilome-
ters offshore in the northeast of the Iberian Peninsula

on 11 October 2010. According to the WRF simulation,
a density current formed as a result of the prevailing
wind interacting with the drainage winds following two
riverbeds.

From the observations and simulations of these three
episodes, it might be suggested that this relatively small
area within the WMB can be considered a region where
density currents forming at the mesoscale are associated with
outbreaks of cold air that occur over the relatively warm sea
air at thewholemesoscale. However, three episodes of density
currents entering this region are not enough for considering
that this region is an area where these phenomena occur
at the whole mesoscale. Further episodes should be found
and studied to ensure any conclusions of this nature. This
paper aims to point out the evidence found through these
three cases of cold outbreaks at the whole mesoscale and to
encouragemore research on this topic as it relates to this area.
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Figure 12: Simulated surface air convergence (color contours) and surface wind field (arrows) in domain d04 of Figure 6(c) at (a) 22:00 and
(b) 23:00 on 13 October 2010 and (c) 00:00 UTC on 10 October 2010.Themaximumwind speed is (a) 4.6m s−1, (b) 5.2m s−1, and (c) 5.1m s−1.
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