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Summary

It is well known that classical (ana) cold fronts tend to be characterised by
mesoscale circulations in which upright line convection feeds a layer of
concentrated rearward slantwise ascent. Occasionally, however, as in the case
study presented in this paper, two and sometimes more of these mesoscale
circulations coexist within the same cold-frontal zone. The two slantwise
circulations described here were observed to be stacked one above the other
with a vertical wavelength less than 2km. Althou&zh it is often suspected that the
circulations at ana-cold fronts are enhanced by mesoscale processes such as
conditional symmetric instability (CSI) or AM-adjustment, it is notoriously difficult
to discriminate between these circulations and the larger-scale transverse
circulation within which they are embedded.. The occurrence in this study of
multiple circulations with small vertical scale helps to distinguishe them from the
large-scale circulation and this has motivated our detailed examination of this

case.

Mesoscale circulations of the kind described here are difficult to detect:
numerical weather prediction (NWP) models, even high-resolution models, do not
usually represent them, and conventional observations do not show them clearly.
This study takes advantage of observations from a very-high-resolution
microwave Doppler radar plus a high-resolution analysis of UHF wind profiler
radar data, analysed in the context of output from an operational mesoscale
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NWP model. The study defines the mesoscale structure of the event sufficiently
carefully to provide a basis for future idealized modelling studies to investigate
the possible roles of CSI and AM-adjustment, both of which appear to play some

part in the maintenance of the circulations.

1. Introduction
(a) The theoretical background

In a baroclinic atmosphere, moist convection may take a variety of forms
depending on the relative gravitational and inertial stability to vertical and
horizontal motions. Pure gravitational instability may be released by upright
motions and pure inertial instability by horizontal motions. Conditional symmetric
instability (CSI) arises from the combination of gravitational and inertial
accelerations in a baroclinic atmosphere and this may be released by slantwise
motions (Bennetts and Hoskins 1979). Such motions are referred to as slantwise

convection.

As described in the recent review of CSI by Schultz and Schumacher (1999),
slantwise and upright convection may coexist in regions that are unstable to both.
The slantwise convection extends over a horizontal scale of about 100 km,
which is more than an order of magnitude greater than that for upright
convection. It yields vertical velocities of tens of cms”, more than an order of
magnitude smaller than the updraughts within upright convection. If an initially
gravitationally and inertially stable baroclinic atmosphere is destabilised, then
symmetric instability will appear prior to pure gravitational instability (Emanuel,
1994). However, the larger growth rate of gravitational instability implies that if
both instabilities are present then the release of pure gravitational instability
(leading to upright convection) will tend to dominate in time. Alternatively, these
instabilities may interact such that the release of one type of instability

preconditions the atmosphere for the other type of instability. The warm sectors



of baroclinic cyclones are often potentially unstable to either or both slantwise

and upright convection, as noted by Emanuel (1994).

Two mechanisms for the interaction of symmetric and pure gravitational
instability in frontal rainband development are discussed by Xu (1986). He
considers the process of frontal-rainband development suggested by Bennetts
and Hoskins (1979) as ‘downscale’ development of CSI. In this scenario, the
release of CS| causes the middle troposphere to become unstable to upright
gravitational instability. In the alternative, ‘upscale’ development, small-scale
upright convection occurs first; this stabilises the atmosphere to upright
gravitational instability and meso-p-scale slantwise convection then occurs. Even
in an atmosphere stable to CSl it is still possible for upright convection to trigger
slantwise convection, but through an inertially stable process known as AM
adjustment. In this process upright convection lifts low-level air upwards, leading
to subgeostrophic momentum anomalies in the middle troposphere which are
removed by slantwise convection (Holt and Thorpe, 1991; Fischer and Lalaurette
1995).

It is widely recognised that the representation of moist convection within
numerical models represents one of the great challenges standing in the way of
the improvement of weather and climate prediction. The scales of convective
motions sit uneasily between being partially resolved and being sub-grid scale
processes whose effects need to be parametrized: there is a danger of double
counting. The nature of the modelling challenge is changing, and at the same
time the opportunity to address it is improving, as a result of the development of
high-resolution mesoscale numerical weather prediction (NWP) models in which
the individual convective motions are being increasingly but still not yet entirely
resolved. The current mesoscale version of the Met Office’s operational forecast
model (Unified Model) already has a horizontal grid length as small as 12km and
work is underway in the Joint Centre for Mesoscale Meteorology (JCMM) aimed

at reducing the resolution of a new version of the model to about 2km (P.Clark




and H Lean, personal communication). An important ingredient for progress in
this area is the development of a better understanding of the nature of both
upright and slantwise circulations and the ways in which they interact. These
issues are being addressed within the JCMM as part of a balanced programme
of theoretical, observational and modelling studies (Gray et al 2000). The present
paper represents an observational contribution to this programme, drawing
especially upon the high-resolution 10cm wavelength Doppler radar at the
Rutherford-Appleton field site at Chilbolton in southern England (Goddard et al
1994).

b) Introduction to the case study

In this paper we present a case study of an ana-cold front which travelled
eastwards across the Doppler radar at Chilbolton, and other radars in southern
England, displaying several well-defined layers of slantwise convection
associated with lines of very shallow upright convection. The fact that upright and
slantwise convection can co-exist in cold-season ana-cold fronts was recognized
by Browning and Harrold (1970) and Browning and Pardoe (1973). That this
often occurrs in the UK is now widely accepted by the forecasting community
(Met Office 1997,Ch.7). The conceptual model in Fig.1 shows how the shallow
upright line convection at the surface cold front feeds a layer of rearward-directed
slantwise ascent. Browning (1990) suggests that the line convection shown in
Fig.1 is due to the SCF propagating into an almost neutrally — rather than
unstably-stratified air mass, thereby generating upright convection that is forced
rather than free. The forced nature of the convection is considered to account for
the often rather 2-dimensional nature of the line convection. We shall adopt a
different perspective in the present study by recognising that the boundary-layer
air mass ahead of the SCF, while close to neutral stratification, does have a
small and possibly significant degree of potential instability. We shall also be
taking note of the existence of potential instability behind the main SCF.



Figure 2 gives a previously published example of a scan from the Doppler
radar at Chilbolton through an intense circulation of this kind (Browning et al
1997), showing a rearward system-relative flow (red and yellow) of warm air
within the pre-frontal boundary layer rising as line convection at the surface cold
front (range 25 km) and then ascending slantwise behind the front (as part of the
red and yellow flow toward the left of the diagram). The continuous lines in Fig.2
are streamlines, calculated assuming approximately 2-dimensional flow and
horizontal flow at both the ground and a height of 6km. The fact that the
momentum anomalies do not line up perfectly with the streamlines above 3km
and beyond 60 km suggests the existence of errors in the streamlines that may
be attributable to limitations in the 2-dimensional assumption; however, the
overall flow pattern is believed to be qualitatively correct. The slantwise ascent of
prefrontal warm air to the left of the line convection is also seen to be augmented
by the ascent of some of the cold air which previously had been catching up with
the cold front at low levels (the blue flow between 1 and 2km). Shallow but very
intense radar echo was associated with the line convection and this case was
embedded within much weaker echo due to the mainly stratiform ascent
elsewhere. Recent studies have indicated the likely role of CSI and AM-
adjustment in generating or augmenting the slantwise ascent in this and in other
similar situations (Dixon 2000). Evidence has been presented by Dixon which
suggests that the inability of the model, even with a 12 km horizontal grid, to
resolve these processes properly, can delay the development of the transverse
circulation. Poor vertical resolution of the model in the middle troposphere may
be the main deficiency because, according to Persson and Warner (1993), a

minimum resolution of 170m is necessary to resolve CSI driven circulations.

The striking feature of the new case selected for study here is not only the
coexistence of linked upright and slantwise convective circulations as in Fig.2,
but also the coexistence of two or more sets of such circulations, with the
slantwise flows associated with one of the ciruclations situated beneath the

slantwise flows of the other circulation. This leads to what we refer to as vertically




stacked slantwise circulations as distinct from the single major circulation
portrayed in Fig.2. One of the difficulties in interpreting observed circulations is in
distinguishing slantwise motions that are due to CSI or AM-adjustment from the
rather larger-scale ageostrophic circulations that occur in association with
frontogenesis. Schultz and Schumacher (1999) argue that it is impossible to
distinguish them. Certainly the distinction is blurred when the circulation is as
deep as that in Fig.2. However, in the present study the ascending limbs of the
individual stacked slantwise circulations are separated by as little as 2km in the
vertical and are thus more likely to be attributable to a mesoscale process such
as CSI or AM-adjustment. Normally it would be difficult to obtain definitive radar
observations of such shallow circulations except at very close range. In this
study, however, it has been made possible by the fact that the Chilbolton radar
uses a 25-metre dish which provides a one-third degree beam width and thus a
resolution of 300m at 60 km range (Goddard et al 1994). The resolution in the
radial direction is 75m, although only every fourth range gate has been used,

giving an effective radial resolution of 300m.

The case study is presented in four sections. First, in Section 2, there is a
brief overview of the synoptic context based on some routinely available
observational data and output from the mesoscale version of the operational Met
Office Unified Model. This 12-km-grid model failed to resolve either the upright
convection or the multiple fine-scale slantwise circulations but it represented the
slightly larger-scale context well. The detailed mesoscale observations from the
Doppler radar at Chilbolton are then presented in Section 3 and interpreted to
reveal the structure and inter-relationship of the multiple upright and slantwise
convective circulations. This is followed by an observational synthesis in Section

4 and a general discussion and theoretical interpretation in Section 5.
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2. The case study: context provided by operationally available data

Before presenting the very detailed observations of the slantwise circulations
from the Chilbolton radar (Section 3), we first make wuse of operationally
available synoptic and sub-synoptic data so as to provide the overall context.
The main sources of data are very-short-range forecasts from the mesoscale
version of the Unified Model, imagery from the geostationary satellite Meteosat,
surface rainfall patterns from part of the UK weather radar network and time-

height wind plots from the UHF wind-profiler radar at Met Office, Camborne.

The subject of the case study is the vigorous cold front that travelled
eastwards across the British Isles on 10 February 2000. Figure 3 shows model-
derived plan views of the frontal system at 0900 UTC as the surface cold front
(SCF) was crossing central England. Figure 3(a) shows a plot of surface
pressure and fronts; Fig.3(b) shows the associated bands of cloud as seen in the
infra-red imagery. Figure 3(c) shows that ahead of the SCF there was a belt of air
with high wet-bulb potential temperature (6w) in the boundary layer corresponding
to a warm conveyor belt (WCB). The SCF itself was sharply defined, with a large
change in 6y and temperature (not shown) across it. Over southern England
there was also a significant along-front gradient of 6, (i.e. along the axis of the

WCB) corresponding to a warm-frontal zone.

Of the two major belts of high cloud shown in Fig. 3(b), one was along the
leading edge of the WCB and the other — the subject of this study — was along
part of the trailing edge of the WCB in association with an ana-cold frontal
circulation. The deepest part of this cold-frontal cloud area is marked by a
dashed envelope in Fig. 3(a) and comparison with Fig.3(c) shows that this cloud
feature is closely associated with (and behind) the region of most concentrated
0w gradient. The model cross-sections shown later in Fig.4 are along the line

through the Chilbolton radar and almost perpendicular to the cold front, as shown




in Fig.3(a). These sections are across the sharp cold front and through the
middle of the dashed cold-frontal cloud feature.

The region of ascent responsible for the dashed cold-frontal cloud feature
was ahead of an eastward-moving upper-level potential-vorticity (PV)
anomaly/streamer that extended southwards to the west of the British Isles. An
analysis of quasi-geostrophic vertical motion at 700 mb (not shown)
demonstrated that there was significant forcing of vertical motion from upper-
tropospheric levels, presumably related to this PV streamer. Figure 3(d) shows
that, in part of the streamer over western Ireland, the surface where PV = 2 PV
units, corresponding to the tropopause, reached down to 6km. A cross-section
presented shortly shows that fragments of PV>2 PV units extended down to 4km
within a tropopause fold which tended to undercut the cold-frontal cloud band.

The set of model-derived cross-sections in Fig.4 are for the time
corresponding to Fig.3. Figure 4(a) shows air with a B of greater than 8°C
(stippled) reaching down to the surface over a 100 km-wide strip (the WCB),
followed by a sharp SCF, and a shallow layer of potential instability where the
westerly component of wind shear caused a tongue of low-9 air at 1.5 km to
overrun higher - 8y air nearer the surface. We show later that there was shallow
line convection here. Figure 4(b) shows the tropopause depression at the
northwestern (left-hand) edge of the section, with the PV-2 air down to 6km and
blobs of PV-2 extending within a tropopause fold down to 4km as mentioned
before. Values of PV in excess of 1 PV unit associated with this fold are shaded
in Fig.4(b). At lower levels there are also a few areas with PV > 1 PV unit due to
diabatic effects. Some of these were associated with part of the cold-frontal
ascent shown schematically by the ascending arrow. The arrow is shown first
rising near-vertically at the SCF and then at a shallow angle between a height of
114 and 3km. This is the region where the Chilbolton radar revealed the slantwise
circulations (Section 3). Figure 4(b) shows that this region of diabatic PV is
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separated from the high PV along the axis of the tropopause fold by a strip of
slightly negative PV, the axis of which is drawn dashed.

Figure 4(c) shows the parallel-front flow increasing with height in the warm
air above the cold-frontal zone, with a southwesterly upper-level jet (J) of almost
60 m s' at 8km. There is strong cyclonic shear across the frontal zone,
especially near the surface. Ahead of the SCF, Fig.4(c) shows a low-level jet
(LLJ) with southwesterly winds reaching 30 m s -! whilst behind the SCF there is

a minimum in this component (labelled N).

The model-derived transverse-front component of the wind is shown in
Fig.4(d). The frontal system was travelling at 16 m s” and so the shaded areas in
Fig.4(d) correspond to rearward relative flow, consistent with the inferred region
of ascent highlighted by the right-hand arrow (same arrow as in other frames in
Fig.4). The other arrow in Fig.4(d) highlights a locally enhanced region of forward
relative flow extending from the region of the tropopause fold. Figure 4(e) shows
that the air associated with this fold was very dry; however, the leading part of
this region of forward flow, as highlighted by the arrow, becomes increasingly
moist perhaps because of the evaporation of precipitation falling from the
overlying region of ana-cold frontal ascent. Various features identified in
Figs.4(a-e) are superimposed in Fig.4(f) to clarify their relationships.

The surface rainfall distributions associated with the frontal system at 06, 08
and 10 UTC are shown in Figs.5(a-c). The general area of rain is quite broad,
although it narrows with time. Embedded within it there are patches of heavy
rain including some that are elongated in the front-parallel direction . An unknown
proportion of the bands of apparently heavy rain (eg the red bands in southwest
England towards the rear of the rain areas in Figs.5(b) and 5(c)) are artefacts
caused by the detection of a strong bright-band anomaly, but other bands

correspond to a narrow cold-frontal rainband due to line convection at the SCF.




There have been many observational studies of such narrow rainbands and a

recent study by Wakimoto and Bosart (2000) contains an up-to-date list of

references.

Successive hourly positions of the dominant narrow cold-frontal rainband,
derived from a series of 15-minute images like those in Figs. 5(a-c), are plotted in
Fig.5(d). As we show later, there were actually two bands of line convection, L1
and L2, one more intense than the other. In the northern half of Fig.5 the
dominant line is L2 whereas in the southern half the dominant line is L1 (the echo
line that apparently extends L2 into the southern area in Fig.5(c) is due mainly to
the bright-band artefact). The detailed analysis shown later concentrates on the
features in the southern half of Fig.5 where the stronger line convection, L1, is
seen to be broken up into major line segments. Segments of line convection can
be traced back to the earliest times in Fig.5 in areas to the west of southwest
England where the background rainfall was initially weak and patchy. Evidence
for the existence of some line convection, L2, behind L1 in the southern part of
Fig.5 is presented later, but L2 was too weak or too shallow in this region to

produce trackable narrow cold-frontal rainband segments on the weather radar

network display.

According to Fig.5(d) the line convection, L1, passed over the UHF radar at
Camborne at around 0630 UTC. Time-height records of the front-parallel and
front-perpendicular components of the wind during and after the passage of the
line convection over Camborne are given in Figs. 6(a) and (b). These plots have
enhanced time resolution (5-min data smoothed over 15 min) compared with that
of the standard operational output (values every 30 min). They show wind
patterns that are broadly similar to the corresponding portions of the model-
derived spatial cross-sections in Figs.4(c) and (d). Model-derived time-height
sections over Camborne itself, plotted in Figs.6(c) and (d), enable a more precise
comparison to be made. (The model plots have been derived from hourly
samples and at 25 mb intervals, which is substantially less than the model
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resolution in the bottom 2km, but using full-resolution data would probably not
change the picture very much). The comparison confirms that the model was
doing moderately well in resolving the broad velocity structure, albeit with a
delay of about 1 hour, but that it failed to resolve significant details of the
transverse circulation. Particularly interesting aspects of these transverse
circulations revealed by the UHF radar but not by the model are the not just one,
but two rearward-sloping layers of system-relative rearward flow (layers of
enhanced ana-cold frontal ascent S1 and S2) highlighted in Fig. 6(b) by the solid
and dashed white arrows, respectively. Just beneath each of these flows there
are corresponding layers of strong winds corresponding to forward flow relative
to the 16 m s system velocity (see the solid and dashed black arrows in
Fig.6(b)). The ascending part of the first of the two circulations, S1, (the solid
white arrow) is believed to have been fed by the line convection, L1, that crossed
Camborne at around 0630 UTC. The |Iow-level convergence
(confluence)associated with L1 shows up well in Fig.6(b). The ascending part of
the second slantwise circulation, S2, (dashed white arrow) followed 2% hours
(140 km) after the first but there is no clear evidence of well organised low-level
confluence that might have been associated with any line convection, L2. A few
hours later these same circulations crossed over Chilbolton at which time S2
was, as we show in Sec. 3, intermittently triggering a definite region of line
convection, L2, a mere 20 km behind L1.

3. Case study: mesoscale observations from the Chilbolton radar
(a) Vertical radar cross-sections

The clearest evidence of the stacked slantwise circulations is provided by
vertical, so called range-height-indicator (RHI), scans by the Chilbolton radar
obtained perpendicular to the cold frontal zone. These were part of complete sets

of RHI scans obtained at nominally 18° intervals around 360° which were

interspersed with so-called plan-position-indicator (PPI) scans made every 28

11




minutes. A sequence of the front-perpendicular RHI scans showing Doppler
velocity, obtained between 0822 and 1111 UTC, is shown in Fig 7. Some of the
scans are towards azimuth 309° and others are 180° apart, ie towards 129°
(strictly speaking the 129° scan was reconstituted from a pair of closely-spaced
scans on either side of this direction). All the scans in Fig.7 have been
reproduced so that northwest (the rear of the frontal zone) is to the left and
southeast is to the right. The earliest RHI is at the foot of the diagram and the
subsequent RHIs plotted above it are displaced to the left by a distance
approximately proportional to the 16 m s velocity of the frontal system so as to
keep the line convection, L1, at the same location (see vertical dotted line
running through the entire figure). The RHIs obtained at 1005, 1033 and 1112
UTC correspond to those scanned toward the southeast and this is why they are

displaced relative to the other RHIs.

The light blue areas in Fig.7 are where the strength of the winds is similar to
the system velocity and, assuming a 2-dimensional steady-state structure, would
be where the air is neither descending nor ascending rapidly. The warmer
colours (green, yellow, orange, red) correspond to system-relative flows from
right to left whilst the dark blue areas correspond to flows from left to right. Since
these colours occur in layers most of which slope upwards from right to left, they
imply rearward-sloping ascent in the warm-coloured layers and forward-sloping
descent in the dark blue layers. There are two main layers of slantwise ascent,
with corresponding layers of insignificant ascent or weak slantwise descent
beneath each of them. (There is a third layer above S1, seen most clearly in the
1033 UTC scan, which we shall not consider in detail). The axis of the higher of
the two main layers of slantwise ascent, referred to as S1, is highlighted by a
solid line and the lower layer of slantwise ascent (S2) by a dashed line. Each
layer of slantwise ascent is less than 1km deep and the axes of S1 and S2 are
separated in the vertical by between 1.3 and 2.5 km. This compares well with
the vertical separation of 2.0km when S1 and S2 passed over the Camborne
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UHF radar (Fig.6b). A similar separation was also evident from a UHF radar at

Dunkerswell (not shown) about midway between Camborne and Chilbolton.

The layer of slantwise ascent, S1, was connected more or less clearly to the
region of upright line convection, L1, which lofts boundary-layer air up into the
layer of slantwise ascent. The clearest evidence of the upright convection Lt
feeding the slantwise ascent, S1, can be seen in the scans at 0851, 0919 and
1005 UTC. Assuming the flow to be approximately 2-dimensional within the plane
of these sections, the gradient in the line-of-sight velocity near L1 (vertical dotted
line) is such as to imply convergence below 2 km and divergence between 1%
and 2% km. The implied low-level convergence is quite strong, corresponding to
a change in transverse velocity of about 10 m s~ over 1km (blue to red) at 0919
UTC. The associated updraughts in L1 are highlighted in Fig.7 by the almost
vertical lines connected to the layer of slantwise ascent, S1. Similar vertical lines
have been drawn on scans at other times where the evidence is less persuasive
because of missing low-level data at long range (at 0822 and 1033 UTC), or
because of an unscanned region close to the radar (at 0948 UTC). Unequivocal
evidence for upright convection, L2, feeding slantwise ascent, S2, is generally
missing in the RHI scans except possibly at 0919 UTC at 50 km range where
there is divergence between % and 1% km and convergence below % km.
However, the convergence here is very weak, corresponding to a velocity change
of only a few m s ' (light blue to dark blue). Better Doppler evidence of the
reality of these line-convection features is shown later in the PPI scans in Fig.8.
Reflectivity data also presented in this later figure show precipitation cores
associated with the line convection and although the segmentation of these cores
shows that there are clearly local departures from 2-dimensionality, the inference

of a line of convection line-elements is supported.
Vigorous line convection such as that shown in the introduction (Fig.2), can

be identified in terms of reflectivity in RHI scans from the typically 2km-high
columns of high reflectivity, sometimes exceeding 50 dBz (not shown). Similarly
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strong signatures in the RHI scans were missing on the present occasion. The
only RHI for which there was a clear reflectivity signature of strong upright
convection was that at 0919 UTC when a column of 40 dBz echo (maximum ~
45dBz) in association with L1 extended up to 1 km at a range of 27 km (not
shown) corresponding to the marked convergence/divergence pattern seen in
Fig. 7. Convective echoes associated with L1 were even weaker at 0822 (20 dBz
echo at 80 km range), 0851 (30 dBz at 52 km), and 1005 UTC (34 dBz at 15 km
towards 129°). The reflectivity-based evidence for significant upright convection
was weaker still for L2 and even at 0948 UTC, when there was some evidence
of upright convection from the convergence/divergence pattern (Fig.7), there
was only a rather broken-up column of 30 dBz reflectivity. As we show later in
Fig. 8(d), there were gaps between the updraught cells comprising the line
convection and so it was possible for the RHI scans to miss the main cores, but

the fact remains that the echo cores were very weak.
b) Plan radar sections

Plan displays of Doppler (ie radial) velocity for two times are shown in
Figs.8(a) and (c). The scans were made at 1-deg elevation so that the beam
rose above 1km beyond 60 km range. Reflectivity plots at the comresponding
times for the boxed sub-areas are shown in Figs.8(b) and (d). The reflectivity
plots mainly exclude regions contaminated by bright-band effects. These scans
each took 6 minutes to obtain, starting at north and then rotating anticlockwise.
As a result some features to the north of the radar are seen twice, almost 6

minutes apart, (eg one of the red echoes in Fig.8(d)).

The Doppler display obtained between 0827 and 0833 UTC (Fig.8(a)) shows
a relatively simple velocity pattern associated with a largely homogeneous region
of winds veering with height in the low-level jet (LLJ) ahead of the SCF
associated with L1. Peak velocity in the LLJ is 35 m s from 230° at a height of
800m (corresponding to a range of about 50km). The first sign of the approach
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of L1 within range of the Chilbolton radar is the linear zone of Doppler velocity
decreasing with range (identified by the dotted line in Fig.8(a)) associated with
the thin line of 30 dBz raincells shown in Fig.8(b). The decrease in velocity was
associated with the region of divergence centred at 1% km in the upper part of
the line convection, a signature which became better defined as the line came

closer to the radar.

By the time of the scan made between 0924 and 0930 UTC in Fig.8(c,d), L1
can be seen to have advanced to within 30 km of the radar and L2 can be seen
about 20km or more behind L1. Their positions are highlighted in Fig.8(c) by
dotted lines from which it is clear that L1 is broken into two major segments
separated by a large step. The larger of the two L1 segments was associated
with a well-defined line of convective cells producing small cores of heavy
precipitation, as shown in Fig.8(d) by the red areas with reflectivity close to 40
dBz. The L1 segment, to the southwest of the radar (not shown in Fig.8(d)),
produced weaker reflectivity cores (35 dBz) but the earlier history of this segment
does show up with good continuity in Fig.5(d). Part of a line of weak precipitation
cores associated with L2 is also seen towards the top left quadrant of Fig.8(d), 15
to 20km behind L1. The high reflectivity in the top left corner itself is due to the
bright band.

The Doppler velocity pattern in Fig.8(c), although showing clear
discontinuities along the axes of L1 and L2, is not straightforward and it requires
detailed explanation. Along L2 the change in velocity across the line is consistent
with across-line divergence: this is because the scan at this range was at a
height of about 1 km and was intersecting the upper part of the line convection
(which as shown by the 0919 UTC RHI in Fig.7(a) was very shallow). The same
may apply to the smaller of the two L1 segments in Fig. 8(c), although here the
viewing angle was such that the decrease in Doppler velocity across the line is
strongly affected by the veer and shear in the wind across the line. The pattern of

Doppler velocity along the larger of the two L1 segments in Fig. 8(c), is rather




different from that along the other L1 segment in that the change in Doppler
velocity is consistent with convergence along part of its length. This is mainly
because the 1° elevation scan at this range was below %2 km and intersected the
lower part of the line convection. As seen in the RHI at 0919 UTC in Fig.7, the
low-level convergence at L1 does indeed extend from the surface up to about %2

km.

Viewed on a broader scale, the aspect of Fig.8(c) that distinguishes it most
clearly from Fig.8(a) is the way in which the red area of strongly approaching
Doppler velocities evolves from a single maximum associated with the prefrontal
LLJ in Fig.8(a) to a multiplicity of red maxima in Fig.8(c); the most easterly of
these maxima, just ahead of L1, is still due to the southwesterly prefrontal LLJ,
but the small maximum seen 40 km west of the radar is due to strong low-level

westerlies coming in just behind L1.

The PPI scans in Fig.8 (a-d) have been used mainly to identify the lines of
upright convection, L1 and L2. The PPl scan in Fig.8(e) is introduced to draw
attention instead to the layers of slantwise convection, §1 and S2, associated
with L1 and L2, respectively. This PPl was obtained by scanning at the higher
elevation angle of 1.5° (compared with 1.0° for Figs.8(a-d)) within the
southeastern sector as the upright line convection and associated layers of
slantwise convection travelled away from the radar. The beam overshot both
lines of upright convection at this time. Moreover, because the component of the
slope of the layers was in the opposite sense to the inclination of the beam, this
meant that the scan was able to intersect both layers, S1 and S2. The dotted
lines in Fig.8(e) show the axes of the layers of minimum velocity away from the
radar corresponding to S1 and S2. Subtraction of the 16 m s” (line-normal)
system velocity shows that these were in fact layers of maximum rearward
system-relative flow (rearward sloping ascent) which were embedded within a
region of nearly stationary or weakly forward system-relative flow. The shape of

the dotted lines in Fig.8(e) is consistent with layers of slantwise circulation that
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slope upwards not only from southeast to northwest but to some extent also

from northeast to southwest. The dotted lines show that the wind anomalies
extend across the entire domain (diameter of radar coverage is 190km) thereby

indicating the large lateral extent of both slantwise circulations.

An attempt has been made to infer a vertical profile of the winds in Fig.8(e) by
combining measurements made due south and east of the radar after
compensating for the slope of the layers (1 in 70 along 300°). Because of the
assumptions that had to be made in this analysis, the resulting wind hodograph
in Fig.8(f) is only approximate; nevertheless it gives a useful indication of the
rearward flow (ie towards the northwest) within layers S1 and S2, relative to the
16 m s propagation velocity of the layers themselves as shown by the blue
arrow. These circulations in the transverse-front direction are seen to be
embedded within a thermal wind shear, with winds increasing strongly with

height in the parallel-front direction.

4. Synthesis and discussion of the observed structure and evolution of the line

convection and slantwise convection.
The following paragraphs synthesize the findings from the previous sections:

(i) At many intense cold fronts such as the one shown in Fig. 2 , the scale of the
transverse circulation makes it impossible to distinguish the contribution that
slantwise convection makes from that due to frontogenesis. Slantwise
convection is, however, believed to lead to circulations with smaller height
scales. This was the reason for examining the present 10 February case in

which multiple (usually 2; occasionally more) slantwise circulations, with

slopes of typically 1 in 70, were observed stacked one above the other, with a




small vertical spacing of about 2km more plausibly attributable to slantwise

convection.

(i) One of the slantwise circulations, designated S1, tended to dominate for much
of the time as it crossed southem England: this was so from the time it
passed over the UHF radar at Camborne (see Figure.6(b)) to the time it was
observed by the Chilbolton radar (Fig.7). The maximum velocity differential
between the rearward and the underlying forward flow components of the
circulation was typically 10 m s”'. The rearward ascending component, S1,
was fed by line convection which, although not as vigorous as the 3km-deep
line convection in Fig.2, nevertheless was detected most of the time by the
Chilbolton radar rising as nearly upright convection to about 2km (Fig.7). The
large lateral extent of the line convection was confirmed by the radar network
which showed stepped line segments extending all the way from the English
Channel to Yorkshire. These stepped line segments are also seen in the
Chilbolton PPl Doppler scans in Fig.8 (a,c). Close inspection of the
corresponding reflectivity scans (Figs.8(b,d)) shows that the apparently 2-D
portions of each line segment were in fact composed of individual convective
cells, each producing elongated precipitation cores orientated at a small angle
to the overall line elements. This structure is typical of narrow cold-frontal
rainbands due to line convection (James & Browning 1979, Hobbs and
Biswas 1979) but the cells were narrow (<1km) and short (<5km), and the
peak reflectivity in the line convection seldom corresponded to a rainfall
intensity of more than 20 mm h™ (compared with the estimated 80 mm h™ in
Fig.2). The anvil outflows from individual cells apparently blended together to
feed the slantwise convection in S1 but, where there was a major step in the
line convection, a dislocation could be seen in the resulting slantwise
convection, as for example at 50km range in the 0919 UTC scan shown in
Fig. 7. Even so, the different segments of the line convection still contributed

to this same limb of this slantwise circulation.
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(iii) The second main slantwise circulation, S2, was situated 172 to 2km below S1
(Fig.7). For most of the time it was weaker than S1 (at least over southern
England) and, whereas S1 had its roots at 2km at the top of the line
convection, S2 had its roots at 1km and it was difficult to discern evidence of
line convection (L2) feeding it. There were occasional line-echo patterns in
the radar-network display where L2 might have been expected to be, but this
evidence was untrustworthy and often attributable to bright-band artefacts.
The best evidence of any L2 line convection is in the 1919 UTC scan in Fig.7
and in Fig.8(c) where the Doppler scan detects the associated divergence at
about 1km. Continuity of this feature suggests that the narrow cold-frontal
rainband in the northern part of the network-radar display (dashed in
Fig.5(d)) is due to L2; evidently the line convection associated with L2 was

more vigorous in that part of the system.

(iv) An interpretation of the essentially 2-dimensional transverse circulations
associated with both S1 and S2 is that the components of the circulations with
low transverse velocity, ie rearward relative velocity (warm colours in Fig.7),
were ascending rearwards as shown by the arrows in Fig.7), and the
components of the circulation with high transverse velocity (dark blue) were
forward-descending flows relative to the moving system. This interpretation is
correct for the rearward-directed warm flows which were certainly ascending.
It is not necessarily true, however, that the blue flows were descending
everywhere. In many parts of the blue flows the transverse component of
the flow did not greatly exceed the velocity of the system. Moreover there was
no systematic evidence of negative vertical gradients of reflectivity (not
shown) that might have been indicative of substantial evaporation in
descending air. Perhaps the most realistic interpretation is to regard the
slantwise convective circulations as being superimposed on a general
background of large-scale ascent, such that the rearward-sloping flows were
ascending relatively strongly whereas the underlying flows were descending

only weakly or in some places not all.
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5. Theoretical interpretation: the possible roles of CSI and AM-adjustment

We have presented detailed observations of stacked slantwise circulations
transverse to a vigorous ana-cold front and we have argued that their small
vertical scale is suggestive of mesoscale processes such as CSl and AM-
adjustment. We now want to look in more detail at the evidence from the model
to see whether these mesoscale circulations are indeed consistent with one or
other of these mechanisms. We have shown that the mesoscale version of the
Unified Model, was successful in reproducing the broader-scale structure of the
cold-frontal circulations; however, its failure to represent the multiple nature of
the circulations means that the inferences drawn in this section will necessarily

be tentative.
(a) CSI

We start, in Fig.9, by examining the model’s slantwise convective available
potential energy (SCAPE) (Shutts 1990). For a current discussion on the utility
and use of SCAPE, see Sherwood (2000) and Schultz et al (2000). Figure 9
shows the SCAPE calculated with respect to air originating at 950 mb, and rising
to just 700mb (the observed mesoscale circulations were mainly below the
700mb level). It shows the output of the model at 0600 and 0900 UTC, during
the period when the front was approaching and crossing Wales and southwest
England, as derived from the forecast run initialized at 0000UTC. Figure 9 shows
regions of SCAPE along and behind the SCF. The largest values of SCAPE are
along the SCF, where they reach between 100 and 300 J kg". This is indicative
of a possible role for CSI provided that (i) the CSl is coincident with a region of
saturated ascent, and (ii) it does not coexist with a region of potential instability
that causes gravitational convection to develop more rapidly than and to the

exclusion of slantwise convection.
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To demonstrate that Requirement (i) was satisfied, we have derived Fig.10,

showing a series of front-perpendicular cross-sections for 0300, 0600 and 0900
UTC. The sections at these 3 times have been chosen so as to intersect
approximately the same part of the front as it travelled towards the Chilbolton
radar (with a slight adjustment of position to minimise orographic contamination
of the vertical velocity pattern). The plots of line-convection segments in Fig.5(d)
indicated that the segments crossing Chilbolton approached from the direction of
Cornwall (southwest England). The positions of two of the resulting Fig.10 cross-
sections are plotted in Fig.9. The three columns in Fig.10 show 6y (left-hand
column), front-perpendicular velocity (middle column), and vertical velocity and

areas of near saturation (right-hand column) for each time.

The arrows superimposed on the diagrams in Fig.10 represent the authors’
inferences, taking various factors into account, as to how the model was
representing the line convection and slantwise convection. The vertical part of
the ascending flow, which corresponds to the line convection, is drawn at the
leading edge of the cold-frontal 8, gradient corresponding to the SCF, and it
passes through a maximum in the model’s resolved vertical velocity. The top of
this upright ascent is drawn where the air encounters a 6y equal to that at the
base of the ascent. This flow is then shown feeding a region of slantwise ascent,
the axis of which is coincident with the minimum front-perpendicular wind velocity
corresponding to a maximum system-relative rearward flow. This takes it roughly
along an isopleth of constant 6, The sharpening of the gradients in Fig.10 during
the course of the forecast run may be a model artefact due to the model
dynamics tightening excessively smoothed initial fields; however, the overall
circulation as represented by the arrows maintains a similar configuration

throughout the forecast sequence.
In order to relate the vertical circulations to the distribution of CSI, the extent

of SCAPE with respect to air originating at 950mb (% km) is shown by horizontal
bars in the diagrams in the right-hand column of Fig.10. These show that the
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SCAPE is collocated with the main region of moist ascent that we have
associated with the line convection. This is consistent with SCAPE being a
possible mechanism to account for the observed slantwise circulations.
However, according to Fig.11, there is non-zero CAPE along the SCF for parcels
lifted from 1000 to 700mb and, although the CAPE values are mainly less than
50 J kg™, shallow upright gravitational convection (or perhaps forced convection
associated with a density current) may coexist with or prevail over the release of
CSI because of its faster growth rate. The radar observations suggest that this
was indeed the case for the well defined line convection, L1, but less obviously
so for the poorly developed L2. Evidence was sought from operational
radiosonde ascents near the front to corroborate the model’s indication of weak
CAPE at low levels. Only one ascent was found within 50 km of the SCF, the
1200 UTC ascent from Herstmonceux (not shown). It supported the model by
indicating a very small (<%°C) decrease in 6y over a shallow layer at low levels

(930 to 840 mb).
(b) aM-adjustment

Figure 5 gave some interesting clues as to the manner in which the slantwise
circulations were established. The portions of the frontal system that crossed
southern England underwent a major phase of intensification before 0800 UTC.
At 0600 UTC heavy rain and line convection was evident in north-west England
and Wales but southwest England was affected by outbreaks of only moderate
rain with a cellular distribution characteristic of disorganised weak upright
convection (Fig.5(a)). Potential instability was restricted to levels below about
1.7km (Fig.4(a)) and so the convection would have been very shallow,
presumably triggered by the large-scale ascent ahead of the upper-level PV
anomaly (Fig.3(d)). Then, over the ensuing hours, short segments of line
convection, which could just be discerned as early as 0500 UTC, intensified. At
the same time, the gaps in the surrounding echo, corresponding to rain that

would have been generated by the slantwise ascent, progressively filled in. Itis

22



possible that the slantwise ascent at this stage was already being enhanced by
CSIl. However, these observations suggest that the slantwise ascent was also
being primed by convection, albeit very shallow convection. This may have been
happening at an early stage by scattered disorganized boundary-layer
convection and later by more organized but still shallow line convection. Large-
scale ascent may have released the potential instability and triggered the upright
convection in the first place but, once triggered, this convection might have been
stimulating slantwise convection by the process of AM adjustment. This
possibility is now examined using output from the mesoscale model. As
mentioned before, too much reliance should not be placed on the very detailed
behaviour of the model and so the following discussion is regarded merely as an

indication of plausibility.

Figure 12 shows isopleths of absolute geostrophic momentum, Mg (thick
contours) superimposed on 8, the saturated equivalent potential temperature
(thin contours), at 0300 UTC for part of the cross-section in Fig.10. Mg is given
by vg + fx, where vg is the component of geostrophic wind in the front-parallel
direction, i.e. normal to the section in Fig.12, f is the Coriolis parameter and x is
distance within this section. The precise form of this diagram depends on the
orientation of the cross-section; however, analyses carried out for sections
orientated at + 10° on either side show that the main conclusions drawn are not
altered by such changes. The bold arrow superimposed on Fig.12 shows the
ascending limb of the inferred primary mesoscale circulation exactly as in
Fig.10. The dashed arrow shows approximately where, according to the
observations the secondary circulation should be. The dotted line shows the
upper limit of where the 6’ contours slope more steeply than the Mg contours,
and below which the moist potential vorticity was negative (not shown). As such,
the dotted line represents the upper limit of the main region of CSI (there are
more patches of CSI at higher levels). The vertical parts of the bold arrows in
Fig.12, corresponding to the line convection, terminate fairly close to the upper
boundary of the main region of CSI. It appears that, unlike in the case studied by
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Zhang et al (1992), air ascending slantwise at the top of the primary line
convection (solid bold line) would be stable to CSI, while parcels in the region of
slantwise ascent at the top of the secondary line convection (dashed bold line)
would experience CSlI for only a limited displacement. It is not easy to argue
that the weakness of the CSI could be due to its ongoing release, because the
model has insufficient resolution to enable it properly to release CSI. Thus CSI
alone may not account for the full extent of the slantwise circulations in this
case. However, AM-adjustment may provide a more promising explanation, as

we now show.

Figure 12 shows an average Mg-value of 20 ms™' for air originating below 950
mb in the region of the primary line convection (bold upright arrow). This air is
then lifted by the line convection to about 800 mb, into a region with ambient Mg-
values of 46 ms™. If this air were to retain its original momentum after being lifted
to 800mb, its motion would be significantly subgeostrophic and it would be able
to continue ascending slantwise convectively until it encounters a similar value of
Mg in the environment, ie to the left of the left-hand edge of Fig.12. In reality
some mixing can be expected at the lower and upper boundaries of these
mesoscale circulations; indeed Browning (1995) has provided evidence that the
sheared boundaries of such circulations are Richardson-number limited. This will
reduce the extent of the circulations associated with AM-adjustment but it
nevertheless seems possible that this process could account for the circulations
being more extensive than would be expected from CSl alone. A similar
argument can be advanced for the secondary mesoscale circulation (dashed
bold arrow in Fig.12) : air with an Mg-value of about 14 m s is lifted in upright
convection initially into a region where Mg is 24 m s' so that it, too, has a
subgeostrophic velocity. Figure 13 shows that the potential for AM-adjustment
existed along much of the length of the SCF. This figure shows the difference
between the magnitude of the geostrophic wind velocity at the base and top of
the upright convection as diagnosed from the model’'s parametrised convection.

The predominant contribution to the geostrophic wind vector is from the front-
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parallel component, vq, and so the field plotted in Fig.13 is a useful indicator of

AM,.

In conclusion, therefore, we propose that the multiple mesoscale slantwise
circulations may owe their existence in part to the lines of shallow upright
convection and the resulting AM-adjustment as described by Holt and Thorpe
(1991). This begs the question as to what triggers the upright convection in the
first place. Presumably the primary line of upright convection could be triggered
initially by the larger-scale frontogenetic circulation and then perhaps sustained
by a circulation enhanced by the slantwise convection. The secondary
circulation, on the other hand, is perhaps more likely to begin as a weak CSI-
induced slantwise circulation that triggers upright convection which in turn
strengthens the slantwise circulation intermittently via AM-adjustment. This is of
course highly speculative since it is based partly on the interpretation of output
from a NWP model which is beginning to become untrustworthy at these small
scales, and so these issues need to be studied using an idealized modelling
approach. It is hoped that the careful observational analysis of this case, as
summarized in Section 4, will help in defining a well-posed modelling experiment.
If the hypothesis that AM-adjustment plays an important role turns out to be valid,
it would imply the need for parametrised convection in NWP models to transport

upwards not only heat and moisture but also momentum.
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Figure legends

Fig.1.

Fig.2.

Fig.3.

Conceptual model of the airflow at a classical ana-cold front showing air in
the warm conveyor belt undergoing rearward-sloping ascent (bold arrow)
above the cold-frontal zone, with cold air (dashed lines) undergoing
forward-sloping descent beneath it. Flows are shown relative to the frontal
system, moving from left to right. The broken-hatched shading represents
precipitation falling beneath the base of layer cloud, shown stippled. (From
Browning 1990).

Cross-section showing airflow transverse to an intense ana-cold front,
obtained using the Chilbolton Doppler Radar at 1839 UTC on 24 Oct 1995
(from Browning et al 1997). The frontal system was travelling from left to
right. The colours denote system-relative Doppler velocity according to the
scale. Black lines are streamlines derived from the Doppler velocities

assuming 2-dimensional flow.

Plan depictions of the frontal system at 0900 UTC, 10 February 2000.
Panels (a), (c) and (d) are T+3 forecasts from the mesoscale version of
the Unified Model and (b) is the Meteosat infra-red image for the
corresponding area. The dashed line in (a) delineates the area of cold
(high) cloud in (b) that was associated with the main cold-frontal ascent.
Panel (c) gives 900-mb 6, , with contours at 1 °C intervals (shaded > 7
°C). Panel (d) gives the height of the PV=2 PV units surface in kilometres
(shaded < 10km). The contours within 1 deg of the bottom and right-hand
boundaries of (d) are model artefacts and should be disregarded. The
orientation of the model and radar cross-sections shown in Figs.4 and 7,
is given by the line XX in (a) and the position of the Chilbolton radar within

the section is denoted by the black spot.

29




Fig.4.

Fig.5.

Fig.6.

Cross-sections, along XX in Fig.3(a), through the frontal system at 0900
UTC, 10 February 2000, derived from T+3 forecasts from the mesoscale
version of the Unified Model : (a) 6w at 1 °C intervals (shaded > 8 °C), (b)
PV at 0.5 unit intervals from 0 to 2 units (shaded > 1 unit), (c) front-parallel
wind component at 4 ms” intervals, (d) front-perpendicular wind
component at 2 ms”' intervals (shaded < 16 ms™), and (e) relative
humidity with respect to ice at 5% intervals (shaded > 95%). Aspects of
(a) — (e) have been extracted and plotted together in (f) : see text for
details. (Although the distance scales are labelled for simplicity as north-
west to south-east, they are strictly along 309 to 129° to correspond to the
radar sections in Fig.7. The wind components in (c) and (d) are from 039°
and 309° respectively, again to correspond to the velocities in the radar
sections in Fig.7: this direction is close to the front-perpendicular direction
of 300°).

Radar-network pictures showing surface rainfall distributions at (a)
0600UTC, (b) 0800 UTC and (c) 1000 UTC, 10 February 2000. Panel (d)
shows successive hourly positions of the line convection responsible for
the dominant narrow cold-frontal rainband (L1 solid, L2 dashed), as
derived from (a), (b), (c) and other pictures in this sequence. (Bands of
intense (red) echo towards the rear edge of the rain area in the southern
half of the pictures are due in part to bright-band effects and so are not
represented in (d)). Also shown in (d) are the locations of the radar wind
profilers at Camborne(*) and Dunkerswell (x) and the microwave Doppler

radar at Chilbolton (+ and a 95 km radius circle indicating radar

coverage).

Time-height sections of wind components (a,c) parallel and (b,d)
perpendicular to the front. (a) and (b) are 15-minute averages of 5-minute
data from the UHF wind profiler at Camborne (* in Fig.5), with hatching

where data are missing due to low signal. Contours are at 2 m s” intervals
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Fig.7.

Fig.8

with shading according to the key (in m s") on the right-hand side. The

solid and dashed arrows in (b) indicate the circulations S1 and S2,
respectively. (c) and (d) are the corresponding wind components derived
from hourly output of a forecast from the the mesoscale version of the
Unified Model, initialised at 0000 UTC for the grid point nearest to
Camborne. The system velocity is 16 m s™ and wind components less
than this (dark shading in (b) and (d)) correspond to rearward-directed

flows relative to the front.

Eight RHI scans from the Chilbolton radar showing Doppler velocity within
vertical sections almost normal to the front at 0822 (bottom), 0851, 0919,
0948, 1005, 1016, 1033, and 1112 UTC (top) on 10 February 2000. Most
of the RHIs were obtained towards 309° those at 1005, 1033 and 1112
UTC were obtained towards 129°. Velocities (relative to the ground) are
given by the colour code, with positive velocities consistently being from
left to right. The principal layers of slantwise ascent, S1 and S2, are
shown by the continuous and dashed lines, respectively, the direction of
these flows being indicated relative to the moving frontal system. (The
dotted line shows another layer of rearward relative flow which existed
ahead, i.e. independently, of L1).. The main layers, S1 and S2, are fed by
almost upright line convection, L1 and L2. The RHIs are displaced laterally
according to the system velocity so that the position of L1 is aligned along

the vertical dotted line.

(a-d) show two PPI scans at elevation 1.0° from the Chilbolton radar at (a,b)
0827-0833 UTC and (c,d) 0924 — 0930 UTC on 10 February 2000. Scans
were made anticlockwise starting at north. The left column (a,c) shows

Doppler velocity in m >

according to the colour scales: positive velocities
are towards the radar. The right-hand column (b,d) shows reflectivity in
dBz. The full radar range (5 to 95 km) is shown for the Doppler velocity

displays. The reflectivity plots in (b) and (d) are for enlarged parts of the
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velocity displays as shown by the superimposed boxes in (a) and (c),
respectively. Locations of the line convection (two segments associated
with L1 and one with L2) are highlighted by dotted lines in the velocity
displays. Panels (e) and (f) show velocity data obtained with the Chilbolton
radar between 1130 and 1133 UTC: (e) is part of a PPl scan at 1.5°
elevation showing Doppler velocity, and (f) is the corresponding wind
hodograph, with crosses showing wind vectors at 0.25 km height intervals
from 1 to 3km. The dashed lines in (f) show the orientation of the front
which was travelling at 16 ms” (blue arrow). S1 and S2 label the
rearward-sloping branches of the two main slantwise circulations, which
are characterised by local minima in the wind component away from the

radar, ie maxima in front-relative rearward velocity.

Fig. 9 SCAPE for air lifted from 950 mb to 700 mb at (a) 0600 UTC and (b) 0900
UTC on 10 February 2000, derived from the output of the forecast from
the mesoscale version of the Unified Model initialised at 0000 UTC.
Isopleths of SCAPE are for 30 and 100 J kg™ (shaded over 100 J kg™).

Lines indicate the positions of cross-sections shown in Fig. 10.

Fig.10 Wet-bulb potential temperature, 6w, (left-hand column), front-
perpendicular velocity (middle column), and vertical velocity and relative
humidity (right-hand column) at 0300 UTC (top row), 0600 UTC (middle
row) and 0900 (bottom row) on 10 February 2000, within the cross-
sections through the cold front shown in Fig.9, as derived from the
output of the forecast from the mesoscale version of the Unified Model
initialised at 0000 UTC. Isopleths of 6, are shown at 1°C intervals,
isopleths of front-perpendicular velocity are at 2 m s intervals (shading
represents flow rearwards relative to the 16 m s velocity of the front)
and isopleths of vertical velocity are at 2 cm s intervals, with shading
where relative humidity exceeds 95%. The horizontal bar at height “2km
in the right-hand column represents the horizontal extent of air at 950 mb
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with positive SCAPE. The arrows in each panel are a schematic
representation of the model’s transverse circulation (in a given row the

arrows are the same for each panel).

Fig.11 Same as Fig.9 but showing CAPE for air lifted from 1000 mb to 700 mb,
with isopleths at 10, 30 and 100 J kg™

Fig.12 My surfaces (thick lines at intervals of 4 m s7) and saturated equivalent
potential temperature, 0'e, (thin lines at 1°C intervals) at 0300 UTC on 10
February 2000, for part of the cross-section in Fig.10 (top row), derived
from the output of the forecast from the mesoscale version of the Unified
Model initialised at 0000 UTC. The solid and dashed arrows represent
the inferred approximate locations of the ascending parts of the two

observed mesoscale circulations.

Fig.13 Same as Fig. 9 but showing the difference between the magnitude of the
- geostrophic wind velocity at the base and top of the upright convection
as diagnosed from the model's parametrised convection. Isopleths are
for 10 and 20 m s™' (shaded over 20 m s™).
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Doppler velocity at 1839 UTC on 24/10/1995
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(a) Wet-bulb potential temperature : (b) Potential voticity (PV)
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Network Radar Dota ot 6Z on 10/2/2000

Network Rodar Data ot 8Z on 10/2/2000
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(a) Doppler velocity (m s~') at 0827-0833 UTC (b) Reflectivity (dBz) at 0827-0833 UTC
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(a) Wet bulb potential temperature at 03Z (b) Front-perpendicular velocity at 03Z (c) Vertical velocity and RH at 03Z
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