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ABSTRACT

A study, making use of serial radiosonde soundings, weather radar measurements and aircraft
reports, has been made of the structure of a deeply occluded wintertime front. The sounding
interval during the frontal passage was exceptionally short. The synoptic-scale front-relative
flow could be described using the concepts of cyclone warm and cold conveyor belt flows
(WCB and CCB) only in its initial stages. During the final stages of the occlusion process, the
WCB became diffuse, the CCB weakened and penetrated below the occluded front, and a
third relatively dry, cool, and diffluent airflow of mid-tropospheric origin was established
above the occluded front. The subsynoptic structure of the occlusion was characterized by a
warm frontal zone and, lying above it, a series of ‘“warm tongues” and “cold surges” with a
wavelength of about 100 km. The related circulations were also responsible for the formation
of the observed banded structures in the snowfall, and agreed with the observed distributions
of wind, humidity and temperature. As a whole, the warm tongues and the cold surges
together with their related circulations transferred warm moist air upwards and northwards as
required in the occlusion process. The observed wavelength, as well as the thermal and
kinematic features of the circulations agreed well with the theory of conditional symmetric
instability (CSI), though in this case, only small areas with pure CSI were found. The most
significant area with CSI was found behind the occluded surface front at the top of the moist
layer, while the other areas of CSI, found at higher elevations both above and on the occluded
frontal surface were clearly smaller. This was considered to be related to the time history and

the life-cycle of the roll circulations probably produced by the CSI.

1. Introduction

The decaying stages of extratropical cyclones
were first studied by Bergeron. He discovered in
1919 (Bergeron, 1959) the occlusion process, in
which the cold air-mass behind the surface cold
front reaches the warm front, resulting in the
warmest air in the sector being raised above the
surface. Bergeron (1937) also separated the cases
of warm and cold occlusions, depending on the
temperature difference of the air-masses behind
the cold front and ahead of the warm front.

Bergeron’s occlusion model was, however,
already criticized in the early 1950s. Palmén
(1951) argued that “there is no doubt that many
‘occluded’ cyclones on surface maps have never
gone through a real process of occlusion, although
they show the same characteristic structure

as really occluded polar-front perturbations”.
Godson (1951) also questioned the occlusion
model, and claimed that 95% of occluded
cyclones observed on the west coast of North
America occur with no surface occluded front but
rather an upper cold front and a “‘trough of warm
air aloft”.

In their textbook, Wallace and Hobbs (1977)
question the very existence of the occlusion
process as defined by the classical model. They
state that “most occluded fronts are essentially
new fronts which form as surface lows separate
themselves from the junctions of their respective
warm and cold fronts and deepen progressively
further back into the cold air”. It goes without
saying that the concept of a cold front catching
up with a warm front and either one overlapping
the other, though probably an appropriate
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scheme close to the point of occlusion, cannot
explain all frontal features commonly observed in
decaying cyclones.

It was not until the 1960s that observational
equipment and techniques had developed to a
level at which more detailed experimental studies
of occluded fronts became possible. Kreitzberg
(1964) observed that the thermodynamical struc-
ture of an occlusion was much more complex
than was assumed in the simple Norwegian
model. He found many subsynoptic ‘“hyperbaro-
clinic” zones in connection with the main synop-
tic scale frontal zone. In a case study of a warm
occlusion (Kreitzberg, 1968; Kreitzberg and
Brown, 1970), pre-frontal surges (pulses of cold
air) and “‘tongues” of warm air above the warm
frontal zone were observed. The air above the
warm, moist tongues was often potentially un-
stable, resulting in convective “generating cells”
above the warm front.

Recent experimental studies of occlusions
reveal a complex nature similar to that already
observed by Kreitzberg. Matkovskii and Shakina
(1982) and Ragette (1984) have studied the struc-
ture of warm occlusions and Hobbs et al. (1975),
Houze et al. (1976) and Herzegh and Hobbs
(1981) cold occlusions.

In spite of recent observations, there are still
many fundamental questions to be answered. For
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example, we do not yet know for sure which are
the basic dynamical processes producing the
strongly baroclinic mesoscale zones within the
broader frontal zones and why the precipitation
is organized into mesoscale bands, even though
some plausible theories on their origin exist.
These questions can be answered definitively
only by studying the thermodynamical structure
of occlusions in very great detail.

This paper presents a case study of a
wintertime deeply occluded cyclone. In addition
to a synoptic-scale conveyor belt analysis, a more
detailed smaller-scale analysis will be presented
based mainly on serial radiosoundings. The role
of the structures found in redistributing heat will
be discussed, as well as the possible instability
mechanisms generating those features. Factors
related to the decay of the frontal structures will
also be briefly approached.

2. Observational setup

The observations for the present case study
were carried out during MERASEX-83, the
Mesoscale Rain and Snowfall Experiment at
the Department of Meteorology, University of
Helsinki. A detailed description of the obser-
vational system and procedures is given in
Saarikivi and Puhakka (1986).
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Fig. 1. Map of the measurement area. Sounding stations are depicted by asterisks. The range of measurement of

the radar is also shown.
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The observations presented in this paper rely
mainly on data from serial soundings and
the X-band weather radar of the University of
Helsinki. A map showing the locations of the
sounding stations and the measuring radius of the
radar is shown in Fig. 1. The radar was used to
digitally record the three-dimensional structure of
echoes at 10 min intervals. From these data,
time-height sections of the average radar reflec-
tivity inside our measuring area were derived.
Series of instantaneous low-elevation PPI-pic-
tures were also used.

The sounding system of the MERASEX-83
experiment consisted of 3 radiosonde sounding
stations. The distances between stations were
approximately equal and a little less than 100 km.
Each station was equipped with a similar auto-
matic sounding system. New light-weight sondes
were used, in which temperature and humidity
were measured with capacitive rapid-response
sensors. Wind profiles were derived using what
is known as the Omega Navaid wind-finding
system based on the world-wide navigational
network. As a result, wind profiles with an almost
constant accuracy independent of the elevation
angle were obtained together with very detailed
temperature and humidity data.

Before and after the frontal precipitation area,
the sounding interval was 3 h, while during the
active phase of the system passage, soundings
were made at 1-h intervals. Special emphasis was
laid on the simultaneity of the soundings at each
station. Each sounding reached well above the
tropopause. Vertical resolution was approxi-
mately 60 m, corresponding to the 10 s sampling
interval.

For further analysis, the data were projected
onto an evenly-spaced grid, using where necess-
ary simple linear interpolation both in the verti-
cal and in time. Basic and derived parameters
were analysed at intervals of 100 m in the verti-
cal. The 1-h time interval between soundings
corresponds in this case to a horizontal resolution
in the vicinity of the main frontal surface of
about 30 km. Thus, the basic data were able to
represent phenomena having wavelengths of
more than about 200 m in the vertical and 60 km
in the horizontal. With the derived parameters
(divergence, vorticity, vertical velocity, growth
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rate of CSI) based on data from the sounding
triangle, horizontal wavelengths representable by
the data were about 100 km due to the additional
smoothing.

3. Synoptic-scale analysis

The observations were carried out on 3-4
January 1983, when a deeply occluded warm
occlusion passed Finland approximately from
west to east. The related cyclone was tracked
for 4 days earlier from the coastal areas of
Newfoundland. Infrared METEOSAT satellite
pictures in Fig. 2 show that by 3 January, the
cyclone over Scandinavia was already deeply
occluded (Fig. 2a) and that the front (denoted by
A) was rapidly weakening due to the diffluent
flow over northern Europe.

On 4 January, at 0700 GMT (Fig. 2b), the
occluded front in which we are interested is just
over Finland and its banded cloud structure is
clearly visible, especially in the enlargement of
Fig. 2b over Scandinavia (Fig. 2c). The next
member of the cyclone family (denoted by B) is
seen over southern Scandinavia with the typical
lambda-shaped cloud deck of a mature cyclone.

Fig. 3 presents a time series of the evolution of
the cyclone for the two consecutive days before
its arrival in Finland. Surface frontal analyses are
presented together with the conveyor belt flows
(CBF), a concept originally adopted by Harrold
(1973) and Browning et al. (1973). In the analy-
ses, the warm conveyor belt flow (WCB) and the
cold conveyor belt flow (CCB) correspond to the
main airflows relative to the warm front, and
later, relative to the warm occluded front. The
CBFs were analysed using relative winds on
constant moist isentropic surfaces. As data for
the main pressure levels (850, 700 and 500 hPa)
were only available for restricted areas, the
isentropic relative streamlines could not be
analysed in detail based on this data only. The
conceptual models for WCB and CCB by Harrold
(1973) and Carlson (1980) were applied where it
was felt feasible, naturally in harmony with the
real observations including also satellite pictures.
The values of the moist potential temperature 6,
were 9-12°C and 0-4°C for WCB and CCB,
respectively.

It should be noted that originally, the CBFs

Fig. 2. METEOSAT infrared channel pictures over Europe (a) 3 January 1983 at ca. 1500 GMT, (b) 4 January
1983 0700 GMT, (c) as in (b) but enlarged over Scandinavia. The coldest (highest) cloud tops appear as the lightest

(yellow) shades.
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fig. 3. .The surface fronts and the conveyor belt flows (bounded by thick lines with arrows). The sounding triangle
is also indicated. Thin solid lines denote the heights of the flows (in hPa), for (a) 3 January 1983 00 GMT, (b) 3
January 1983 12 GMT, (c) 4 January 1983 00 GMT, (d) 4 January 1983 12 GMT.

were defined as airflows relative to the moving
cyclone itself. However, as in this case we are
interested in the structure of the occluded front,
that has been chosen as the frame of reference
and flows have been determined relative to it.
Thus the CBFs depicted in Fig. 3 are not necess-
arily correct from the original point of view. All
in all, in the decaying stage of the cyclone, it is
difficult to choose the appropriate frame of refer-
ence, as the movement of the depression centre
itself is not constant and also may vary with
height. In this case, the cyclone decelerated and
even reversed while the front itself moved con-
tinuously forward.

On 3 January 1983 at 00 GMT (Fig. 3a), the
cyclone was over the British Isles and had started
to occlude. Both the WCB and the CCB appear
very much as in a textbook example. 12h later
(Fig. 3b), the occlusion process had progressed,
the major WCB curving anticyclonically over the
warm sector, while a part of the WCB (dashed

line in Fig. 3b) still turned cyclonically over the
occluded front.

On 4 January 1983 at 00 GMT (Fig. 3c), the
occluded front was situated over the eastern coast
of Sweden and the centre of the depression was
far away over the Norwegian sea. At this time,
the WCB can no longer be easily recognized, but
it is clear that the WCB does not turn cyclonically
northwards. The CCB flows towards the occluded
front ahead of the point of occlusion. Ahead of
the front, it is clearly discernible at the level of
about 700 mb and flows northwest towards the
low-pressure centre.

During this stage, it is worth noticing the
relatively dry and cool air that is transported over
the moist layer of the warm occluded front and
above the CCB. It originates from the mid-
troposphere behind the front, and has a 0,, value
of 5-7°C. The southernmost part of it turns
anticyclonically southward as does the WCB, and
the northern part of it flows across the front and
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turns northward. The height of the cool flow
above the surface front at the point where it
breaks into two branches is about 4 km, and from
there the flow descends both to north and to
south.

Thus in addition to the main WCB and CCB
couple located typically with respect to the cold
and warm fronts, there seems to be a diffluent
“cool CBF” behind the occluded front. The
diffluent low-6, flow maintains suitable con-
ditions for potential instability in frontal areas
close to the cyclone centre but no longer in the
middle parts of the occluded front or near the
occlusion point. This structure may be an
indication of the process by which the frontal
system loses its connection with the mother-
cyclone. Looking at the satellite pictures (Fig. 2),
one can see that high clouds exist only in the
northern parts of the occluded front but not near
the supposed location of the occlusion point and
the WCB.

In Fig. 3d on 4 January 1983 at 12 GMT, the
occluded front had moved further east, the point
of occlusion had progressed further south, and
some remains of the WCB, the CCB and the
*“‘cool” CBF can perhaps still be recognized.

Amongst the few conveyor belt analyses from
deeply occluded cyclones to be found in the
literature, one may mention that of Kurz (1988).
However, the analyses in Figs. 3c, d show that
this occlusion seems to be different from that
presented by Kurz. In his case, part of the
original WCB turned cyclonically and flowed
along the occluded front towards the low pressure
centre. In our case, it is clear that the original
WCB air was not flowing into the region of the
occluded front. Air which was flowing over the
warm occluded front originated at higher levels
within the mid-tropospheric “cool” air-mass
behind the occluded front, and at lower levels
from the CCB, mainly within the planetary
boundary layer.

4. Mesoscale analysis of the occlusion

4.1. Single station time-height sections

The time-height sections derived from the
radiosoundings reveal the complex thermo-
dynamic nature of the occluded frontal system. In
each of the following cross-sections, the vertical
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extent is 10 km. The 24-h time-scale corresponds
roughly to a 700 km horizontal distance across
the occluded front. The ill-defined surface front
passed over our sounding triangle, which was
located slightly to the south of the most diffluent
area of the cool CBF, at approximately 12 GMT.

The time-height sections from the 3 sounding
stations were very similar to each other. The
same features which were observed almost simul-
taneously at Vaisala and Lammi (see Fig. 1) were
observed somewhat earlier at Jokioinen. The
sounding station Lammi is used in the following
examples, because it had the best uninterrupted
series of soundings.

Fig. 4a represents the time-height section of
temperature. The baroclinic zones deduced from
the temperature field are superimposed. There
were 2 main warm frontal layers on top of each
other. In addition to these, 2 secondary warm
frontal structures may be observed: one between
the main frontal layers and another above.

The upper warm frontal zone is related to the
second cyclone (B in Fig. 2) approaching our
occluded front from the southwest. Between these
2 major frontal layers, a 3rd weaker one may be
observed, which is related to the top of the moist
air-mass in the first cyclone and is caused by the
interaction of the large-scale subsidence from
above and the frontal ascending motion below.

In the lowest warm frontal zone, at least 2
tongues of warm air (denoted by W1 and W2 in
the figures), using the notation of Kreitzberg
(1964), and possibly another 2 weaker ones can
be seen. Between the warm frontal layers, a series
of surges of cold air with weak cold-frontal-like
patterns were observed. The most prominent of
these are denoted by C1-C4 in the figures. These
can be seen in Fig. 4b as zones of steeper wet-
bulb potential temperature gradient slanting from
upper left to lower right, approximately perpen-
dicular to the main warm frontal zones. These
correspond to the “leafed” nature of occluded
fronts and the ““hyper-baroclinic zones” observed
by Kreitzberg (1964). The most prominent cold
surges and tongues of warm air can also be
observed from the cross-sections of wind and
humidity, which are shown in the following.

Fig. 4c shows the time-height section of rela-
tive humidity. A layer about 3 km deep behind
and above the lower warm frontal zone was at or
near saturation. High humidity values near the
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tropopause at 5 GMT are very likely observation
errors due to icing. Beneath the lowest warm
frontal zone, the air was extremely dry: values of
relative humidity as low as 8%, were observed.
This is a typical feature ahead of and beneath
warm frontal zones and was already observed by
Vuorela (1953) from routine synoptic soundings.
Just ahead of the surface front, a moist cool
density current type flow was observed. It was
evidently due to precipitation falling from above
and evaporating into the dry air-mass below, thus
cooling the air ahead of the surface front. The
lowest part of the warm occluded front itself was
very diffuse and could not be identified from
surface wind observations, but the leading edge
of the density current was easily recognizable at
the ground.

The most interesting features in the humidity
cross-section were, however, the high and low
humidity couplets situated on top of the moist
frontal layer and at least one also within the
moist layer. Their similarity with the rearward
sloping cloud canopies with dry tongues of air
behind them as observed by Browning et al.
(1973) is striking, and it may be well justified to
assume that in this study and in that by Browning
et al., the observed features are manifestations of
similar dynamic processes occurring in both
cases. The cold surges observed from the tem-
perature distribution coincide with the moisture
patterns, so that the air ahead of the cold surge is
more humid than behind it.

Fig. 4d represents the w-component of the
wind, which in this case is also very close to the
cross-frontal wind. The speeds of the 2 main
warm frontal zones coincide very closely to the
u-component of the wind at the frontal surface.
The speed of the upper front (14 m/s) was almost
twice that of the lower (8 m/s), so that the 2
frontal zones continuously approached each other
and overlapped. This speed difference must be
kept in mind when interpreting the time-height
sections as spatial cross-sections. The pattern of
the cross-frontal wind corresponds to the obser-
vations by Browning and Harrold (1969) of a
warm frontal zone. The layer of the strongest
vertical shear is well aligned with the lowest
warm frontal zone.

Fig. 4e shows the v-component of the wind,
which in this case is almost front-parallel.
A southerly low-level wind maximum of 14 m/s

can be seen just below the lowest part of the
warm frontal zone. The structure, the position
and also the flow speed of the low-level jet
again correspond well with the observations by
Browning and Harrold (1969). Reflections of the
cold surges can also be observed in the front-
parallel wind field: there is a tendency for a
stronger southerly flow ahead and a weaker
southerly or even a northerly flow behind the cold
surges. These differences in the v-component are
more pronounced with the most baroclinic cold
surges C2 and C3, while with surges Cl and C4
such differences in the v-component cannot be
found. Because of the systematically larger
v-component within the warmer air in front of
the cold surges in comparison with that behind
them, the net effect is the transport of heat
towards the north.

4.2. Divergence, vorticity and vertical velocity

Estimates for the horizontal derivatives needed
in calculating the horizontal divergence and the
vertical component of the relative vorticity were
obtained using simultaneous measurements from
the three sounding stations. The horizontal drift-
ing of balloons during ascent was taken into
account when estimating the divergence. In the
Omega wind-finding system used in the experi-
ment, the repeatability figure is of the order of
0.5 m/s and is constant with height. The standard
deviation of wind component error is of the order
of 1 m/s (Nash and Schmidlin, 1987). Thus, in a
sounding triangle of the size used here, the
divergence can be estimated with an accuracy of
the order of 10~5 s~!, provided that the measured
values of wind represent mean values on the sides
of the triangle. As values of divergence in the
mesoscale and especially in frontal regions easily
exceed this limit by an order of magnitude, the
evaluation of divergence and also of the vertical
velocity based on the divergence were considered
feasible, even though the sub-grid scale effects
cause an additional error to the results.

Vertical velocities were estimated from the
anelastic form of the continuity equation by
integrating it in 100 m vertical steps from the
surface up to a height of 10 km. Raw values of w
so obtained were further adjusted to fulfil the
mass balance requirement between the surface
and 10 km where w was assumed to be zero. At
the lowest level, w was calculated taking into
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Fig. 4. Time-height sections on 3-4 January 1983 at the Lammi sounding station. Asterisks at the top of each
figure indicate times of radiosonde soundings. The horizontal scale is obtained assuming a constant west-east
system propagation velocity of 8 m/s. (a) Temperature (°C). Baroclinic zones are indicated with heavy full lines.
The most prominent cold surges and warm tongues are denoted by symbols C1-C4 and W1-W2, respectively. (b)
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account the northward ascent of the topography.
In the following time-height sections, the
vertical and horizontal axes correspond to those
represented in the previous cross-section from the
Lammi sounding station. However, as Lammi
was situated at the eastern side of the sounding
triangle and the derivatives represent the mean
values inside the triangle, the cross-sections for
Lammi must be shifted about 1 h (30 km) to the
right to correspond to the subsequent figures.
Fig. 5a shows the time-height section of the
mean divergence over the sounding triangle.
Zones of convergence are observed related to the
warm frontal layers. There is also frictional

convergence near the surface. In the lower half of
the troposphere, the divergence shows values
between —5...+4 x 1075 s~!. At higher levels
close to the tropopause, these limits are slightly
exceeded. Comparing the pattern of divergence
observed in this study to that deduced from
Doppler radar observations by Heymsfield (1979)
and Browning and Harrold (1969), a similar
structure can be found. However, in their studies,
the maximum and minimum values of divergence
were almost an order of magnitude greater, which
can be explained by the smaller observational
area of the Doppler radar and also by the relative
weakness of the front in our case.
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Fig. 5. Time-height sections on 3-4 January 1983 for the sounding triangle. Asterisks at the top of each figure
indicate times of radiosonde soundings. (a) divergence (10~3s~!), (b) relative vorticity (10~5s7!), (c) vertical
velocity (cm/s). In each figure, baroclinic zones as in Fig. 4b are shown.

The time-height section of the vertical com- frontal zones, the maximum values being at the
ponent of relative vorticity is shown in Fig. 5b.  upper warm frontal zone about 1.5 x 10~4s™!,
Positive vorticity is observed along the warm  Local maxima of positive vorticity can be found
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in relation to the major cold surges. This is a
consequence of the typical distribution of the
v-component of the wind in connection with the
cold surges. Again, with the most baroclinic
surges (C2 and C3), the values of vorticity are
highest, while with the surges Cl1 and C4, the
vorticity is closer to zero or even negative.

Fig. Sc is the time-height section of the vertical
velocity. Considering the sensitivity of the
method used to even small errors in the
horizontal divergence, the observed pattern fits
surprisingly well with the frontal structures.
There is a more-or-less uniform layer of ascend-
ing motion of 1-2cm/s above and within the
lowest warm frontal zone continuing in the
boundary layer behind the surface front. De-
scending motion can be observed beneath and
ahead of the front and in the free atmosphere
behind the surface front. Compared with the
corresponding analysis of the relative humidity
(Fig. 4c), the correlation is very good; moist
regions behind the front are capped by subsid-
ence. The dry air beneath the warm front is also
related to descending motion.

Two main cores of ascending motion in the
mid-troposphere with maximum values of 4 and
6 cm/s correlate surprisingly well with the cold
surges. There is ascending motion in front of and
descending motion behind surges C1, C2 and C4.
Also, the humidity has local maxima related to
the ascending parts of the cold surges. In the rear
portions of the system, the air is generally
descending with a maximum value of 10 cm/s.

4.3. Horizontal structure of the cold surges and
warm tongues

The horizontal extent of the cold surges and
warm tongues apparent from the time-height
sections is too small to be discernible from the
synoptic scale upper air analyses. From the
sounding data of this experiment, pseudo-
horizontal analyses (horizontal time-sections) can
be derived using time series from the stations of
Lammi and Vaisala which were situated almost
parallel to the front at a distance of 90 km from
each other.

Figs. 6a, b show the pseudo-horizontal fields of
temperature at 450 and 700 hPa, respectively.
The zones of sharp temperature gradient ahead of
the cold surges and warm tongues can be seen. To
help with identification, the cold surges and

warm tongues seen in the vertical cross-sections
and the location of the horizontal cross-sections
are also shown. In connection with the cold
surges, the maximum horizontal temperature
gradient was 0.6 K/10km, which is slightly
greater than the values observed by Shakina et al.
(1984) by aircraft in otherwise similar fronts. It is
also worth emphasizing that the cold surges are
N-S oriented.

Consistent with the field of vorticity, weak
troughs related to the cold surges could be
observed from the pseudo-horizontal cross-
section of the geopotential (not shown here).
Similar observations can be found in Elliott and
Hovind (1965).

The orientation of the warm tongues (Fig. 6b)
is similar to that of the warm frontal zone, i.e.,
NNW-SSE, while vertically they are forward
and upward sloping. The maximum horizontal
temperature gradient of the most prominent
warm tongue was 0.5 K/10 km.

4.4. Composite frontal structures and precipitation
patterns

Fig. 7 shows a composite representation of the
frontal structures of this warm occlusion. Fig. 7a
shows the horizontal winds relative to the move-
ment of the lowest warm front superimposed on
the frontal structures derived in Subsection 4.1.
The estimated locations of the cold and cool
conveyor belt flows are also indicated. Reflection
of the baroclinic structures can be seen clearly in
the front-relative winds. Across the cold surges,
relative winds behave more-or-less like winds
across ordinary fronts.

In Fig. 7b, the precipitation bands observed by
weather radar are shown as contours of equival-
ent radar reflectivity factor. The values shown
are basically averages over a small quasi-
horizontal sector in the middle of the sounding
triangle, representing triangle-mean reflectivities.
Based on these values at different elevations,
vertical distributions are derived from each three-
dimensional measurement at 10 min intervals,
and the resulting composite time-height section
is superimposed on the frontal structures. Isolines
of relative humidity of 50, 70 and 909, observed
in Lammi are included.

The precipitation in this warm occluded front
was arranged into 2 major precipitation bands
(Bl and B2 in Fig. 7b) with a wavelength of
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Fig. 6. Upper panel: Baroclinic zones as in Fig. 4b. Horizontal bars: locations of the horizontal time sections in (a)
and (b). The heights of the time sections are shown in hPa. Lower panel: Horizontal time-section of the
temperature (°C) derived from the time cross-sections of Lammi and Vaisala (see Fig. 1) at the levels of (a) 450 hPa,

(b) 700 hPa.

about 100 km. The last band was composed of 2
smaller bands with a wavelength of about 30 km.
The precipitation from the Ist major band did
not reach the ground due to the dry air-mass
below. Though it is not obvious from the radar
reflectivity cross-section, the satellite pictures
(Fig. 2) show very clearly that the leading part of
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the frontal cloud also comprised a series of bands
with a wavelength of about 100 km.

The radar echoes only reached a height of
3-4 km, which is typical of wintertime cases.
However, according to aircraft reports, a cloud
layer was observed ahead of the cold surge C2 at
heights of between 4800-5400 m with snowfall
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Fig. 7. A composite time-height section of some main features for the case 3—4 January 1983. (a) Horizontal winds
relative to the movement of the lowest warm front. Short barb = 2.5 m/s, long barb = 5 m/s. Heavy line: baroclinic
zones as in Fig. 4b. (b) Solid line: relative humidity (%;). Bl and B2 denote the two major precipitation bands.
Hatching: equivalent radar reflectivity factor Z,, 5 < Z, < 15 dBZ,, cross-hatching: 15 < Z, <20 dBZ,, shaded:
Z.>20dBZ,. GC: The estimated location of the generating cells. Baroclinic zones as in (a).

below that layer. This is an indication of the
existence of generating cells at heights from
which no radar echoes were received. It is most
probable, considering the small terminal velocity
and large drifting distance of snow crystals, that
the generating cells responsible for the enhanced
snowfall in the bands Bl and B2 were situated
Jjust ahead of the cold surges C1 and C2, respec-
tively, corresponding to the 2 main bands of high
clouds seen in the satellite picture of Fig. 2c.
Severe icing was reported by aircraft pilots

within the bands (especially within B2) and in the
moist air between them. As a consequence, the
snow crystals observed on the ground were in the
form of heavily-rimed graupel. This suggests that
the production of ice crystals in the generating
cells was not sufficient to extract all the con-
densed cloud water in the lower parts of the
frontal zone. This may partly be related to the
fact that the updraughts were no longer vigorous
enough to produce significant snowfall aloft in
this decaying stage of the front. The absence of
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4 JAN 0930 GMT

Fig. 8. The PPI-scan of radar reflectivity on 4 January 1983 at 0930 GMT at 1.5° elevation angle. The radius of the
scan is 50 km. The cross denotes the position of the radar. B2 as in Fig. 7b.

the upper-level “seeder” cloud was very evident
in the post-frontal parts of the system, where only
slight drizzle was produced from the 3 km deep
moist layer capped by relativley dry and subsid-
ing air. The mean total precipitation amount
from this front over our study area was only
0.5 mm.

A low-elevation angle PPI-scan of radar reflec-
tivity on 4 January 1983 at 0930 GMT is shown
in Fig. 8. The lowest reflectivity value shown
is 5dB above the noise level. The echoes seen
in this figure correspond to the 2 bands 30 km
apart inside the band B2 in the previous
figure. Although there are 2 distinct NNW-SSE-
oriented banded patterns of maximum reflec-
tivity, one can also see there some indications of
patterns that are rather N-S-oriented. Compar-
ing this observation to the orientation of the
hyperbaroclinic zones in Fig. 6, one can conclude
that the N-S structures may be connected with
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the generating cells ahead of the cold surges,
whereas the NN'W-SSE bands are most probably
related to the warm tongues over the lowest warm
frontal zone. The NNW-SSE bands moved with
the velocity of the warm frontal zone, i.e., 8 m/s
to the ENE.

This feature of rainbands crossing each other
seems to be a rule rather than an exception in
occlusions, and has already been noted by
Saarikivi (1983). It is worth emphasizing that the
bands with different orientations often maintain
their characteristics even though they cross each
other.

Besides the two main frontal precipitation
bands, shorter-wavelength bands approximately
parallel with the mean boundary layer wind can
possibly be detected from the radar data. They
look very much like the horizontal roll vortices
found by Puhakka and Saarikivi (1986) in many
frontal cases. Due to the lack of detailed infor-
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Fig. 9. Time-height section of some instability parameters on 3-4 January 1983. Continuous line: potentially
unstable areas. Hatching: areas with CSI. Dashed line: inertially unstable area. Heavy lines: baroclinic zones as in

Fig. 4b.

mation on the flow pattern from a Doppler radar,
possible roll circulations could not be directly
detected.

5. Instability mechanisms

The main reason for the precipitation in this
case was the frontal lifting of the moist
southwesterly flow. The 2 major precipitation
bands were clearly related to the warm tongues
and cold surges of air above the warm frontal
zone. The precipitation bands may have formed
due to the release of potential instabilty in
connection with the frontal lifting. The whole
upper portion of the moist flow was potentially
unstable, as can be seen from Fig. 9, which shows
a time-height section of some instability para-
meters over the areas of the sounding triangle.
The areas of negative vertical gradient of moist
potential temperature, indicating potentially un-
stable areas, are enclosed with full lines. The
whole frontal region was hydrostatically stable or
moist neutral and only locally slightly condition-
ally unstable in some shallow layers.

One question to be answered is the reason for
the occurrence of the warm tongues and cold
pulses and the related precipitation bands about
100 km from each other. This wavelength is
typically mesoscale, and there are not many
possible instability mechanisms that produce

perturbations on that scale in the atmosphere.
One explanation for patterns of this wavelength
may be conditional symmetric instability, CSI,
first proposed by Bennetts and Hoskins (1979) as
a possible explanation for frontal rainbands. The
growth rate parameter o2 of CSI was evaluated
following Bennetts and Sharp (1982) using the
formula

o2 x —fy +f<k x % Vi BW)/(aﬂw/aZ)’

where f'is the Coriolis parameter, 7 is the vertical
component of the absolute vorticity vector, k is
the unit vector along the vertical axis, ¥ is the
wind vector, and subscript h refers to a horizontal
vector or operator.

Positive values of the growth rate of CSI are
shown by hatching in Fig. 9. It can be seen that
there were just a few minor areas in the vicinity
of the rainbands which were slightly condition-
ally symmetrically unstable, and most of those
areas were due to a zero or negative vertical
gradient of wet-bulb potential temperature.
However, in the rear part of the frontal system,
positive growth rates of pure CSI were observed
within 2 layers at 2.5-4 and 6.5-7 km. 2 very
small spots of pure CSI were also apparent in the
warm frontal zone under the warm tongues.

Based on values of the growth rate parameter
alone, one cannot conclude that the observed
mesoscale circulations above the warm occluded
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frontal zone were caused by CSI, since by this
stage the atmosphere had already adjusted and
became neutral to any possible moist symmetric
instability which may have existed earlier over
the forward part of the frontal zone. Thus, the
growth rate parameter no longer shows positive
values there, except very locally. The positive
values of CSI growth rate in the post-frontal parts
of the system may indicate that CSI is inducing
symmetric circulations there which gradually,
after drifting over the frontal zone, render the
atmosphere neutral to CSI.

The obvious resemblance of the observed
structures of humidity, horizontal wind, vertical
velocity and temperature in connection with the
cold surges and warm tongues, to the correspond-
ing structures from the numerical experiments
with CSI by Saitoh and Tanaka (1987), gives rise
to the deduction that similar physical mechan-
isms should be responsible in both cases. In our
observations, there are distinct thermally-direct
slantwise rolls parallel with the mean geostrophic
shear connected with the cold surges and warm
tongues over the main baroclinic zone. The
wavelength of the perturbations, about 100 km, is
in accordance with the theory and can be ob-
tained from the depth of the unstable layer
(1.5 km) and the slope of the 6, surfaces in that
layer as estimated by Selzer et al. (1985). The
smaller 30-km wavelength between the minor
bands inside the main warm frontal snow band
also fits exactly the wavelength induced due to
release of potential instability according to the
model of Saitoh and Tanaka. The updraughts
ahead of the cold surges are relatively moist and
the downdraughts behind are dry, which is a
natural consequence in these thermally-direct
circulations.

The observed field of the front-parallel wind
component is important when considering the
transport of heat in cyclones. As shown by Saitoh
and Tanaka (1987), the main task of symmetric
perturbations in cyclones is to assist in the
poleward flux of heat. In our case, this tendency
is very pronounced in the flow patterns connected
with cold surges C2 and C3. In surges C1 and C4,
this characteristic is not observed, probably
indicating that the first roll had already decayed,
while the last one had not yet generated the
baroclinicity required for the typical distribution
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of the v-component. This is consistent with the
aforementioned indications of roll development
and occurrence of CSI in various parts of the
frontal system.

One question to be answered is that concerning
the mechanism maintaining CSI in this old
decaying front. Obviously the reason for the
favourable conditions for CSI above the moist
occluded warm frontal zone is the differential
temperature advection caused by the relatively
cool and dry airflow descending from the mid-
troposphere above the frontal zone. Differential
temperature advection was also responsible for
the occurrence of CSI in the case studied by
Wolfsberg et al. (1986).

Satellite observations from 3 January 00 GMT
onwards (not shown) indicate, that the banded-
ness in the frontal clouds was greatly enhanced
after the front passed the Norwegian mountains.
This may have been an additional mechanism
triggering slantwise convection inside and above
the moist layer above the frontal zone. The
satellite pictures also show that the cloud bands
continuously evolved and changed their form,
indicating that the life-time of a single band may
have been as short as, say, a few hours.
Wolfsberg et al. (1986) report bands existing as
individual entities for less than 4 h, but in our
case, it is very likely that the 2 major bands
observed by the weather radar and radio-
soundings had longer life-times than that.

6. Conclusions

A case study of a winter-time deeply occluded
cyclone using serial radiosonde soundings,
weather radar and aircraft data revealed complex
subsynoptic structures inside the synoptic-scale
frontal zone observable by conventional methods.
The observations seemed to lend substance to the
aforementioned assertion by Wallace and Hobbs
(1977), as this elongated (about 2000 km long)
occlusion principally had the structure of a warm
front. The zone of cold advection above the main
warm moist flow was, however, very typical of an
occlusion.

Compared to previous studies of somewhat
similar fronts by Elliott and Hovind (1965),
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Browning et al. (1973) and Heymsfield (1979),
our case differed in some respects. Firstly, in our
case, no melting layer was present, as the tem-
perature was in general below zero everywhere in
the troposphere during the frontal passage. Thus,
the bright band effect was insignificant in the
radar measurements, and melting could not
produce any additional effects on the frontal
dynamics. Secondly, the main front was capped
by another front connected to the next member of
the cyclone family, continuously closing in on the
leading one. Thirdly, our front was in a decaying
stage and occurred in a general large-scale flow of
strong diffluence. Thus, it was surprising that the
structures observed were still very pronounced.

It was also shown that using the concepts of
warm and cold conveyor belt flows as proposed
by Harrold (1973) and Browning et al. (1973), all
stages of the development could not be explained.
In this particular case, another cool mid-tropo-
spheric airflow had to be considered in addition
to the WCB and CCB. As that flow descended
from about 500 hPa behind the fronts to cap the
warm moist air just above the occluded and warm
fronts, it resembled the mid-tropospheric flow of
potentially cold air, leading to instability above
the WCB, described by Harrold (1973) and
Browning et al. (1973). Also different in this case
was the presence of two main branches in the
mid-tropospheric air: one turning anticyclonic-
ally above the occlusion point as in the model of
Harrold and Browning, the other turning
cyclonically towards the cyclone centre. This
structure above the moist, relatively warm air of
the occluded front maintains potential instability
near the cyclone centre, but in those areas where
the relatively cool air descends to, or sinks below
the height of the remains of the WCB close to the
occlusion point, the frontal system stabilizes and
may finally lose its original connection with the
mother cyclone.

The complex thermodynamical structure com-
mon to previous observations of occlusions was
also found in this case study. Surges of cold air
above the warm and moist layer of air, and warm
tongues within the moist layer were observed.
These were connected with the 2 major precipi-
tation bands of the system.

The observed banded thermodynamical and
kinematic structures, which basically were over-

lapping zones of slantwise thermally-direct circu-
lations, were similar to those caused by con-
ditional symmetric instability, which in this case
was postulated to be the most probable cause for
these structures.

It was not possible, based on the data of this
study, to show definitely what kind of circu-
lations were related to the cold surges and warm
tongues. Whether they develop in pairs having a
common thermally-direct circulation, or whether
there are two independent sets of circulations
remains to be answered. Other problems for
future studies are the relative movement and
interactions between cold surges and warm
tongues, the life cycle of these circulations and
their possible drifting across the frontal zones.

However, it has been shown that the circu-
lations related to warm tongues and cold surges
together transfer warm air upwards and north-
wards; the warm tongues supply warm and moist
air up at the top of the moist layer above the
warm frontal surface, where the cold surges raise
the same air higher still. Between the air supplied
by the warm tongues and the cooler air from cold
surges, cold-front-like baroclinic zones form.
Related to these baroclinic zones, a systematic
difference across the zone in the zone-parallel
wind component forms causing a net effect of
poleward temperature flux.

This study and other recent experimental
studies indicate that the classical Norwegian
occlusion model is far too simplified to give the
typical characteristic features of the occlusion
process in extratropical cyclones. Much more
observational work needs to be done with the
finest possible resolution in time and space to
reveal the small-scale features of both warm and
cold-type occlusions in the various life stages of
cyclones.
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