
1. Introduction

A dry intrusion consists of a stream of dry air of upper-
tropospheric and lower-stratospheric origin which,
after an earlier descent, approaches the centre of a
cyclone by reascending over air of high wet-bulb (or
equivalent) potential temperature at low levels within
the warm conveyor belt (WCB), (Young et al., 1987;
Browning & Roberts, 1994). Dry intrusions are a typi-
cal feature of cyclone development (Browning &
Roberts, 1994) and parts of the intrusion are charac-
terised by air with relatively high potential vorticity
(PV) and low wet-bulb potential temperature, as
already suggested by Danielsen (1964). High PV air
within a dry intrusion is often associated with rapid
cyclogenesis (Young et al., 1987) when approaching a
low-level baroclinic zone. In the absence of low-level
forcing or baroclinic zones, but in the presence of
strong upper-level forcing, a dry intrusion can still pro-
duce convective weather events.

After the onset of cyclogenesis, a dry intrusion can be
identified as a cloud-free area (‘dry slot’) in the water-
vapour (WV), infrared (IR) and sometimes in the visual
(VIS) satellite images (Browning, 1997), while the dry
intrusion is often evident in the WV imagery almost a
day before it can found in the IR and VIS. Thus WV
imagery has been recognised as an important diagnos-
tic tool for supplying important information in addi-
tion to that obtained from IR or VIS imagery
(Mansfield, 1996). The close association of features in
the WV imagery and in the PV fields has been discussed
by Mansfield (1994, 1996, 1997). Although PV has been
used as an operational forecast tool since the late 1980s,
it is only recently that the combined use of PV and WV

imagery has been proposed for both nowcasting and
for validation of Numerical Weather Prediction models
(Browning, 1997; Mansfield, 1996, 1997).

Mesoscale aspects of dry intrusions associated with
extra-tropical cyclones have been the subject of a series
of studies (Young et al., 1987; Browning & Golding,
1995; Browning, 1997; Browning et al., 1997). The
motivation of this study was the investigation of the
applicability of existing ideas in more southerly lati-
tudes (in the Mediterranean region) where the relation-
ships between the water-vapour imagery and potential
vorticity structures is often not well defined. Thus, in
this study a dry intrusion event associated with a cold
front over the central Mediterranean will be discussed
based on the use of satellite imagery and upper-air
analyses provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF).

2. Synoptic context-satellite imagery

At 0000 UTC on 20 January 1998, a low centre of 993
hPa was located in the northern Adriatic Sea. This low
centre was moving south-eastwards and it was progres-
sively filling, while it crossed the southern part of the
Italian peninsula during the following hours (not
shown). Figure 1 presents the mean sea-level pressure
and frontal analysis at 0000 and 0600 UTC on 21
January 1998. A cold front, associated with a 996 hPa
low centre, extended from southern Italy towards the
northern African coasts (Figure 1(a)). Six hours later
the low centre had moved south-eastwards to over the
sea between Italy and Greece, while the cold front had
reached the western Greek coasts. Thunderstorm activ-
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ity was reported by several coastal stations in western
Greece at 0300 and 0600 UTC on 21 January (denoted
by asterisks in Figure 1(b)). The corresponding
METEOSAT IR images are shown in Figure 2. The
main features of these images are as follows.

(a) A broad frontal cloud band associated with the
moist air within the warm conveyor belt ahead of
the front. The coldest tops at 0000 UTC (Figure
2(a)) were observed over the sea, south-east of
Italy, while six hours later the cloud tops pene-
trated deeper into the high troposphere and they
were located over the western Greek coasts and
central Greece (Figure 2(b)), associated with the
onset of thunderstorm activity in the area.

(b) An almost cloud-free area situated on the western
flank of the high-topped frontal cloud band. As
discussed earlier, these ‘dry slots’ can be indicative
of a dry intrusion from the upper-tropospheric

layers, but this structure is more evident in the cor-
responding WV images to be discussed next.

Figure 3 shows the METEOSAT WV imagery at 0000
and 0600 UTC on 21 January 1998. A well-defined
broad blue zone, indicative of very low humidity
within the middle and upper troposphere, is evident
over the western Mediterranean. This zone narrows
progressively towards the east, behind the deep band of
moist cloudy air associated with the warm conveyor
belt ahead of the cold front (orange and red colours).
The dry slot depicted in the WV imagery closely
resembles the dry intrusions over the eastern Atlantic
reported in recently published research work (e.g.
Browning & Golding, 1995; Mansfield, 1996;
Browning, 1997). Superimposed on the WV images is
the height of the 1.5 PVU surface (PVU: potential vor-
ticity unit, equivalent to 10–6 m2s–1Kkg–1). As discussed
by Mansfield (1996), the height of the PV surface rather
than its potential temperature is preferred as a diagnos-
tic tool, because it directly indicates the degree to
which the upper-level high PV is likely to influence the
low-level flow. Although the 2 PVU surface has been
proposed to represent the dynamical tropopause
(Hoskins et al., 1985), further south from the polar
front region the 1.5 PVU surface seems to be more rep-
resentative. At 0000 UTC on 21 January, the 1.5 PVU
surface extends down to 635 hPa (Figure 3(a)), indicat-
ing that the air within the dry zone originated from the
lower stratosphere/upper troposphere.

Six hours later (Figure 3(b)), the 1.5 PVU surface just
behind the cold front is found at the 520 hPa level. The
minimum height of the 1.5 PVU surface is positioned
slightly to the west of the dry slot. Although PV anom-
aly is commonly found to the rear of the darkest parts
of the imagery at the start of the deepening phase, it
coincides better with the darkest area as the low reaches
maturity (Mansfield, 1997). It seems that in this case
this slight mismatch of the PV anomaly being posi-
tioned to the west of the dry slot, can be attributed to
the lack of upper-air measurements over the maritime
area between Italy and Greece and also along the west-
ern Greek coasts. Indeed, Mansfield (1996) demon-
strated the importance of assimilating upper-air mea-
surement into numerical analyses for the accurate posi-
tion of high PV values (minima in PVU height charts)
in relation to dry slots depicted in WV imagery.

The WV imagery clearly shows the existence of a dry
intrusion, but it cannot provide further information on
the interaction of this dry air penetration within and/or
upon the warm conveyor belt. It should be noted that
the horizontal extension of the dry intrusion in the
western part of the frontal cloud band and the over-
running of part of the warm conveyor belt (WCB) can
be masked by the vertical development of the WCB
clouds. As summarised by Browning (1997), the dry
intrusion can interact with the high wet-bulb potential
temperature air of the WCB in different ways resulting
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Figure 1. Surface analyses for (a) 0000 UTC and (b) 0600
UTC on 21 January 1998. Isobars are plotted at 4 hPa inter-
vals. Cold fronts are represented with conventional symbols.
Asterisks in (b) denote thunderstorm activity reported by the
surface stations (at 0300 and 0600 UTC on 21 January).
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in different frontal archetypes. These range from the
pure kata-front case, where the dry-intrusion air over-
runs the WCB air, leading to a split cold front
(Browning & Monk, 1982), to the pure ana-front case
where the dry intrusion undercuts an extrusion of the
upper part of the WCB air, thus overunning the lower
part of it, producing potential instability and gener-
ating a wide rainband behind the narrow cold frontal
rainband. Browning & Golding (1995), on the basis of
weather radar imagery and mesoscale model results,
have put into evidence this undercutting of the upper
part of the WCB air by a dry intrusion (see their Figure

10(b)). For the present case, the eventual overrun of the
lower part of the WCB by the dry intrusion cannot be
studied owing to the lack of radar data and mesoscale
model analysis; only some indications can be gained
through inspection of vertical cross-sections, discussed
in section 3.2. ECMWF analyses and surface observa-
tions did not show any deepening of the surface low;
this leads to the conclusion that there was no large-
scale interaction of upper- and lower-level forcing.
Nevertheless, the dry intrusion produced a local region
of potential instability, as indicated by the thunder-
storm activity on the eastern edge of the dry intrusion.

A dry intrusion over central Mediterranean
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Figure 2. METEOSAT infrared images at (a) 0000 UTC and
(b) 0600 UTC on 21 January 1998. These images correspond
to the analyses given in Figure 1.

Figure 3. METEOSAT false-colour water-vapour images at
(a) 0000 UTC and (b) 0600 UTC on 21 January 1998. The
driest regions are coloured blue. Superimposed are the 1.5
PVU-surface pressure levels (at 50 hPa intervals), computed
from the ECMWF analyses.
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3. The dry intrusion as depicted from ECMWF
analyses

3.1. Horizontal cross-sections

ECMWF analyses with the maximum available hori-
zontal resolution (0.5 × 0.5 lat/long) provide a very use-
ful tool for the study of the horizontal and vertical
structure of the dry intrusion. Figure 4 shows relative
humidity field at the 700 hPa level, valid at 0600 UTC
on 21 January 1998. The high values of the relative
humidity field are in very good agreement with the IR
image (Figure 2(b)), indicating values greater than
70–80% in the area of the frontal cloud band. A second
interesting feature is the very good representation by
the ECMWF analysis of the dry intrusion, with a pro-
nounced dry tongue (relative humidity values less that
30%) behind the front, curving north-eastwards over
the sea south-west and west of the Greek Peninsula.
Inspection of a series of relative humidity fields at dif-
ferent pressure levels (not shown) revealed that this dry
area is mainly found above the 700 hPa level, while the
lowest tropospheric layers have relative humidity val-
ues greater than 70% in the area of the dry intrusion.
Thus the dry air has not descended deeper than the 700
hPa level; this structural feature will also be found in
the vertical cross-section of the relative humidity dis-
cussed in section 3.2.

The wind flow, relative to the moving system, at the
same level, reveals a strong flow along the major WCB
axis and an even stronger inflow of air within the area
of the dry intrusion. Indeed, the relative flow within
the dry intrusion exceeds 20 ms–1. The inflow termi-
nates over the south-eastern edge of Italy at the centre
of the low. This pattern is similar to that presented by
Browning & Golding (1995, Figure 3) and Browning
(1997, Figure 6(a)).

3.2. Three-dimensional perspective and vertical
cross-sections

A three-dimensional perspective of the dry intrusion
characteristics is depicted in Figure 5. The horizontal
domain of this figure is the same as that in Figure 4, but
it is bounded vertically at a height of 13 km. The dry
intrusion is characterised by relatively high PV air ema-
nating from the upper-tropospheric layers and lower-
stratospheric layers. Although PV values greater than 2
PVU are typical of stratospheric air near the polar front
region, values of 1.5 PVU should be more typical for
the central Mediterranean. Note the characteristic
downward protrusion of the 0.5 PVU contour at low
levels terminating inside the WCB air mass (repre-
sented by the humidity isosurface exceeding 90%,
coloured in grey). These high PV air masses are charac-
terised by low relative humidity (note that the 1 PVU
contour line corresponds to a relative humidity of less
than 30%). The relationship between the dry intrusion

and the PV and humidity distribution in the vertical
presented in this case is very similar to the one pre-
sented by Browning (1997, Figure 6(b)). With regard to
the cloud development (relative humidity exceeding
90%), the clouds associated with the WCB represent
the most important vertical development over the
western part of continental Greece, in the area where
thunderstorm activity was reported by the surface
stations. 

4. Concluding remarks

In this study a description has been given of the struc-
ture of a vigorous dry intrusion over the central
Mediterranean. The description was based on the use of
METEOSAT WV images and ECMWF upper-air
analyses. The dry intrusion was detected as a dry slot in
the WV imagery located on the west side of the frontal
cloud band. Inspection of the ECMWF analyses
revealed that the dry intrusion was characterised by a
potential vorticity maximum, and near the central part
of the intrusion the 1.5 PVU surface (approximately
representing the dynamical tropopause) was found
down to 640 hPa.

Inspection of the evolution of sea-level pressure
revealed that this intrusion did not result in a deepen-
ing of the low centre, indicating that the upper-level
forcing did not introduce a low-level forcing.
Nevertheless, there are indications that as this low
equivalent potential temperature air penetrates within
the warm and moist conveyor belt, leaving part of the
high equivalent potential temperature air below the dry
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Figure 4. Horizontal cross-section of relative humidity (at 20
% contour interval), and wind flow, relative to the moving
frontal system (propagating at 11 ms–1 from 300°), at the 700
hPa level at 0600 UTC on 21 January 1998. Shading denotes
the eastern edge of the dry intrusion, as deduced from the
water-vapour image depicted in Figure 3(b).
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intrusion, a region of potential instability and convec-
tion is generated locally. This feature has been dis-
cussed in many recent publications. A further investi-
gation of the dry intrusion overrunning part of the
WCB would necessitate the availability of radar data
and/or the use of mesoscale model results.

The three-dimensional perspective of the dry intrusion
showed very well the penetration of upper-tropos-
pheric air into the lower troposphere, descending
toward the position of the surface cold front. Although
the ECMWF analyses do not show the full extent of the
penetration of the dry air within the WCB, the thun-
derstorm activity reported from at least four synoptic
stations in this area indicates that such a penetration did
occur. This feature cannot be seen in the WV images
because cold-top WCB clouds can mask the low rela-
tive humidity air associated with the intrusion. This
interaction between the dry intrusion and the WCB air
is shown schematically in Figure 6. The dashed line
depicts approximately the horizontal extent of the dry
intrusion within the WCB air, while asterisks denote
the reported thundery activity. It is evident that thun-
derstorms were observed at the leading edge of the dry
intrusion, where potential instability was released.
Roberts (1995) reported a similar case where the onset
of thunderstorms coincided in space with the area
where the dry intrusion interacts with the cold front
cloud band.

As a final remark, this study provided further support
to the well-established idea that METEOSAT WV
images are very helpful in identifing the dry air ema-
nating from the lower stratosphere and constitute a
very useful tool for the determination of areas where
thunderstorm activity can be expected.
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Figure 6. Conceptual scheme of the interaction of dry intru-
sion with the WCB air, representative of the situation at 0600
UTC on 21 January 1998 (zoom inside the domain shown in
Figure 4). Dark shading denotes the eastern edge of the dry
intrusion, as deduced from the water-vapour image. The 10%
and 30% contour lines of relative humidity at the 700 hPa
level (lower level of dry air penetration) are also shown.
Convective clouds associated with the WCB are depicted by a
bold line. The dashed line represents the suggested intrusion of
dry air within the WCB air (represented with the open arrow)
while reported thunderstorms (at 0300 and 0600 UTC on 21
January) are indicated with asterisks.

Figure 5. Three-dimensional view of the domain shown in Figure 4. Humidity exceeding 90% is coloured grey. Solid lines show
potential vorticity (at 0.5 PVU intervals) and dashed lines relative humidity (at 20% intervals) on a cross-section following
approximately the 35° N latitude line.
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